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Abstrakt

Pfirozené inhibitory koagulace jsou vyznamnou regulacni slozkou hemostazy.
Vzhledem k mnozstvi funkci nejen v regulaci hemostazy jsme se v této praci zaméfili
konkrétn¢ na protein S (PS) a praci jsme rozdé¢lili do tii dil¢ich ¢asti. Cilem prvni ¢asti
bylo nalézt kauzalni mutace v genu PROS! u kohorty pacientl s vrozenym deficitem
PS pomoci Sangerova sekvenovani a metody MLPA (multiplex ligation-dependent
probe amplification). Deficit PS je vyznamnym zndmym rizikovym faktorem pro
vznik zilni trombozy, nicméné vzhledem k struktuie PS lze formulovat hypotézu, ze
mutace v urcitych ¢asti PS budou rizikovéjsi nez v jinych. Proto jsme déle analyzovali
vliv polohy mutace na riziko trombozy u v této kohorté pacientli s vrozenym deficitem
PS. V druhé ¢asti prace bylo nasim cilem popsat pozorované ziskané deficity PS u
kohorty pacientt Ustavu hematologie a krevni transfuze Praha s hematologickymi
malignitami. Na zavér ve tfeti Casti bylo cilem ové&fit stabilitu PS a dalSich
koagulacnich parametri v podminkach zmrazené plazmy, coZz mé dulezity ptesah jak

do kazdodenni laboratorni praxe, tak pro diagnostiku deficitu PS.

Kauzalni mutace v genu PROS1 byla nalezena u 73/79 (92 %) pacientli. Celkem
bylo identifikovdno 34 rGznych mutaci, z nichz 15 nebylo dosud popsano. Vyskyt
mutaci nevykazuje soustiedéni v Zadné oblasti genu. Velkou deleci metodou MLPA
jsme 1identifikovali u 3 rodin (7 %), coz odpovida vyskytu deleci popsanému v
literatute. Déle jsme zjistili, Ze poloha mutace v SHBG (sex-hormone binding
globulin) doméné PS je nezavislym rizikovym faktorem pro vznik trombozy a pacienti
s témito mutacemi také prodélali trombozu v mlad$im véku. U pacientl se ziskanym
deficitem se aktivita PS signifikantné liSila mezi skupinami podle diagnozy
s nejveétsim podilem patologickych hodnot u pacienti s akutni myelomonocytarni
leukémii. V posledni ¢asti prace jsme prokdzali dostateCnou stabilitu vSech
sledovanych parametrii véetné proteinu S, pokud byly uchovavany alespon pii -80 °C
a zmrazeni probihalo Sokové. Pfi téchto podminkach byly sledované parametry stabilni
po dobu 6 mésicii, kromé kratkodobé anomalie na zacatku skladovani, kdy APTT, PS
aktivita a PS volny antigen byly zvySené nad nejistotu metody a po urcité dobé se
vratily na troven vysledkii z Cerstvé plazmy (pouze vzorky skladované pii -80 °C a

méng).



Tato prace potvrzuje vyznam PS a jeho molekuldrni diagnostiky pro lepsi odhad
rizika trombdzy u pacientli s vrozenym deficitem a zaroven ukazuje, jakym smérem
by mohly byt vbudoucnu zaméieny studie tohoto multifunkéniho ptirozeného

inhibitoru koagulace.

Klicova slova: Protein S, pfirozené inhibitory koagulace, zilni tromboembolismus,

SHBG doména, deficit proteinu S, riziko trombdzy



Abstract

Physiological anticoagulants play a significant regulatory role in hemostasis. Due to
numerous functions not only in hemostasis regulation, we focused specifically on
protein S (PS) in this work, which we divided into three parts. The aim of the first part
was to identify causal mutations in the PROSI gene in a cohort of patients with
inherited PS deficiency using Sanger sequencing and multiplex ligation-dependent
probe amplification (MLPA). PS deficiency is a significant known risk factor for
venous thrombosis; however, considering the structure of PS, we hypothesized that
mutations in certain parts of PS would carry larger thrombotic risk than in others.
Therefore, we further analyzed the influence of mutation position on thrombosis risk
in this cohort of patients with inherited PS deficiency. In the second part of the work,
our goal was to describe the observed acquired PS deficiencies in a cohort of patients
from the Institute of Hematology and Blood Transfusion in Prague with hematological
malignancies. Finally, in the third part, the aim was to verify the stability of PS and
other coagulation parameters in frozen plasma conditions, which has important

implications for both daily laboratory practice and the diagnosis of PS deficiency.

Causal mutations in the PROS1 gene were found in 73/79 (92%) patients. A total
of 34 different mutations were identified, 15 of which had not been described
previously. The distribution of mutations does not show clustering in any region of the
gene. We identified a large deletion using the MLPA method in 3 families (7%),
corresponding to the occurrence of deletions described in the literature. Furthermore,
we found that the mutation location in the sex-hormone binding globulin (SHBQG)
domain of PS is an independent risk factor for thrombosis, and patients with these
mutations also experienced thrombosis at a younger age. In patients with acquired
deficiency, PS activity significantly differed between groups according to diagnosis,
with the highest proportion of pathological values observed in patients with acute
myelomonocytic leukemia. In the last part of the work, we demonstrated sufficient
stability of all monitored parameters, including protein S, if stored at least at -80°C
and snap-frozen. Under these conditions, the monitored parameters remained stable
for 6 months, except for short-term anomalies at the beginning of storage, when APTT,

PS activity, and free PS antigen were elevated above the method's uncertainty and



eventually returned to the level of results from fresh plasma (only samples stored

at -80°C or lower).

This work confirms the significance of PS and its molecular diagnostics for
better thrombosis risk estimation in patients with inherited deficiency and indicates

future directions for studies of this multifunctional physiological coagulation inhibitor.

Keywords: Protein S, physiological anticoagulants, venous thromboembolism, SHBG

domain, protein S deficiency, thrombotic risk



Seznam zkratek
Ag — antigen, mnozstvi

APC — aktivovany protein C (activated protein C)

APTT - aktivovany parcialni tromboplastinovy test (activated partial thromboplastin
time)

AT — antitrombin (antithrombin)

BCR/ABL — fazni gen protoonkogenu ABL s genem BCR, tzv. Filadelfsky chromozom
Cl-inh — Cl-esterazovy inhibitor (CI-esterase inhibitor)

C3b — fragment b slozky komplementu C3

C4b — fragment b slozky komplementu C4

C4BP — C4 vazebny protein (C4 binding protein)

cDNA — komplementarni DNA syntetizovana podle mRNA (complementary DNA)
CI — interval spolehlivosti (confidence interval)

CO; — oxid uhli€ity (carbon dioxide)

COVID-19 — koronavirové onemocnéni 2019 (coronavirus disease 2019)

CV — variac¢ni koeficient (coefficient of variation)

dbSNP — databaze jednonukleotidovych polymorfismt (single nucleotid polymorhism
database)

DIC — diseminovana intravaskularni koagulopatie (disseminated vascular coagulopathy)
DVT — hluboka zilni trombdza (deep vein thrombosis)

EGF — epidermalni ristovy faktor (epidermal growth factor)

F... — faktor (koagulac¢ni faktor), fimské €islice oznacuji konkrétni faktor

F...a— aktivovana forma koagula¢niho faktoru, fimské ¢islice oznacuji konkrétni faktor
FAB — French-American-British klasifikace leukémii

FPS — volny antigen PS (free protein S antigen)

Gas6 — Growth Arrest Specific protein 6

HBS — vazebné misto pro heparin (heparin-binding site)

HCII — heparinovy kofaktor II (heparin cofactor II)

HGMD — The Human Gene Mutation Database

HIF1 — hypoxii indukovany faktor 1 (hypoxia-induced factor 1)

HIV — virus lidské imunodeficience (human immunodeficiency virus)

% — chi kvadratovy test (chi-square test)

IL-6 — interleukin 6



IQR — interkvartilni rozptyl (interquartile range)

ISTH — International Society of Thrombosis and Hemostasis

K1, K2, K3 — Kunitz domény TFPI-a

KO — knock-out

LG — laminin G

MLPA — multiplex ligation-dependent probe amplification

NCBI — National Center for Biotechnology Information

NF-«xB — nuklearni faktor kappa B (nuclear factor kappa B)

NGS - sekvenovani nové generace (next-generation sequencing)

NO - oxid dusnaty (nitric oxide)

OR — odds ratio

PC — protein C

PE — plicni embolie (pulmonary embolism)

PS — protein S

PSD — deficit proteinu S (protein S deficiency)

PZ — protein Z

RS — reak¢ni misto (reactive site)

RTK — receptorova tyrosin kinaza (receptor tyrosin kinase)

SERPINy — rodina inhibitort serinovych proteaz (serine protease inhibitors)
SHBG — globulin vazici pohlavni hormony (sex hormone-binding globulin)
SLE — systémovy lupus erytematodes (systemic lupus erytematodes)

SVT — povrchova Zilni tromboza (surface vein thrombosis)

TAFI — trombinem aktivovany inhibitor fibrinolyzy (thrombin activared fibrinolysis
inhibitor)

TAM - rodina tyrosinkinazovych receptori Tyro-3, Axl, Mer

TAMR — TAM receptorové kindzy

TF — tkénovy faktor (tissue factor)

TFPI — inhibitor cesty tkdnového faktoru (tissue factor pathway inhibitor)
TLR - toll-like receptor

TM — trombomodulin (thrombomodulin)

TSR — trombin senzitivni oblast PS (thrombin sensitive region)

UHKT - Ustav Hematologie a Krevni Transfuze

VTE — Zilni tromboembolismus (venous thromboembolism)
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1. Teoreticky uvod

1.1 Regulace hemostazy

Hemostaza je proces, ktery udrzuje integritu krevniho ob¢hu pii poranéni. Zastava
krvaceni je pfi fyziologickych podminkach peclivé regulovana jak prokoagula¢nimi,
tak antikoagulacnimi a fibrinolytickymi mechanismy. Pro fadné fungovani tohoto
procesu jsou nezbytné bunécné povrchy, pfedevsim povrchy krevnich desticek a
endotelovych bunék, stejné jako koagulaéni proteiny obsazené v plazmé. Interakce
mezi aktivovanymi krevnimi destickami a koagula¢nimi proteiny spolu s integrovanou
amplifikaci koagula¢ni kaskady vedou k hemostatické reakci, kterd probihd rychle (v

fadu minut) a je lokalizovana na misté poranéni.

Cévni sténa je dilezitym ucastnikem a také regulatorem hemostazy. Probihaji
zde mechanismy zodpovidajici za prvni linii obrany proti vzniku trombdzy, jako je
syntéza oxidu dusnatého (NO) a prostacyklinu (Ignarro et al. 1987). Po poranéni cévni
stény jsou kolagen a tkanovy faktor (TF) odhaleny proudu krve, coz nastartuje jednak
aktivaci a akumulaci desti¢ek na misto poranéni, a pies cestu tkanového faktoru také
generaci trombinu. Tato prvotni expozice je diilezitym stimulem a proto je endotelidlni

dysfunkce jednim z hlavnich rizikovych faktori trombdzy (Lerman a Zeiher 2005).

Klasicky model koagulace byl kategorizovan na vnéjs$i cestu (iniciovanou
TF/FVIla), vnitini cestu (iniciovanou kontaktem s negativné nabitymi povrchy) a
cestu spole¢nou, kterd pokracuje od aktivace FX. Tento systém byl takto roz¢lenén
podle chovani plazmatickych koagula¢nich faktord in vitro, nicméné jedna se o

rozdéleni umélé a nedostatecné popisujici déje probihajici in vivo.

Aktudlni model koagulace je zaloZen na umisténi na bunééném povrchu a

.....

.....

mikropartikule) vystaveny koagula¢nim faktoriim v obéhu. Dale jsou rekrutovany
desticky, které se aktivuji a adheruji na misto poranéni (De Caterina et al. 2013). TF
tvofi komplex s FVIIa, ktery cirkuluje v plazm¢ ¢astecné v aktivované formé. Tento

komplex pak za ptfitomnosti vapniku rychle aktivuje FIX na FIXa a FX na FXa, coz
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vygeneruje stopové mnozstvi trombinu. V amplifika¢ni fazi toto malé mnozstvi
trombinu slouZzi jako signal pro dalsi aktivaci desti¢ek a soucasné jako induktor pro
jejich agregaci. Na povrchu desticek trombin lokdlné aktivuje FV, FVIII a FXI.
V propagacni fazi pak FVIIla na destickovém povrchu vytvoii komplex s FIXa
(tenaza) a FVa s FXa (protrombindza), které vyznamné urychluji tvorbu FXa,
respektive trombinu. FXa vazany na FVa je chranény proti inhibici jak pomoci TFPI,
tak antitrombinu (viz dale). Az v této propagacni fazi vznika dostate¢né mnozstvi
trombinu, aby mohl byt fibrinogen pfeménén na nerozpustnou fibrinovou sit. Tato
amplifikacni kaskdda ma potencial vytvorit az 1000 molekul trombinu na jednu
molekulu FXa. Trombin zaroven funguje ve zpétnovazebné smycce, kdy sam zvysSuje
svoji tvorbu pomoci aktivace FXI a kofaktorti FV a FVIIL. Je také dulezity pro vznik
pevné fibrinové sité, nebot aktivuje FXIII (transglutamindzu), ktery stabilizuje
vzniklou srazeninu crosslinkovanim fibrinovych vlaken kovalentni vazbou. Trombin
také aktivuje TAFI (trombinem aktivovany inhibitor fibrinolyzy), ¢imz zabrafuje

predcasné fibrinolyze.

Pokud patologické procesy prekonaji regulacni mechanismy hemostazy, vede to
k nadbytecné tvorb¢ trombinu a vzniku trombozy, kterd vede k zanétu cév a poskozeni
tkani (Furie a Furie 2008). Nastésti k tomu obvykle nedochazi, nebot” koagulace je
regulovana fadou mechanismu: rozfedénim prokoagulanti v proudu krve, eliminaci
aktivovanych faktort retikuloendotelidlnim systémem (pfevazné v jatrech), a regulaci
aktivovanych  prokoagulanti a krevnich desticek pomoci pfirozenych
antikoagulacnich drah a soucasné pusobici fibrinolyzy. VétSina téchto regulacnich
systémi je také lokalizovdna na povrSich vaskuldrnich endotelidlnich bunék a
aktivovanych desticek, coz umoZiluje soubéZné plsobeni prokoagulacnich i

antikoagula¢nich mechanismt pfimo v misté poskozeni. (Lane et al. 2005).

Trombdza je jednim z nejcastéjSich pficin timrti ve vyspélém svéte. DéEli se podle
lokalizace na arterialni a Zilni trombdzu, ta pak dale na povrchovou (SVT) a hlubokou
zilni trombdzu (DVT). Pokud se patologicky trombus uvolni a zablokuje plicni obéh
nebo mikrocirkulaci jiného organu (napf. mozku), mluvime o embolii, souhrnné se
tomuto stavu pak fikd zilni tromboembolismus (VTE). Rizikovych faktort, které
pfispivaji ke vzniku trombozy je velké mnozstvi a daji se rozdé€lit na vrozené a ziskané.

Vrozenymi rizikovymi faktory jsou naptiklad mutace FV Leiden, mutace protrombinu
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G20210A, deficit antitrombinu, proteinu C nebo proteinu S (Mateo et al. 1997,
Margaglione et al. 1998; Crowther a Kelton 2003; Dahlbédck 2008). Mezi nejcastéjsi
ziskané rizikové faktory patii napiiklad pfedchozi anamnéza trombodzy, recentni
chirurgicky vykon, infekce, pfitomnost centralniho zilniho katetru, trauma, dlouha
imobilizace, nadorova onemocnéni, t€hotenstvi, myeloproliferativni syndrom, uzivani
oralnich kontraceptiv, antifosfolipidovy syndrom a dal$i (Martinelli 2001; Heit et al.
2002; Ocak et al. 2013). U vétSiny pacientt, kteti prodélaji VTE je pfitomen vice nez
jeden rizikovy faktor zaroven, napiiklad pfi hospitalizaci po ortopedické operaci, ktera
vede k delsi imobilizaci, pficemz nejcastéjSim spoustéCem trombozy je probihajici

akutni infekce (Rogers et al. 2012).

1.2 Ptirozené inhibitory koagula¢nich faktort

Tato dizertacni prace je zamétfend na piirozené inhibitory koagulace, jejichz popis a
funkce jsou pfedmétem této kapitoly. Pfirozené inhibitory se podle cilové faze ucinku

mohou roz¢lenit do n¢kolika skupin.

------

e TFPI (Tissue factor pathway inhibitor, Inhibitor cesty tkanového faktoru) —
TFPI je inhibitor serinovych protedz, ktery obsahuje Kunitz domény, coZ jsou
evoluéné konzervované domény bohaté na cysteiny (Mast 2016; Mishra 2020).
Tento antikoagula¢ni protein plsobi v pocatecni fazi koagulace dvéma zptisoby, a
to zablokovanim aktivity komplexu TF-FVIla a pfimou inhibici FXa. Obé tyto
aktivity jsou vyznamné amplifikovany vazbou Proteinu S na molekulu TFPI (viz
dale). Je primarné syntetizovan endotelem. TFPI cirkuluje v plazmé ve volné
formé (TFPI-a), ktera tvoti 10-20 % celkového plazmatického TFPI, a ve zkracené
form¢ (TFPI-B) vazané na lipoproteiny s nizkou hustotou a na povrchové
glykosaminoglykany endotelu, ktera tvoii ~80 % celkového plazmatického TFPIL.
Plazmaticka koncentrace TFPI se zvySuje po intravendznim podani heparinu diky
uvolnovani endotelidlntho TFPI-B, coZ mize pfispivat k antitrombotickym
ucinkiim heparinu. Nicméné vétSina antikoagulaéniho potencialu lezi ve volné
formé& TFPI-a, kterd obsahuje domény schopné vazat své kofaktory: Protein S a

FV (Maroney a Mast 2015).
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C1 esterazovy inhibitor — C1-inh je ¢lenem rodiny inhibitorii serinovych proteaz
(SERPINYy). Je syntetizovan v jatrech. C1-inh inhibuje FXIIa, FXIa a prekalikrein,

a také primarn¢ komplementové proteazy Clr a Cls.

Inhibitory amplifika¢ni faze koagulace:

Aktivovany Protein C (APC) — Draha proteinu C je vyznamny zpétnovazebny
mechanismus tlumici tvorbu trombinu v amplifika¢ni a propagaéni fazi koagulace.
Protein C je vitamin K-dependentni enzym syntetizovany v jatrech. V plazmé
cirkuluje jako zymogen a je aktivovan trombinem vazanym na trombomodulin
(TM), integralni membranovy protein na povrchu endotelidlnich bunék. Trombin
svoji vazbou na TM projde drastickou zménou substratové specifity: ztraci
vSechny své prokoagulacni funkce (napt. aktivaci krevnich desticek, preménu
fibrinogenu na fibrin) a misto toho ziskava schopnost aktivovat protein C (Esmon
et al. 1982). Zaroven je diky vazbé na endotelidlni povrch ptfes TM tato zména
specificity lokalizovand pfimo do mista vzniku srazeniny. Primarni ilohou APC je
inaktivovat FVa a FVIIla, které jsou nezbytné pro ucinnou tvorbu trombinu,
respektive aktivaci FX (Clouse a Comp 1986). Inhibi¢ni ucinek APC je zesilen
jeho kofaktorem proteinem S, vitamin K-dependentnim glykoproteinem (viz dale).
Faktor Va je nejprve velmi rychle Stépen pomoci APC na Arg506 a poté uz
pomaleji na Arg306 a Arg679. Stépeni peptidové vazby na Arg506 zplsobuje
odhaleni mist §tépeni na Arg306 a Arg679. FV Stépeny na pozici 506 zaroven
slouZzi jako kofaktor spolu s proteinem S pro dalsi §t€peni FVa a FVIlla. Vrozeny
nebo ziskany nedostatek proteinu C muize vést k trombofilii (zvySeny sklon k
tromboze).

Protein S (PS) — Protein S (pojmenovan po Seattlu ve stat¢ Washington, kde byl
poprvé izolovan) cirkuluje ve dvou formach. Ve volné¢ formé je aktivni jako
antikoagulant; ve vazané formé je v komplexu s C4b vazebnym proteinem (C4BP)
systému komplementu, resp. jeho izoformou kterd obsahuje  podjednotku, a je
pfevazné neaktivni. C4b vazebny protein je reaktant akutni faze, jehoZ koncentrace
se zvySuje pii zanétlivych stavech; v diisledku toho je za téchto podminek snizena
aktivita volného proteinu S, ¢imzZ se zvySuje riziko trombodzy. Protein S ma Siroké

spektrum funkci, at’ uZz antikoagula¢nich nebo jinych, které budou detailnéji
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popsany v dal§im textu. Vrozeny nebo ziskany nedostatek proteinu S miize taktéz

veést k trombofilii.

Inhibitory propagaé¢ni faze koagulace:

Antitrombin — AT je nejvyznamnéjSim z rodiny inhibitort serinovych protedz
(SERPINy) zasahujicich v procesu koagulace. Pfedstavuje ptiblizné 80 % veskeré
inhibi¢ni aktivity plazmy na trombin (Perry 1994). Neutralizuje vétSinu enzymi
koagula¢ni kaskady: primarn¢ trombin (FIla) a FXa, dale pak v mensi mife FIXa,
FXIa a FXIIa tim, Ze s nimi tvofi ekvimolarni, ireverzibilni komplexy. AT ma dvé
aktivni mista, reakéni centrum (Arg393-Ser394) a vazebné misto pro heparin
umisténé na N-konci proteinu. Antikoagulacni aktivita AT je amplifikovana
heparansulfatem (glykosaminoglykan nachdzejici se na endotelidlnich povrsich),
obsahujici pentasacharidovou sekvenci, ktera zprostfedkovava jeho vazbu na AT.
Vazba endogennich (nebo exogennich) heparinii na vazebné misto heparinu na AT
vyvola konformaéni zménu, ¢imz jej ,,aktivuje* a urychli jeho inaktivaci srazecich
faktordt 1000 az 4000krat. (Marcum et al. 1984) Cely povrch vaskularniho systému
je pokryt endotelidlnimi buiikami, které jsou potazeny aktivovanym AT a
ptipraveny k rychlé inaktivaci jakéhokoli prebytku trombinu v celkovém obéhu.
Potencial tohoto systému je umocnén zejména v mikrocirkulaci, ve které mtize byt
1 ml krve vystaven az 5000 cm? povrchu endotelu.

Heparin kofaktor II (HCII) — HCII je inhibitor serinovych protedz kdédovany
genem SERPINDI, patii tedy do stejné rodiny proteinii jako antitrombin a
alfa-1-antitrypsin (Tollefsen et al. 1982). HCII je silnym inhibitorem trombinu, ale
oproti antitrombinu vykazuje jen velmi malou inhibi¢ni aktivitu vi¢i FXa. Jeho
deficit nezpusobuje trombofilii, nicméné ma velkou roli v udrzovani homeostazy
a jeho hladiny a tim inhibi¢ni potencial trombinu se zvySuji v graviditeé.

Protein Z (PZ) — slouzi jako kofaktor pro inhibici faktoru Xa inhibitorem protedz
zavislym na proteinu Z (ZPI). ZPI je ¢len rodiny inhibitor serinovych protedz
(SERPING), ktery obsahuje ve svém reakénim centru tyrosin. PZ cirkuluje v
plazmé v komplexu se ZPI. Inhibice faktoru Xa pomoci ZPI v pfitomnosti
fosfolipidd a Ca®" je urychlena az 1000krat pii soucasné vazb& PZ, ale ZPI také
inhibuje faktor XIa v procesu, ktery nevyzaduje PZ, fosfolipidy nebo Ca?" (G. J.
Broze 2001).
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Dalsi text bude vénovéan pievazné proteinu S (PS), vzhledem k jeho mnozstvi
funkci jak v regulaci hemostazy, tak jeho signalizacni a regulacni funkce mimo

hemostazu.
1.3 Struktura proteinu S

Protein S je vitamin K-dependentni jednoietézcovy glykoprotein o hmotnosti ptiblizné
75 kDa, jehoz preproprotein obsahuje 676 aminokyselin a finalni funk¢ni protein po
vSech post-transla¢nich modifikacich obsahuje 635 aminokyselin. PS je kédovan
genem PROSI, ktery se nachazi v blizkosti centromery na chromozomu 3 v oblasti
3q11.2 (Watkins et al. 1988). Gen PROSI obsahuje 15 exonll (16 s alternativnim
transkriptem), které koduji jednotlivé domény PS (Schmidel et al. 1990).

Plazmaticky PS je syntetizovan pievazné hepatocyty (Biron-Andréani et al.
2010), dale endotelidlnimi bunikami (Fair et al. 1986), megakaryocyty (Ogura et al.
1987), Leydigovymi bunkami (Malm et al. 1994) a také osteoblasty (Maillard et al.
1992). V plazmé cirkuluje v koncentraci ~20-25 pg/ml (300-350 nmol/L), pficemz az
2,5 % z tohoto mnozstvi je lokalizovano v alfa granulich desticek, kde se vyskytuje PS

syntetizovany vyluéné megakaryocyty.

Jako vSechny vitamin K-dependentni proteiny tak 1 PS pro svou biologickou
aktivitu vyzaduje karboxylaci glutamatovych (Glu) zbytkl. Tento proces zabezpecuje
y-glutamylkarboxyldza, kterd s pomoci redukované formy vitaminu K provadi adici
COz molekuly ke y-uhliku kyseliny glutamové, ¢imz vznika y-karboxyglutamatovy
(Gla) zbytek na N-konci proteinu (Furie et al. 1999). Oblast obsahujici vice Gla zbytkt
se nazyvd Gla doména. Ta umoziiuje proteinu vazbu vapenatych iontli a tim

zprostfedkovava vazbu na fosfolipidové povrchy.

Exon 1 kéduje signalni peptid (ak 1-24) a exon 2 propeptid (ak 25-41), které
jsou oba proteolytickym Stépenim odstranény pred sekreci proteinu. Findlni
sekretovany protein obsahuje jiz zminénou N-termindlni Gla doménu (ak 42-86)
kédovanou exony 2 a 3, kterd je kliCova pro vazbu proteinu na negativné nabité
fosfolipidové povrchy. Tato vazba vyzaduje konforma¢ni zménu Gla domény
zplsobenou navazanim Ca®" iontl, kterd odhali hydrofobni strukturu umoziujici

pevnéjsi a stabilnéjsi vazbu na fosfolipidy (Stenflo 1999).
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Exon 4 kéduje trombin senzitivni oblast (ak 87-113) obsahujici mista, ktera
mohou byt §té€pena trombinem a FXa. Tato trombin senzitivni oblast (TSR) je bohata
na cysteinové zbytky tvofici disulfidové mustky a umozilujici formaci smycky, ktera
stabilizuje sousedni Gla doménu (Giri et al. 1998). Stépeni PS trombinem/FXa v této
oblasti vede ke ztraté jeho APC-kofaktorové antikoagulacni aktivity (Dahlbéck et al.
1986; Long et al. 1998), nicméné jeho afinita k fosfolipidovym povrchiim zistava
zachovana (Borgel et al. 2001). Vliv §tépeni na TFPI-kofaktorovou funkci nebyl dosud

objasnén. Stépeni PS pomoci FXa je vyznamné inhibovano v pfitomnosti FVa a mize

.......

Dalsi oblast obsahuje ¢tyfi epidermal growth factor (EGF)-like domény, coz jsou
evoluéné konzervované domény nachazejici se ve velkém mnozstvi plazmatickych
proteinii a v extracelularnich ¢astech membranovych receptort. Tato oblast je
kédovana exony 5-8 (ak 114-283). Ve trech z EGF-like domén byly zmapovany
oblasti obsahujici vazebna mista pro Ca®" ionty, které po navazani zptisobuji v téchto
doménach konformac¢ni zménu a tim zesiluji antikoagula¢ni funkce PS (Dahlbéck et
al. 1990). Bylo dfive popsino, Ze afinita k Ca?* je podminéna pravé piitomnosti
n¢kolika tandemové se opakujicich EGF-like domén, coz naznacuje, ze domény

navzajem amplifikuji svoji vazebnou afinitu k Ca*".

Naopak C-terminélni oblast je unikatni pro PS v ramci plazmatickych vitamin
K-dependentnich proteinti. Exony 9-15 (ak 284—-676) kdduji C-terminalni oblast, ktera
se nazyvd SHBG-like (sex hormone-binding globulin) oblast. Ta se skldda ze dvou
laminin-G-like (LG) domén, které se vyskytuji u nékterych multidoménovych proteint
extracelularni matrix a bazalni laminy jako jsou laminin, perlecan a agrin, nebo také
signalnich plazmatickych proteinil, napt. Gas6 a SHBG. V této oblasti je n€kolik
dilezitych N-glykosyla¢nich mist, které ovliviiuji biologicky polocas PS a jejich
mutace vedou k deficitu PS (D. Lu et al. 1997). SHBG-like oblast je kriticky dulezita
pro mnoho proteinovych interakci. Nachazi se zde vazebna oblast pro C4BP; PS se
vaze na [B-podjednotku C4BP v ekvimolarnim mnozstvi s afinitou ~0.1 nmol/L
(Schwalbe et al. 1990). Piesné¢ aminokyseliny, které zprosttedkovavaji vazbu
v molekule PS nejsou znamy, nicméné bylo prokazano, Ze na interakci se podili obé&
LG domény (Linse et al. 1997; Fernandez et al. 1998). Dale se zde nachazi vazebna
mista pro TFPIa, konkrétné v LG1 doméné (Reglinska-Matveyev et al. 2014; Somajo
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et al. 2015). Tyto dvé vazebné oblasti se pravdépodobné ¢astecné prekryvaji a bylo
potvrzeno, ze vazba PS na C4BP blokuje afinitu k TFPla (Teraz-Orosz et al. 2022) a
tim 1 tuto kofaktorovou funkci PS.

1.4 APC-kofaktorova funkce PS

Mechanismus inhibice tvorby trombinu pomoci APC v propagacni fazi koagulace je
popsan vyse. Protein S je pro tuto funkci nezbytnym kofaktorem. V jeho ptitomnosti
je proteolyza FVa na Arg306 urychlena 20-30krat, zatimco na Arg506 pouze 1-5krat
(Rosing et al. 1995). Pfesny mechanismus urychleni reakce za pfitomnosti PS vSak
neni dosud objasnén. Cely proces je lokalizovan na fosfolipidovych povrSich, je tedy
obtizné jej nasimulovat tak, aby stericky odpovidal tomu, jak probiha in vivo. Jednim
z moznych mechanismu je schopnost PS zvySovat afinitu APC k fosfolipidim (Walker
1981), pricemz v kombinaci s FVa je tato afinita zvySena jesté¢ vice (Smirnov et al.
1998). Bylo dokonce prokazano, Ze toto zvySeni afinity je ve funkénich testech dano
vétsim dilem ptitomnosti FVa neZ PS, jde tedy v podstaté o zp&tnovazebnou regula¢ni
smycku inaktivace FVa (Gierula et al. 2019). Pro interakci PS s APC jsou dilezité
pfedevsim proximalni domény PS (Gla-TSR-EGF1-EGF2) (Ahnstrom et al. 2011;
Andersson et al. 2010; Mille-Baker et al. 2003), stejné tak pro tvorbu inhibi¢niho
komplexu APC-PS-FVa, ktera je nutna pro efektivni §tépeni FVa.

Proteolyza FVIIla je v pfitomnosti PS urychlena pouze mirné (1,5krat). Nicméné
zde se uplatiiuje FV (v neaktivni podobg), ktery se chova jako synergisticky kofaktor
a spolu s PS urychluje inaktivaci FVIIla. Tyto dva kofaktory spolecné urychluji
Stépeni az 1lkrat (Varadi et al. 1996). Kofaktorova funkce FV je také zvySena
pfedchozim $tépenim APC na Arg506. Na rozdil od APC-kofaktorové funkce PS ve
zprostfedkovani §tépeni FVa, pro tuto synergistickou kofaktorovou inaktivaci FVIIIa
je dilezity predevs§im SBHG-region PS, kde bylo identifikovdno misto interakce s FV
(Nyberg et al. 1998). PS vazané na C4BP ma vyrazné snizenou APC-kofaktorovou
funkci jak pro inaktivaci FVa tak FVIIla. C4BP jednak stericky ztézuje vazbu PS do
inaktiva¢niho komplexu a déle blokuje svou vazbou na SHBG-like oblast mista

interakce PS s FV (Nyberg et al. 1998).
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1.5 TFPI-a kofaktorova funkce PS

Dalsi funkci PS je jeho kofaktorova tloha v aktivité TFPI, ktery reguluje vnéjsi cestu
aktivace koagulace. TFPI inhibuje pfimo FXa a blokuje aktivaci FX a FIX skrz tvorbu
komplexu TF/FVIIa/FXa/TFPI. Tuto aktivitu vykazuje pouze volna celofetézcova
izoforma TFPIa, protoze oproti zkracené TFPI-f izoforme obsahuje ti1 Kunitz domény
(K1, K2 a K3) v distalni casti proteinu a zasadity C-terminalni konec. U TFPI-p je tato
distalni cast nahrazena glykosylfosfatidylinositolovou (GPI) kotvou, kterd ho
lokalizuje na povrch endotelovych bunék (George J. Broze a Girard 2012). TFPI-a
tvofi 10-20 % z celkové plazmatické hladiny TFPI (1,4-2,5 nmol/L) a také je
uvoliovan zdesticek po jejich aktivaci. PS je kofaktorem vyhradné TFPI-a
(plazmatického i desti¢kového), protoze k této funkci vyzaduje vazbu na K3 doménu
TFPI. PS urychluje pfimou inhibici FXa 4-10krat (Tilman M. Hackeng et al. 2006),
coz je vzhledem k velmi nizké koncentraci TFPI-a kritické. Vazbou na PS se totiz
inhibi¢ni konstanta TFPI-a pro FXa dostane na hodnotu, kdy uz je schopen vazat
substrat. PS zaroven slouzi jako kofaktor TFPI-a v inhibici TF-FVIIa komplexu a jim
zprostfedkované tvorby FXa a FIXa, tuto inhibici urychluje cca 9krat (Peraramelli et
al. 2014). Pfesny mechanismus, kterym PS urychluje inhibi¢ni aktivitu TFPI-a neni
znadm, nicméné jsou data ukazujici na roli PS v lokalizaci komplexu na fosfolipidové

povrchy s navazanym FXa (Wood et al. 2014).

Hladina TFPI-a v plazmé je asociovana s hladinou PS, kdy pacienti s deficitem
volného PS vykazuji zaroven sniZzené hladiny TFPI-o. Bylo prok4zéano, ze TFPI-a
cirkuluje v plazmé vazany na PS s vysokou afinitou (Castoldi, Simioni, et al. 2010).
PS véazany na C4BP je také z této vazby blokovan, vzhledem k tomu, Ze vazebna mista

pro TFPI se nachazi v SHBG-like oblasti PS, konkrétné v LG1 doméné.

V recentnich studiich bylo objeveno, ze PS neni jedinym kofaktorem TFPI-a.
FV (ne FVa) hraje v inhibici pomoci TFPI také vyznamnou roli, kde plisobi jako
synergisticky kofaktor s PS a zaroven také véaze volné TFPI-a v plazmé a tim
zpomaluje jeho odbouravani (Wood et al. 2017). Kromé& pomahéni v pfimé inhibici
FXa lokalizaci na fosfolipidové povrchy, PS a FV dokazou také synergisticky
urychlovat inhibici tvorby protrombinazy vlivem TFPI-a. Stejnou funkci jako FV, ale

s az 100krat vyssi afinitou, vykazuje izoforma FV nazyvana FV-short, kterd vznika
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alternativnim splicingem zpusobujicim vysttizeni velké Casti B-domény FV. Tato
izoforma byla objevena v souvislosti s mutacemi v genu pro FV zplsobujicimi
onemocnéni East Texas bleeding disorder, kde je tato izoforma vice exprimovana a
zpusobuje cca 10nasobné zvysSeni hladiny TFPI-a v plazmé. Nicmén¢ izoforma FV-
short se v malém mnozstvi vyskytuje i u zdravych jedincti v koncentraci, ktera presné
odpovida koncentraci TFPI-a v plazmé, coz ukazuje na jejich interakci (Vincent et al.
2013). Tato interakce ale nebyla experimentalné potvrzena kvili tomu, Ze neexistuje
metoda specificka pouze pro FV-short. Také neni jasné, jak toto pozorovani zapadéa do

piedchozich dat o interakci volného TFPI-a a PS v plazmeé.

Kromé APC a TFPI kofaktorovych funkci byla u PS objevena i nezavisla
antikoagula¢ni funkce, kdy PS pfimo inhibuje aktivitu protrombindzy a vnitini tenazy
(Chattopadhyay et al. 2012; van Wijnen et al. 1996; T. M. Hackeng et al. 1994). Tato
inhibi¢ni aktivita neni ovlivnéna vazbou PS na C4BP, naopak vazany vykazuje
efektivnéjsi inhibici nez volny PS (Heeb et al. 2004). Inhibice je zprostiedkovana

piedevsim Gla doménou a TSR oblasti, dileZita je pro tuto aktivitu také vazba Zn**

iontli na molekulu PS (Fernandes et al. 2010).

1.6 Role Proteinu S v imunitni odpovédi

Protein S ma priméarné€ antikoagulacni funkci, ale bylo objeveno Ze v urcitych situacich
plni také signalizani funkci. PS byl identifikovan jako ligand pro unikatni
receptorovou rodinu tyrosinkindz ozna¢ovanou jako TAM (Tyro-3, Axl, Mer) (Lemke
a Rothlin 2008). Receptor tyrosin kindzy (RTK) jsou typy receptort obsahujici tyrosin
kindzové podjednotky, a vazbou ligandu na extracelularni cast dochazi k jejich
dimerizaci a aktivaci kindzové aktivity. RTK reguluji mnozstvi bunéénych procesti od
diferenciace az po bunécnou smrt. TAM receptorové kinazy (TAMR) jsou
exprimované v mnoha bunéénych typech, napt. buiiky imunitni (dendritické a NK
buniky, makrofagy), nervové, reprodukcniho systému (Sertoliho bunky varlat),
v retindlnich epitelovych bunkdch a v bunkach vaskuldrni hladké svaloviny a
v endotelu. DalSim ligandem pro TAMR je Gas6 (growth-arrest-specific 6), coz je
glykoprotein s vysokou homologii s PS (~44 % aminokyselin a stejné doménové
uspofadani, postrada TSR oblast), ale nevykazujici jinou nez signaliza¢ni funkci (Stitt
et al. 1995). Dilezita je homologie C-terminalni SHBG-like oblasti, ktera je nezbytna
pro vazbu a aktivaci TAMR (Sasaki et al. 2002).
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TAM receptory jsou dilezitymi inhibitory vrozené imunity, coz bylo prokazano
na mySich sknockoutovanymi (KO) TAMR geny. Tyto mySi mély snizenou
zanétlivou reakci zprostfedkovanou makrofagy a dendritickymi buiikami (Rothlin et
al. 2007). U téchto mysi byla také pozorovéana vétsi frekvence vyskytu a vaznéjsi
prabéh riznych autoimunitnich stavii (chronicky zanét, infiltrace lymfocytl ve vsech
tkanich, vysoka hladina cirkulujicich protilatek a ptiznaky syndromu podobnému
systémovému lupusu). To naznacuje signifikantni tlumivy vliv TAMR signalizace na
regulaci TLR (toll-like receptory) a jimi indukovanou tvorbu cytokinti (Q. Lu a Lemke
2001).

Je né¢kolik dikazii pro roli PS jako negativniho regulatoru zanétu. PS
signifikantné snizuje aktivaci dendritickych bunék ptes TLR signalizaci (Rothlin et al.
2007). Dale bylo prokéazano, ze PS vyrazn€ snizuje expresi prozanétlivych cytokinli u
wild-type makrofagl stimulovanych LPS (lipopolysacharidem) oproti makrofagiim
bez TAMR (Deng et al. 2012). Hladiny PS jsou snizené naptiklad u pacienti se SLE
(systémovy lupus erytematodes), u nich je také vétsi vyskyt anti-PS protilatek (Keeling
et al. 1990; Song et al. 2000), nebo u pacienti s chronickymi zanétlivymi
onemocnénimi stfev, kde byly hladiny vyznamné niz$i nez u zdravych kontrol
(Kempton et al. 2001; Aadland et al. 1992; Koutroubakis et al. 2000). Tato data ukazu;i
na dulezitost PS/Mer/P13/Akt/NF-xB signalizacni osy v down-regulaci transkripce

prozanétlivych cytokinii v makroféazich a dendritickych bunkach.

1.6.1 Role proteinu S v apoptoze

Apoptoza (programovand bunéfna smrt) je mechanismus, kterym se organismus
kontrolovan¢ zbavuje starych a opotiebovanych bunck. Odstraiiovani apoptotickych
bunék je dilezité pro prevenci uvoliiovani toxickych a imunogennich zbytkl do okoli
a tim limitovani nekontrolovaného Sifeni z&nétu. Toto odstranovani je wlohou
fagocytujicich bunék, predevsim tkanovych makrofaglh (deCathelineau a Henson
2003). TAM receptorove kindzy v této funkci hraji vyznamnou roli, nebot’ jejich vazba
na PS zprosttedkovava rozpoznavani apoptotickych télisek makrofagy. Buiky
prodélavajici apoptdzu exprimuji na svém povrchu fosfatidylserin, na ktery se vaze PS
skrz Gla doménu. TAMR na fagocytujicich buiikdch rozpoznava pies N-termindlni

imunoglobulinovou doménu SHBG-like oblast PS a zplisobi tim aktivaci fagocytarni
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aktivity (Anderson et al. 2003). Tato funkce se zda byt dilem pfevazné Mer RTK (Scott
et al. 2001).

Dalsim moznym mechanismem, jak PS miize pomdhat pii odstraiiovani
apoptotickych télisek je pies komplement. PS vdzany na B-podjednotku C4BP nijak
neovliviiyje jeho schopnost vazat C4b/C3b na jeho a-podjednotky. U vazaného PS je
vsak stale pristupna Gla doména, ktera je schopna vazat negativné nabité fosfolipidy
a existuje hypotéza, ze PS timto umoznuje komplementovému systému lokalizaci na
membranové povrchy, naptiklad cilené na fosfatidylserin apoptotickych a
nekrotickych bunék (Dahlbédck 2011; Schwalbe et al. 1990; Dahlbick 2018). Nicméné
proti tomu jde zjisténi, ze PS-C4BP vazané na povrch bunék miize také vazat C4b a

lokalné tim inhibovat fagocytdzu zprostiedkovanou komplementem (Kask et al. 2004).
1.7 Role proteinu S v integrité endotelu

PS a Gas6 jsou syntetizovany v endotelovych buiikach v bunikach cévni hladké
svaloviny (Fair et al. 1986; Benzakour a Kanthou 2000). Dilezitost PS v regulaci
vaskulogeneze a angiogeneze byla prokdzana fenotypem mysi s KO PROSI -/-, u
kterych byla objevena krom¢ letdlni koagulopatie také vaskularni dysgeneze,
zpisobenda defektnim vyvojem cévniho systému z primarni cévni sité, a dale naruSeni
hematoencefalické bariéry s poSkozenim mozku (Saller et al. 2009; Burstyn-Cohen et
al. 2009). Pfesny mechanismus regulace neni zndm, nicméné pravdépodobné do néj

zasahuje osa PS/Ax1 a PS/Mer, které reguluji vaskulogenezi.

Recentni studie dale ukazuji, Ze PS hraje dualezitou roli v ochrané integrity
hematoencefalické bariéry ptes Tyro3 a sfingosin-1-fosfatovy receptor v mozkovém
endotelu a zmirfiuje poskozeni v disledku hypoxie a ischemie (Zhu et al. 2010).
PS/Tyro3 draha zde ve vysledku sniZzuje proapototické plisobeni vyvolané ischemii a

tim ochraniuje neurony pied poskozenim (Zhong et al. 2010).

1.8 Protein S v karcinogenezi a metastatickém procesu

Nédorové buniky jsou v neustdlém a komplexnim kontaktu se svym okolim, tedy
nadorovym mikroprostfedim, koagulacnim systémem, destickami a cévnim

endotelem. Dilezitost provdzanosti mezi nddorem a hemostatickym systémem je

24



znama uz pres 150 let, a od t€ doby se nasttadalo velké mnozstvi klinickych dat, ktera
ukazuji, ze pacienti s pokroCilym a metastatickym nadorovym onemocnénim maji
zvySené riziko trombotickych chorob, embolie ¢i diseminované intravaskuldrni
koagulopatie (DIC) (Varki 2007). Diagndza malignity spole¢né s trombdzou (az do 1
roku mezi diagndzami) je asociovana s vyssim stupném malignity a horsi prognozou

(Falanga et al. 2012).

Fyziologicka role PS v karcinogenezi byla podpofena velkym mnozstvim studii.
PS je exprimovan v mnoha riznych typech lidskych nadorovych buné¢k, napiiklad u
lymfoma (Anderson et al. 2003), plicnich karcinomd (Wimmel et al. 1999),
papilarnich karcinomt $titné zldzy (Chung et al. 2012) a high-grade karcinomi
prostaty (Saraon et al. 2012). U karcinomu prostaty je PS over-exprimovéan az pfi
vysSich stadiich onemocnéni a pfidani lidského PS k buitkkdm karcinomu prostaty
navic zvysilo jejich migrani a metastaticky potencial v porovnani s neoSetfenymi

buiikami (Saraon et al. 2012).

Nékolik studii také dolozilo ze i TAMR jsou ve velkém mnozstvi lidskych
malignit over-exprimovany a hraji dulezitou roli v migraci, invazi a metastaze
selektivni modulaci exprese aktinu a molekul zprosttedkovavajici bunéénou adhezi
(Linger et al. 2008). I pfes to neni jasné, jak v téchto ptipadech PS aktivuje TAMR

signalizaci a ¢im konkrétn€ ovliviiuje mobilitu bungk.

1.9 Vrozeny deficit proteinu S

Deficit proteinu S (PS deficiency, PSD) byl poprvé popsan u rodiny s opakovanymi
tézkymi zilnimi trombdézami v roce 1984 (H. P. Schwarz et al. 1984). Existence
deficitu proteinu S je pfimym dikazem ukazujici jeho dileZitost v regulaci generace
trombinu. Vrozeny PSD je vzacné autosomalné dominantn¢ dédicné onemocnéni a
v heterozygotni form¢ vede ke zvySenému riziku Zilniho tromboembolismu (VTE) 1
v mlads$im véku. Vrozeny PSD je ¢astéjsi ve vychodoasijské populaci nez v kavkazské
populaci (frekvence vyskytu ~0,03-0,13 % v Evropé (ten Kate a van der Meer 2008)
a ~0,48-0,63 % v japonské populaci (Adachi 2005)). U pacienti s trombdzou je
odhadovana prevalence PSD kolem 2-5% a u pacienti selektovanych pouze

z trombofilnich rodin je to pak 2-13 % (Seligsohn a Lubetsky 2001). Nosici
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homozygotni nebo dvojité heterozygotni mutace se mohou projevit uz v raném détstvi

masivni koagulopatii az purpurou fulminans s nutnosti substitu¢ni terapie.

Vrozeny deficit proteinu S se rozdéluje podle fenotypu do tii typt. Typ I
(kvantitativni), kde jsou snizené hodnoty volné¢ i celkové formy PS, typ II
(kvalitativni), kde je snizena pouze APC-kofaktorova aktivita PS a mnozstvi volné i
celkové formy je v normalnim rozmezi, a typ III (smiSeny), kde je snizené mnozstvi
voln¢é frakce, ale celkové mnozstvi je zachovano. V literatuie je popsdno mnoho
piipadl, kdy stejnd mutace zptisobuje fenotypy I a III v jedné rodiné, piicemz typ I1I
se v téchto rodinach cCastéji objevuje u starSich pacientli (Castoldi, Maurissen, et al.
2010). Volny antigen PS je doporuc¢ovan jako screeningova metoda oproti aktivité PS,
nicmén¢ pokud je pouzivan vyhradné volny antigen, miZe dochazet
k poddiagnostikovani funkénich deficitti PS (Bereczky et al. 2016). Naopak screening
pouze stanovenim aktivity PS také neni vhodny, protoZe ne vSechny jsou ale spolehlivé

vzhledem k interferencim, naptiklad pfitomnosti FV Leiden.

Je znamo velké mnozstvi raznych typti mutaci v genu PROSI zpusobujicich
PSD, nicméné¢ oficialni databaze ISTH vydala posledni aktualizaci pted vice nez 20
lety (Gandrille et al. 2000), mnozstvi znamych mutaci v literatufe objevenych od té
doby bude tedy vyrazn¢ vyssi. Naptiklad ve voln€ dostupné databazi mutaci HGMD
(The human gene mutation database) (Stenson et al. 2017) je k datu prosince 2023
uvedeno 509 zndmych mutaci v genu PROSI. VétSina pacientll je zachycena
trombofilnim screeningem po prodélané tromboze nebo plicni embolii (PE),
preemptivni screening se provadi pouze u gravidnich osob nebo pfi pozitivni rodinné
anamnéze. Limitaci laboratorniho vySetfeni jsou moZné interference zplsobené
antikoagulacni 1é€bou a preanalytickymi faktory (Persson et al. 2003). Existuji i1
polymorfismy v genu PROS! které mohou ovliviiovat hladinu PS, nicméné vétSinou
nezpusobuji zvySené riziko trombdzy. NejCastéjSim polymorfismem v kavkazské
populaci je PS Heerlen (zdména S501P), kterd snizuje hladinu volného PS, nicméné
jeho vliv na riziko trombdzy je sporny (Bertina et al. 1990; Suchon et al. 2017).
V japonské populaci je nejcastéjSim polymorfismem PS Tokushima (zdména K196E),

ktera je rizikovym faktorem pro zilni trombdzu (Miyata et al. 2009).

V literatuie je také znamo velké mnozstvi ptipadl, kdy u pacienti s PSD bez

nalezené mutace byly objeveny velké delece nebo duplikace. Segregacni analyzou
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byly tyto zmény nepiimo odhaleny i pii negativit¢ PCR a poté potvrzeny metodou
MLPA (multiplex ligation-dependent probe amplification). Tato metoda se osvédcila
jako vyborny prvek screeningu u pacientd, kde se nepodafilo nalézt mutaci i pres
zjevny vrozeny puvod onemocnéni (segregace PSD v roding). Prevalence velkych
deleci/duplikaci u pacientli s PSD je reportovéna rtizné a je uvadéna mezi 5 %
(Alhenc-Gelas et al. 2016) a 10 % (Castoldi, Maurissen, et al. 2010), u
vyselektovanych pacienti s PSD bez nalezené bodové mutace to pak mize byt az 33 %

(Pintao et al. 2009).

1.10 Ziskany deficit proteinu S

Hladina proteinu S je ovlivnéna riiznymi faktory a jejich kombinace mize vést az ke
klinicky vyjadfenému deficitu PS. Ziskany deficit je ¢astéjSi nez vrozeny, je proto
nutné testy na hladiny PS opakovat alesponi s tfimési¢nim odstupem po prvnim zachytu

pro odliseni kratkodobych vlivii.

Protein S je fyziologicky snizen v gravidité, nejvice ve tfetim trimestru, protoze
jeho tvorba je down-regulovana hladinou estrogend, konkrétn¢ 17-beta-estradiolu
(Suzuki et al. 2010). Stejnym principem je ovlivnéna hladina PS u osob uzivajicich
kombinovana oralni kontraceptiva obsahujici estrogen. Naopak u kontraceptiv
obsahujicich pouze nckteré typy progestinu je hladina PS zvySena (Hughes et al.
2007). Celkové PS roste s vékem, a u Zen navic PS stoupd diky klesajici produkci

estrogent po menopauze (Ellery et al. 2018).

Déle je pozorovano vyznamné snizeni hladin PS u nefrotického syndromu, kdy
dochazi se zvySenym ztratdm volné frakce PS ledvinami. Pak muze byt hladina PS
sniZena pii 1écbé vitamin-K antagonisty (napf. warfarin), také akutné po trombotické
ptihodé nebo pii DIC, kdy dochdzi k jeho konzumpci. SniZeni hladiny PS bylo také
pozorovano u mnohocetného myelomu (Deitcher et al. 1996) a u nékterych virovych
onemocnéni. Ziskany deficit PS je relativné castou komplikaci infekci HIV-1 (Sim et
al. 2022; Stahl et al. 1993), varicella (Nguyén et al. 1994), dengue (Wills et al. 2002)
a také SARS-CoV-2 (Stoichitoiu et al. 2020). U HIV-1 pacientii je deficit PS
nejcastéjSi koagulacni abnormalitou, objevuje se az u 76 % pacientli a koreluje se
snizenym poctem T-lymfocytl a progresi do syndromu ziskaného imunodeficitu

(Bissuel et al. 1992). U ptipadt HIV, varicelly, mnohocetného myelomu a leukémie
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(Milji¢ et al. 2000) byla také vzacné popsana tvorba anti-PS autoprotilatek, které

zpisobuji zvySeny clearance PS a zptisobuji t€zké trombdzy.

Deficit PS u pacienti s COVID-19 byl pozorovan vicero studiemi, které
potvrdily korelaci pfitomné koagulopatie s tizi onemocnéni a hor§im outcomem
(Stoichitoiu et al. 2020; Baicus et al. 2021; White et al. 2021). Moznych mechanism1,
kterymi mize COVID-19 zptisobovat deficit PS je nékolik. Nejpravdépodobnéjsim
mechanismem je jeho zvySena konzumpce diky obecné protrombotickému stavu pii
tézkém COVID-19. To podporuje pozorovani konzumpce vétSiny koagulacnich
faktorii a fibrinogenu (Devreese 2021). COVID-19 je také asociovan s lokalni a
systémovou zanétlivou odpovédi, coz zahrnuje dysregulaci PS/Gas6-TAM RTK osy a
aktivaci az hyperaktivaci komplementu. V recentnich studiich bylo ukdzano, Ze jednak
koncentrace Gas6 a AxITK byly zvySeny u pacientii s hor§Sim outcomem (Morales et
al. 2021), a zaroven koncentrace volné MerTK byla snizena u pacienti s rychlejsim
odeznénim nemoci (Tonello et al. 2022). PS zde sledovan nebyl, nicméné jeho role
jako ligand obou RTK je zde také dulezita. Déle diky hyperaktivaci komplementu,
ktery je hlavni hnaci silou trombdzy a zané&tu pii COVID-19, I1ze predpokladat 1 vétsi
konzumpci volného PS diky zvySenému vychytavani C4BP komplexti na membrany
apoptotickych bunék a obecné vétsi vychytavani PS na rGizné proteiny se kterymi pii

tomto vysoce zanétlivém stavu interaguje (Sim a Wood 2022).

Dal$im mechanismem deplece PS pii onemocnéni COVID-19 mize byt jeho
piimé Sté€peni enzymy SARS-CoV-2 virionu. Virus syntetizuje nékolik cysteinovych
proteaz a jedna z nich, papain-like proteaza, byla in vitro schopna §tépit PS. Ruzicka
et al. identifikovali mozné $t€pné misto v LG1 doméné&, coZ by mélo za nasledek
odstépeni ~80 % SHBG-like oblasti PS a tim znemoZnéni vétSiny funkei PS (Ruzicka
2020). Nicméné neni jasné, jestli toto Stépeni probiha in vivo, protoze oSetfeni PS
poolovanym sérem obsahujicim tuto protedzu neukdzalo detekovatelné ste€pné

produkty (Reynolds et al. 2021).

Dal$im mechanismem muzZe byt snizend syntéza. Bylo prokazéano, Ze hypoxie a
interleukin-6 (IL-6) downreguluji syntézu PS v jatrech, diky zvySené stabilizaci
transkripcniho faktoru HIF1 (hypoxia-induced factor 1), ktery snizuje expresi PS (Pilli

et al. 2018; Chatterjee et al. 2020). Také byla nalezena vyrazné snizena exprese PS a
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dalSich antikoagulac¢nich a fibrinolytickych faktorti pfimo v alveolech plic pacienti

s COVID-19 (Mast et al. 2021).
2. Cile prace

Z ptirozenych inhibitori koagulacnich faktorti jsme se v této praci zaméfili na
protein S, ptedevsim kviili jeho Sirokému spektru funkci a jeho vyznamu v diagnostice

trombofilii. Konkrétni cile prace jsou:

e Nalezeni kauzélnich mutaci u kohorty pacientii s vrozenym deficitem PS.

e Na zékladé nalezenych mutaci popsat genotyp a fenotyp pacientil s vrozenym
deficitem PS v Ceské republice a zjistit, zda se 1idi v porovnani s evropskou a
sveétovou populaci.

e Stanovit vliv polohy mutace (SHBG oblast vs. non-SHBG) na riziko trombdzy
u téchto pacientt.

e Popsat pozorované ziskané deficity PS u kohorty pacientt UHKT Praha
s hematologickou malignitou v akutni fizi onemocnéni a zanalyzovat, jak se
lisila aktivita PS v zavislosti na diagnoze.

e Ovefit stabilitu PS a dalSich koagulacnich parametri v podminkéch zmrazené

plazmy.

v r

3. Experimentalni ¢ast
3.1 Material a metody

Detailni popis metod a materialli pouZitych v této praci je obsazen v sekcich Material

a metody vloZenych publikaci. Zde je uveden pouze vycet pouzitych metod:

e Stanoveni aktivity proteinu S v plazmé — Publikace I a II

e Stanoveni volné formy proteinu S — Publikace [ a I1

e Stanoveni celkového mnoZstvi proteinu S — Publikace |

e Aktivovany parcidlni tromboplastinovy ¢as (APTT), protrombinovy ¢as (PT),
stanoveni aktivity fibrinogenu, antitrombinu, faktoru VIII, stanoveni mnozstvi
D-Dimerd a  fibrin/fibrinogen  degradacnich  produkti v plazmé,

ethanol-gelifika¢ni test — Publikace II
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e Jzolace DNA — Publikace I

e Polymeréazova fetézova reakce (PCR) — Publikace I

e Sangerovo sekvenovani — Publikace |

e MLPA (multiplex ligation-dependent probe amplification) — Publikace I

o Statistickd analyza — Publikace I a II

Vzhledem k pfitomnosti vysoce homologniho pseudogenu PROS2 (PROSP) na
stejném lokusu jako PROSI jsme museli pred sekvenovanim potvrdit, zda doslo
k amplifikaci spravného produktu. Toho bylo dosazeno zejména designem primert,
které u viech exontl obsahovaly sekvence unikatni pro PROSI. Uginnost tohoto kroku
jsme verifikovali pomoci restrikéniho Stépeni amplifikovaného produktu enzymy,
které mély restrikéni misto bud’ pouze v genu PROSI, nebo pouze v pseudogenu.
Timto jsme ptedesli riziku ko-amplifikace obou gentli. Pro predikci kauzalni povahy
nove objevenych mutaci jsme pouzili nékolik volné dostupnych predikénich softwart:
Polyphen-2 (Adzhubei et al. 2013), PMut (Lopez-Ferrando et al. 2017),
MutationTaster2 (J. M. Schwarz et al. 2014), PROVEAN (Choi et al. 2012),
SNPs&GO (Capriotti et al. 2013), HOPE (Venselaar et al. 2010) a VarSome (Kopanos
et al. 2019). Pro splicingové mutace byl navic pouzit program ,,Splice site prediction
by Neural Network® (Reese et al. 1997). Mutace byla ozna¢ena jako patogenni, kdyz
alespont 5 ze 7 pouzitych predikénich softwari vyhodnotilo mutaci jako ,,disease-

causing®, tedy kauzalni pro deficit PS.
3.2 Shrnuti vysledki

3.2.1 Prehled publikaci a podil prace doktoranda

Publikace I:

Fenclova Tereza, Matyskova Miloslava, Provaznikova Dana, Marecek Frantisek,
Geierova Vera, Kovarova-Kudrnova Zuzana, Hrachovinova Ingrid. The impact of
PROS1 mutation position on thrombotic risk in protein S-deficient patients.

Research and practice in thrombosis and haemostasis. 2023 May 24;7(4):100194.
doi: 10.1016/j.rpth.2023.100194.

IF2023 = 4,6

30



Podil doktoranda na préci:
Me¢éieni hladiny a aktivity PS, genetickd analyza, statisticka analyza a piiprava

publikace.

Publikace 1I:

Fenclova Tereza, Marecek Frantisek, Hrachovinova Ingrid. Effects of frozen storage
conditions and freezing rate on the stability of coagulation proteins in human
plasma. Blood coagulation and fibrinolysis. 2023 Sep 1;34(6):377-384.

doi: 10.1097/MBC.0000000000001239.

IF2022=1,1

Podil doktoranda na praci:
Ptiprava testované darcovské plazmy, provadéni koagulacnich vySetieni, statisticka

analyza a ptiprava publikace.

3.2.2 Genetika vrozeného deficitu PS

V nasi kohorté pacienti s vrozenym deficitem PS byla nalezena kauzalni mutace u
73/79 (92 %) pacientl a bylo nalezeno celkem 34 riznych mutaci, z toho 15 nebylo
dosud v literatufe popsano (pfehled mutaci viz tabulka 1 a 2). Z nalezenych mutaci
bylo 14 nesmyslnych (nonsense) mutaci (4 frame shift — posun ¢teciho rdmce, 4
zamény za stop kodon, 6 sestfihovych (splicingovych)) a 19 zaménnych (missense)
mutaci. Velka delece zahrnujici exony 1-15 genu PROSI byla nalezena metodou
MLPA u 3 ze 43 rodin (7 %). VSechny nalezené mutace byly v heterozygotni formé.
Ve dvou rodindch byly nalezeny soucasné dvé patogenni heterozygotni mutace
lokalizované na stejné alele (dle spole¢né segregace mutaci v rodin¢), nejednalo se

tedy o dvojité heterozygoty.
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Tabulka 1: Piehled ndmi nové nalezenych mutaci, které nebyly dosud popsany
v literatuie, ISTH databdzi mutaci, nebo ve voln¢ dostupnych databazich jako jsou
NCBI dbSNP databaze a HGMD — The Human Gene Mutation Database. Uvedené
hladiny PS piedstavuji probanda nebo u rodin se smiSenym fenotypem piibuzného
s danym fenotypem.

PS aktivita PS Free Ag PS Total Ag

Cislo PSD
" Mutace: p. cDNA: het.c. Misto ¢ [M:65-140%; [M:70-148%; [M:75-140%; Predikce
rodin
y P F:50-140%] F:50-134%] F:60-140%]
29 Met1lle 3G>C Ex1 I 26 4 32 patogenni
5 Ser28Phefs*11 82dupT Ex2 I 34 24 49 patogenni
28 Cys113Ser 338G>C Ex4 [ 35 36 61 patogenni
12,13 Cys171Trp 513C>G Ex6 I 40 52 43 patogenni
21 GIn173Lys 517C>A Ex6 [ 23 31 62 patogenni
19 Cys228* 684C>A Ex7 I 22 22 39 patogenni
38 Glu304* 910G>T Ex9 I 20 34 32 patogenni
41 IVS9+5G>A 965+5G>A  In9 I 52 57 45 patogenni
37 Pro416Alafs*22 1244dupA Ex11 I 27 29 49 patogenni
1336_1337del
17 Leu446Arg ] Ex12 I 27 16 24 patogenni
insAG
35 Ala525Thr 1573G>A Ex13 I 27 17 30 patogenni
I 11 6 24
4 IVS13+1 G>T  1644+1G>T In13 patogenni
11 18 8 110
3, 36 Gly621Asp 1862G>A Ex14 - 29 - - patogenni
Asp624Metfs*9 Ex14,
23 1645_1870del I 34 28 62 -
(skipping Ex14) In14
42 Asp652Gly 1955A>G Ex15 I - 20 60 patogenni

Mutace byla oznaena jako patogenni, kdyz alespon 5 ze 7 pouzitych predikénich softwart

vyhodnotilo mutaci jako ,disease-causing®, tedy kauzalni pro deficit PS.
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Tabulka 2: Piehled nalezenych mutaci, které jsou jiz znamy v literatufe nebo volné
dostupnych databazich. Uvedené hladiny PS piedstavuji probanda nebo u rodin se
smiSenym fenotypem piibuzného s danym fenotypem.

PS aktivita PS Free Ag PS Total Ag

rz:::)y Mutace: p. cDNA: het.c. Misto ::p [M:65-140%; [M:70-148%; [M:75-140%;

F:50-140%)] F:50-134%)] F:60-140%)]
101 Glu67Ala 200A>C Ex2 I 32 30 48
18 Thr78Met 233C>T Ex2 Il 38 68 56
43 IVS2+5G>A 234+5G>A In2 I 57 62 55
39 Trp149* 446G>A Ex5 I 36 10 43
6 Cys186Tyr 557 G>A Ex6 I 17 66 75
11, 20, 22 Cys226Ser 676 T>A Ex7 I 46 61 56
40 Tyr234Cys 701A>G Ex7 I 25 48 42
14 IVS8-1G>A 728-1G>A In7 Il 41 80 75
16 Cys267Ser 800G>C Ex8 I 24 31 47
9t, 10t Gly272Arg 814G>A Ex8 I 30 28 49
2,24,27 Trp383Arg 11477>C Ex10 I 24 21 43
34 IVS10+1G>A  1155+1G>A  In10 - 27 - -
25, 33 IVS10+5G>A  1155+5G>A  In10 - 25 - -
30 Trp506* 1517G>A Ex13 - 29 - -
1 Arg515Cys 1543C>T Ex13 ! 8 <10 18
0 11 13 88
of Ser547llefs*9 1638dupA  Ex13 I 26 25 50
31 Thr617lle 1850C>T Ex14 - 30 - -
8, 26 Cys639Tyr 1916G>A Ex15 I 24 29 37
7,15, 32 - Delece ex. Ex1-15 | 18 15 34

1-15%

T Tyto rodiny maji mutaci Gly272Arg dohromady s druhou patogenni mutaci na stejné alele.

* Velka delece nalezena metodou MLPA.

Tabulky nalezenych mutaci neobsahuji nalezené polymorfismy (SNP = single
nucleotid polymorphism), které byly predikénimi metodami vyhodnoceny jako
benigni a vyskytovaly se u velkého procenta vySetfovanych pacientil. Patii mezi né
nami nov¢ nalezend varianta p.Val669Phe a uz dfive popsand synonymni varianta
p.Pro667= (c.2001 A>QG), ktera je v populaci bézna a nezpusobuje snizeni hladiny PS
(Castaman et al. 2007).

33



U pacientll jsme provadéli sekvenacni analyzu Sangerovou metodou paralelné
s metodou MLPA vzhledem k ocekdvanym vysSim frekvencim velkych deleci,
nicméné neobjevil se zddny piipad potvrzené soubézné velké delece a kauzalni bodové
mutace. V jednom piipadé jsme metodou MLPA =zachytili u pacienta s mutaci
¢.200A>C (p.Glu67Ala) pozitivitu pro deleci exonu 2, ale zde se jednalo o interferenci,
jelikoz mutace se nachdzi na pozici nasedani proby pro exon 2. Vyrobce udava, ze
pokud se takové interference vyskytnou, mize byt ve vysledné fragmentacni analyze
ovlivnéna vyska piku a toto nespravné vyhodnoceno jako delece, i kdyz ve skute¢nosti
jde pouze o nedostate¢nou ligaci proby pro dany exon. Proto je dulezité zaroven
s analyzou MLPA provadét sekvenacni analyzu celého genu pro vylouceni moznych

interferenci.

Vétsina nalezenych mutaci se u pacientll projevila fenotypem PSD typu I nebo
smiSenym fenotypem I/IIl. Pouze dva pacienti vykazovali PSD typu II, z toho u
jednoho byla nalezena mutace (p.Thr78Met), ktera byla uz dfive spojovéana
s fenotypem typu II (Rezende, Lane, Mille-Baker, et al. 2002; Alhenc-Gelas et al.
2010). Druhy pacient ma splicingovou mutaci v intronu 7 (c.728-1G>A), ktera byla

popsana v databazi ClinVar, ale jeji vliv na funkci PS je nejasny.

3.2.3  Vliv polohy mutace v PROS1 na riziko trombozy

V publikaci I jsme se zabyvali zhodnocenim vlivu polohy zdménné (missense) mutace
na riziko trombdzy u pacientti s vrozenym deficitem PS. Kohortu pacientti s vrozenym
PSD a nalezenou mutaci jsme rozd¢lili do skupin podle polohy mutace na SHBG a
non-SHBG, vzhledem k dileZitosti této oblasti PS v jeho riznych funkcich a vazbach
na dalSi proteiny. Zahrnuti byli pouze pacienti se zaménami (missense mutace),
protoze u ostatnich typl mutaci (frame-shift, zdmény za stop kodon, splicingove,
delece) je pfevazujicim fenotypem ztrata exprese, a tedy sniZeni syntézy, zatimco u

zaménnych mutaci fenotyp neni jasny.

Mezi SHBG a non-SHBG skupinami nebyl vyznamny rozdil ve véku ani pohlavi
pacientl. Pacienti, ktefi prod¢lali trombozu méli Castéji mutaci v SHBG oblasti nez
mimo tuto oblast (69 % vs. 31,8 %; p = 0,008). Naopak se vyznamné&ji nelisila mira
pacientl, kteti prodé€lali trombodzu v zavislosti na pfitomnosti mutace FV Leiden (31 %

vs. 18,2 %; p=0,30) a to 1 pfes vyrazné vyssi zastoupeni v SHBG skupiné (44,4 % vs.
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4,2 %, p = 0,001), coz naznacuje, Ze samotny FVL nebyl nezavislym rizikovym
faktorem. Zarovei diverzita mutaci uvnitt skupin byla dostate¢na vzhledem k vyskytu
trombdzy napti¢ skupinami, ani v jedné skupiné nepfevazovala jedna mutace v poctu

pacientt (5 riznych mutaci v SHBG skupiné vs. 8 rtiznych mutaci v non-SHBG).

Multivariantni regresni analyzou téchto dvou skupin jsme prokazali, ze poloha
mutaci v SHBG oblasti PS byla nezavislym rizikovym faktorem pro trombozu (OR
5,17, CI 1,29 — 20,65). Pacienti v SHBG skupin¢ m¢li také nizsi aktivitu PS (median
27 %, IQR 20-29,5 vs. median 37,5 %, IQR 25,8-44,3) a hladinu volného antigenu
(median 19 %, IQR 10-23 vs. median 49,5 %, IQR 31-52.8) a zaroven se u nich

trombdza objevovala v mladsim véku (Obrazek 1, p = 0,018).
Podrobnosti viz Publikace I.

Thrombosis-free interval in patients in
the SHBG group vs. non-SHBG group

= non-SHBG group = = SHBG group

100% 1 }

75% 1

Proportion of thrombosis free patients (%)

50% f
p=0.018 .
25% . .l
0%
0 5 10 15 20 25 30 35 40 45 50
Years
Number at risk

non-SHBG group{ 24 24 24 24 23 17 17 12 10 9 5

SHBG group{ 27 27 27 26 21 17 15 1" 8 6 4

0 5 10 15 20 25 30 35 40 45 50

Years
Obrazek 1: Kaplan-Meierova kiivka intervalu do vyskytu prvni tromb6zy u pacienta.
Skupina pacientll s mutaci v SHBG oblasti (teCkovand ¢ara) ma kratsi interval do
vyskytu trombdzy, tedy se u nich vyskytuje v mladsSim véku, nez u pacienti

s mutacemi v non-SHBG oblasti (plna cara).
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3.2.4 Ziskany deficit PS u hematoonkologickych pacientu

Screening trombofilnich rizikovych faktorii je standardnim postupem pii piijmu
pacientd na l0izkové oddéleni a jednotku intenzivni hematologické péée na UHKT
Praha. Provedli jsme centrovou retrospektivni analyzu, do které jsme zatadili vSechny
pacienty poprvé hospitalizované s hematoonkologickou malignitou v obdobi mezi
3.1.2013 a 31.12.2023. Nasledn¢ jsme vyiadili vSechny pacienty s nizkymi hladinami
proteinu C nebo jinych koagulacnich faktor, tedy pacienty skonzumpcéni
koagulopatii, syntetickou jaterni dysfunkci nebo dal$imi stavy charakterizovanymi
globalni poruchou koagulace. Findln¢ bylo do analyzy zahrnuto 1878 pacientt z ¢ehoz
46 pacienti mélo ve vstupnim trombofilnim screeningu izolovanou patologickou
aktivitu PS (<50 %). U téchto pacientl bylo také ve follow-upu potvrzeno, Ze se jedna
o ziskany deficit. Pokud follow-up nebyl mozny z divodu umrti pacienta nebo
nemoznosti opakovat vysetfeni PS z jinych divodu, byla ziskand povaha deficitu

ovéiena z predchozich vySetieni a z rodinné anamnézy.

Diagnozy pozorované u pacientl s patologickou aktivitou PS byly rozdéleny do
téchto skupin: 1) C920 — Akutni myeloblasticka leukemie, 2) C925 — Akutni
myelomonocytickd leukemie, 3) C930 — Akutni monoblastickd/monocyticka
leukemie, 4) C910 — Akutni lymfoblasticka leukemie, 5) C921 — Chronickd myeloidni
leukemie (CML), BCR/ABL-pozitivni, 6) ostatni myelo/lymfoproliferativni
onemocnéni (napf. polycytemia vera, primarni myelofibréza, akutni promyelocytarni
leukémie, myelodysplasticky syndrom, chronicka lymfaticka leukémie, jiné neurcené

leukémie, atd.).

V analyze bylo zjisténo, Ze se mezi danymi skupinach onemocnéni vyznamné
lisily jak absolutni hodnota PS aktivity (p <0.001; Kruskal-Wallis test; Obrazek 2), tak
proporce pacientil s patologickymi hodnotami (p <0.001; y? test; Tabulka 3). Viibec
nejvyssi zastoupeni pacientl s izolovanou patologickou PS aktivitou bylo ve skupiné
pacientli s akutni myelomonocytickou leukemii (37,5 %). Nepomérné zastoupeni
pacientl s izolovanym ziskanym PS deficitem je demonstrovano na Obrazku 3, kdy
pacienti s myelomonocytickou leukemii tvofili nejmensi skupinu pacientli, ale

soucasn¢ zaujimali vyznamnou proporci ze vSech patologickych méteni.
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Tabulka 3: Porovnani skupin pacientll a podil pacientl s patologickou aktivitou PS

napfi¢ definovanymi skupinami diagnoz.

Diagnéza C920(1) C925(2) C930(3) C910(4) C921(5) Ostatni(6) Celkem
Pocet pacientt 380 16 22 132 167 1161 1878
Pocet s PS <50 % 10 6 1 9 14 6 46
Aktivita PS [%] 86 82 74 84 77 91 88
(median, IQR) (68-102)  (40-105) (57-85) (63-102)  (64-100) (76-107) (72-105)
Podil PS <50 v % 2,6 37,5 4,5 6,8 8,4 0,5 24

IQR — interkvartilni rozptyl (interquartile range)

200,07
[
O
o)
150,0
—
X
Sl
7
o
B
< 1000
2
-
= -
50,0
T U
07

1 2 3 4 5 6
Skupina diagnozy
Obrazek 2: Zobrazeni hodnot aktivity PS v hodnocenych skupindch diagnoz.

Krabicovy graf rozdéluje data do kvartild, stfedni déleni ptedstavuje medidn a

zvyraznéné body odlehlé hodnoty. 1) C920 — Akutni myeloblasticka leukemie, 2)
C925

Akutni  myelomonocytickd  leukemie, 3) C930 - Akutni

monoblastickd/monocytickd leukemie, 4) C910 — Akutni lymfoblastické leukemie, 5)
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C921 — Chronicka myeloidni leukemie (CML), BCR/ABL-pozitivni, 6) ostatni

myelo/lymfoproliferativni onemocnéni.

Kumulativni zastoupeni v rameci skupin (%)

Skupiny
W Aktivita PS = 50%
B 2ddivita PS = 50%
B0,0%=
40,0%
20,0%
0%

1 2 3 4 5 6
Skupina diagnozy

Obrazek 3: Zastoupeni patologické aktivity PS napfi¢ skupinami pacientti. Modie
jsou znazornény procentudlni proporce pacienti snormalni PS aktivitou
v jednotlivych skupinach pocitané ze vSech pacientli s normalni PS aktivitou. Zelené
jsou zndzornény proporce pacientd s patologickou PS aktivitou (<50 %) v jednotlivych
skupinach pocitané ze vSech pacientii s patologickou PS aktivitou. Soucet jednotlivych
sloupcti je roven 100 % v rdmci jedné barvy (tedy modré nebo zelen¢). 1) C920 —
Akutni myeloblasticka leukemie, 2) C925 — Akutni myelomonocytickd leukemie, 3)
C930 — Akutni monoblastickd/monocytickd leukemie, 4) C910 — Akutni
lymfoblastickd leukemie, 5) C921 — Chronickd myeloidni leukemie (CML),

BCR/ABL-pozitivni, 6) ostatni myelo/lymfoproliferativni onemocnéni.
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3.2.5 Stabilita PS a dalsich koagulacnich parametrii ve zmrazZené plazmeé

Standardizované a kvalitni skladovani zmrazenych vzorka je dulezité jednak pro
spravné stanoveni vysledku a také pro spolehlivou mezilaboratorni ndvaznost. Cilem
analyzy popsané v publikaci II bylo jednak kratkodobé skladovéani, protoze
v hematologickych laboratofich vétSinou nejsou specialni metodiky analyzovany
z Cerstvé plazmy ale z plazmy zmraZzené a uchovavané do doby, nez bude stanoveni
provedeno. A dale také dlouhodobé skladovani, zejména pro pouziti zmrazené plazmy
jako kontrolniho materidlu. Vzhledem ke slozité laboratorni diagnostice trombofilii
obecné a PS konkrétné€ jsme vytipovali nékolik koagulacnich parametrii, kterymi jsme
sledovali stabilitu biologickych funkei v ¢ase v plazmé zmrazené za riznych

podminek. Sledovana plazma byla rozdé€lena do skupin dle nésledujiciho schématu:

e A) plazma zmrazend a uchovavand v Iml kryozkumavkach ponofenych
v tekutém dusiku (Sokové zmrazeni)

e B) plazma zmrazena a uchovavand v Iml kryozkumavkach v mrazdku pii
teplot¢ -80 °C

e () plazma zmrazena a uchovéavana v 1,8ml kryozkumavkach v mrazdku pii
teploté -80 °C v horizontalni poloze (v¢€tsi plocha hladiny)

e K) plazma zmraZena v 1ml kryozkumavkach v 1azni se suchym ledem (Sokové
zmrazeni) a uchovavana v mrazaku pfi -40 °C

e L) plazma zmrazend a uchovdvana v Iml kryozkumavkach v mrazéku
pfi -40 °C na dn€ mrazaku (stabilni teplota)

e M) plazma zmrazend a uchovavand v Iml kryozkumavkach v mrazéku

pfi -40 °C u vika mrazaku (fluktuujici teplota)

Ve vzorcich smésné normalni plazmy jsme prokazali dlouhodobou stabilitu po
dobu maximalné¢ 6 mésicit pro FVIII a PS, respektive 12 mésicti pro APTT, PT,
fibrinogen a antitrombin, pokud byly uchovavany alespon pii -80 °C a zmraZeni
probihalo Sokové¢. Idealnim zptisobem skladovani bylo ponoteni v tekutém dusiku (az
12 mésict pro FVIII), nicméné tato metoda skladovani neni pro laboratofe bézné

dostupna.

APTT vykazovalo anomalii, kdy v obdobi 14 dnii po zmrazeni byly hodnoty

testu zvySené nad interval nejistoty metody (>1 CV) a po uplynuti tohoto obdobi se
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vratily do hodnot, které¢ odpovidaly méfeni z Cerstvé nemrazené plazmy. Toto zvySeni
ma potencidl ovlivnit analyzy, které jsou zavislé na APTT, naptiklad lupus
antikoagulant. Dale také byly zvySené ob¢ stanoveni PS (aktivita a volny antigen) nad
nejistotu metody béhem prvnich dvou mésicii skladovani ve vSech teplotach (vcéetné
kapalného dusiku), ale aktivita PS zacala klesat po uplynuti 2 mésicti, zatimco PS
antigen zlstal zvySeny. Toto zvySeni ma potencial ovlivnit vysledky pacienti,
nicméné v tomto experimentu nebyly sledovany vzorky pacientti s PSD a sledované
hodnoty normalni plazmy se nevychylily mimo kontrolni rozmezi. Vzhledem k tomu,
ze bylo vychyleni pozorovano u vsSech sledovanych teplot skladovani, jde

pravdépodobné o vliv samotného zmrazeni plazmy.

Podrobnosti viz Publikace II.
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Essentials

= Inherited prodein 5 {PS) defidency & an established risk fachor for venous throm boembolism.

= The impad of m tarts

and their loation on the risk of thrombesis s not dear.

= Mutations locted in a spedfic region of PS may hawe a higher impadt on thrombotic riskc
» Thus, genetic analysk oould contribute to further risk prediction in PS-deficent patients.

1 | INTRODUCTION

Protein 5 {P5) acts as a oofador for adivated protein C (APC) in
proteolytic mactivation of blood coagulaion factors {F) Vaand Vi,
thus participating in regulation of t bin g jon through the
APC pattway. Protein 5§ was also reparted to hawe dinsct antioosgu-
lant activity, i, independent of APC—in the pressnce of zinc o, it
directly binds to FiXa and inhibits the activation of FX, and it ako
directly bind=s Pi'a and Fia and inhibits their combined activity [1.2] &
absoserves a5 a oofactor for tisue factor pathway inhibitor-o (TFPx)
together with FV or with its splics variant {F\-short) during fador ¥a
nhitition, in which it enhano= TFA-Fa complex fomation |31
Protein 5 in plsma on droulate fres or bound to the complement

gulatory factor dement factor 4b {C4b)-binding protein. Fres
PS5 FPS) acmunts for around 404 of iotal PS and & responsible for
mast of s mfschor activity [4]

Profein 5 defickency @n be acquired or hereditary. Inherit=d PS5
deficiency i divided into 3 types—type | quanftative) with low PS5
activity and FPS and total PS (TPS) levels: type | jgualitative) with low
PS5 activity and nommal FPS and TPS levels; and type 11l {mined ) with
low PS achivity and FPS levels and nomal TPS lewels [5] In some
families, different individuals @n present with sither type | or type 1l
prot=in § defcency, suggesting that the =me muistion an auss
different hboratory patiems [£,7]

The protein § gene (PROST) & located on chromeaome Jgll12
Protein S in its mature form & a single-chain (75 kDa) ghycoprotein.
The hterminal gamma-carboxyghidamic {Gld domain jewon 31 con-
taning 11 Gla resdues, interads with caldum ions to fcilitate high-
affnity binding to negatively charged phaspholipid membranes. The

A0-43d, 447-440, and S05615) [A¥] There are data showing the
interaction with tyrosine kinass receptors of the Tyrad, fod, and ber
family. which & abo loated within the laminin Gtype domais
10, 11]

Considering the diverss fundions of the SHIB G-l region of PS it
= pomsihle that mutafions locaied within that region would be maone=
damaging in nspect o the dsnupted folding and subssquent los of
function of this region. Thersfore, the aim of this shudy & to evalote
the risk of thrombeis dus to mutations located n the SHBGile=
region, &5 oppesed to the rest of the protein

2 | METHODS
21 | Study design and population characteristics

Our study consisbed of 2 parts. First, we determined the PROSE mu-
tations n our patients. Mext, we conducted a rebospective cohort
study to evaluaie whe ther mutation position in the SHBG-ike regiion
affscts th bofic risk. The
any thrombotic event and the age of the patient when the patient’s
first thrombotic event oooumed.

Informed @ment was ob@ined from all particpants, and the
study met the institutional ethic requirements. The families selected
for the study population had confirmed low PS5 activity and/or antigen
vl in the index patient and, if pesble, ot et 1 cose relafve
Onther canme s of thrombophilia {antithrombin or protein C defidency,
P Leiden [PYLL FIXH 0 polymophisms, and high PV levek)
wene tested in all pationts. The study population inchudes PS-deficent

| o tonmes. wesne oooumence of

thrombir-s=rsitive  region fexon 4] contans 2 i ir-sen stiee
cleavage stes and an Farsersitive deavage site. After p by
the Gla domain remairs: attadhed to fhe remaining PS via the disul-
phide bridge but koses affinity for the membrane. and thus, PS loses s
AP cofachor acivity. Four mmeded epidermal growth factor- e
domains fexos 58] are important for PS adivity as they abso fadli-
tate Ca®* binding The following s=x hormone-binding ghobulin
{SHBG)Hik= region fexans 9-15, Wal243-5n635). ocvmprising 2 kaminin
Gtype domains, hosts several onitical fundions. The Gla domain &
eszential for all anticoaguiant functions of PS due to the fadt that it
binds i negatively dhanged phospholipids. The SHIBGfils region has
bemn identified a5 having a number of important fundions, indhuding
all of the direct anficoagulant functions: of PS5 {direct binding to FXa,
Fa[aa £21-435], and FXa in the pressnce of Znc jos and binding to
the TFPl Kunitr-3 domain) and CABP binding (spedficlly xa

o from the Crech Re public from different hospitals and onters
with different testing roufines. Thus, some of the patients did not have
FPS and TPS antigen Ewels tested, ax the primary method for PS
defidency soreening in the Crech Republic has, for many years, been
soiely the PS adivity a=ay. PS deficenoy was defined per our labo-
ratory referenoe range a5 P5 activity levels of <504 for women and
E5% fior men, fres PS levels of <50% for women and < 70% for men,
and total PS levels of <65%

When owr patients undersent thromboghilia soresning and P5S
deficiency was found, we first repeated the PS activity sy after
pproamately 3 manths to exchude anomalous reults or inter ferenoe
of medicaion. ‘We would then comsult the patients physician to
determine any relevant factors fhat could influsncs PS actvity levels
{antimagulants, recant thrombosis, high FYll levels, nephrotic sym-
drome, et ] Gravidity or hormonal fherapy stahs was noted, and
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additonal testing was postponed in feese patients. Whith, these con-
founding fachors mubed out, FPS and TPS levels wene amalyred dong

2aly
|

present Apart from the 15 exons in fhe PS tramsonptiona varant 2

with the confirmatory PS adivity, and if the abnormal results perschesd,
the patient was indicated for genetc testing. If a mutation was found,
wee would fhen test all avaibible first-degres relatives of the index pa-
tient and evaluate the personal and family history of fhromboss. The
patient and family history data were obtained through dinical recond's
seandh. Family members wene ssleched for genetc analyss if they wene

P5-defident, regandles of their thrombass history.
Soremning for PS defidency in the index patients was done hased
on patient and/or family history of s s jdesp vein & lho=

pulmonary embolism, and thromboss i atypical locations sudh 2=
paortal, messnierc or cersbral wein]l first venows  thrombosmbolic
event (YTE] before the age of 50, recument WTE, and in some cames,

and

e mquence NMI00313.4] we designed primers for the addi-
fioral exon from the aliernatively spliced fransoriptonal variant 1
jneferenee sequence WMOD13 140872 primer sequences avaiable on
request] positioned betwesn exors 1 and 2 of variant 2, 5o 2= to
prevent fooking any variations infl ang the procesing of PR
The additional exon i in further et refereed to s "exon 2-variant 17

The passhility of a large deletion or duplication was verified by
muiltiplex ligation-dependent probe amplifiation (MLPA) analysis
wsing the SAISA MLPA PL12 PROED kit (MRC: probsmix lobc
A0 3 A3-0d 16, and A4-0318) The a=ay cntairs probes for 120f
fhe 15 ewors of PROSI. MLPA wos done i parallsl with dired
sequencing i all index patients regandlex of mutations found. In
family mambers, gone analysis was nestricted to the abnomal regiion
' ined in the index patient

pregrancy aymplications or mscariages. Desp wein th i
other thrombotic events were dooumentied by duples ulirasonography
and pulmonary smbaolism by computed tomography angiograpiy. In
same cxees, PS deficency was detected in thrombophilia soresning
done before beginning of oral contracepfive use or due to suspected
h b that was, b . later not confirmed.

We indicated 42 index patients for genetic analyss of PROSE. Out
of the refemed families, 43 PSdeficiant family members were ako
indicated. However, sample material for genetic testing was only
available from 34 of them, and therefore, in total, 76 PE-deficient
patents wene anabyzed.

22 | Protein$ plasma levels

P5 coagulation activity was messured using 5TA-Staclot Protein 5
==y |Diagnostica Stagal, whidh was also vsed 25 2 soresning method
for mmpeched PS defidency. Free PS antigen was measuned by STA
Liatest Fres Prot=in 5 (Diagnostia Stagol PS5 total antigen was
| by Laurell i _ ok e amsay [13] wsing poly-
clanal rabbit anti-human protein S antibodies (AD384, Dako Denmark
A5 Al our amsys usesd in this shudy ane verified by exter mal quality
assessment (UK MEQAS ) Other laboratories mntributing to this shudy
have inter laboratory traceability verified fuse of IVDWOE reagents and
partidpation in extemal quality assessment]

23 | PROS1 genetic analysi

Infi | for ge neth hysis wars obtained from all parti
Human genomic DA was solated from keukooytes from perigheral
whale blood [13].
The e=wors, mron-=xon bound aes, and 439 baxe pairs of the
prosimal promoter area of PROST fgene IDc 5627, O IME 175880
i | for g ic Dbl HGO0PE 13.1) were examined by
direct sequencing a5 previously desoribed [14). Primers and conditions
were chosen =0 25 to awoid coamplfiartion of the highly homologouws P5S
proudogene (PROSZ, PROSPL and nestricion analyss was performed for
each amplfiation produd: to ensure that the pesudogens was not

For each nowel sequence variation, the lieelihood that the muta-
fion omild be diseame-casing wa evahoted by using several predic-
fion =ofteare algorithms, sudh 2= Polyphen2 [15] PMut [14],
MutationTaster2 [17] PROVEAN [18]. SNPs&G0 [17] HOPE [20].
and VarSame [ 21] For splicesite dhanges prediction, Splice site pre-
dicion by Neural Network tool was wused [27]). Nowel mutations {newly
discoversd mutations in owr patient cohort] wese ndicated 2=
di ing” when at least 5 of 7 insilio tooks wsed in our study
powided this predidion Other dissse-casing mutations wer=
previously described a5 associated with PS defidency.

24 | Statistical analysis

Stafisticl analyss was performed wsing SPSS wersion 2220 {IBM Corgl
and R wersion 12501% {Development for R, RStudio inc) Confinuows

fables are exp JF fian (IRl and categorical variable s an=
expressed s number jpocentage] of partidpants within =adh group.
The nomality of data distribution was tested using the Kolmogonow-
Smamow test Sinee 2 substantial part of the data did not fit noomal
distribution, anly nonparametric sttisticl methods wene wmed. The
Mann-Whitney LUHtest was ussd for continuows. variables, and chi-
squared test was wsed for categonical variables. Binary logistic
regression was used to assess the risk facors of thrombotic events.
Beide from the mutation postion (main variable of nterest] the
variahies induded in the multivariabls model were ag= at admissian,
zex, and FYL, as these factors lkely affect the outcome. Furthermore,
PS adtivity was mnsidened for indusion; bowever, it should be viesed
s at learst 2 partial i in the relationship b mu tartion
pesition and fhromboticrisk and, thersfor=, cannot be inchuded in the
=ame model 25 it B a cofinear. Thus, the variables nchuded in the final
muitivariable model are mutation position, s=x, age at admission, and
PVl The variahle sslection & depicted by a directed acydic graph
{Supplementary Figurs]. In the multivariable model, there were 3 in-
stances of missing values of PS activity, and in these cses, fhe median
walue wars inputted inthe regresion. There wene no missing values for
ategorial variables. The rsuwlts of muifvariable analyses were
expressed 2 odds ratios (0fs) with #5% Clk For all other analysss,
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missing vakue s wene igr [ [ 1 Hapltan-# ier
sunvival curves and the logrank test were ussd o projed
thrombeEi-free intervals for patients with mutations in differsnt
parts of PS "Thromboss-fres interval® hersin repressnts the period
firom birth to the first YTE ewvent. Al reported tests wesre 2sided, and
a P value of <05 was mmesidered signifiant.

3 | RESULTS
31 | Mutation profile

Inour patient mhort, we found a disease-musng mutation in ¥2% 70
of 78] of Pideficent patients, wsting of 13 novel and 17 previ-
ously neported mutations. The disssse-coasing mutations include 13
nulll mutations {1 lrge deletion, 4 nonssnse mutations, 4 splics-site
substihdions, 3 small sertios <40 bese pirs, and 1 small

42 index patients referred
for PS deficiancy indicated
for ganetic analysis

dedetion] and 17 miserse mutations, respectively. &l found mutations
wene in heterarypous forng 2 families (3 patients) had 2 diffensnt
mnoument heterozy gous mutstions. The prevalence of lange deletions
i our study was 7% {3 of 42 families].

32 | Patient characterisfics
The study flowdhart & shown in Figure 1_Further supporting data ane

available in the Supplementary Table 1.

33 | PROS51 mutation position groups

The pafients with me tations jull mutations were eoduded)
were divided inbo 2 groups the “SHEG-region”™ mutation group (27
pafents with 5 different missenss mutatons n oo 15) and the

v

3 index patients without
identiied PROS T mutation
excludad

39 index patents with
confirmed PROST

mutation

50 family mambers
screaned for PS daficiency

T non-deficlentrelatives
t euciuded

43 family mambars with P5
deficiency identifiad, 34 had
DOMA samples avalable

3 family members
* without identified FROSY
L i L mutation excluded
T total patients with M family membars with
confirmed PROST ] confirmed FROSY
mutation mudation

19 patients with nuwll o
splicing mutations
excludedfrom analysis

51 palients wilh missense
mutations

A.-#‘M

27 patients in the SHEG.

reglon mutation group mutation group

24 patierts inthe non.SHBG

FIGURE 1 Summary flowdhart of the study population showing patient selecfion and analysis proo==. PS5, protein 5, SHBG, s=x homone-

hinding globu fin
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TABLE 1 Basic characteristics of the mutation groups.

Factor Al participants jn= 51)
Age iyl median (K3R) o 147

Female sex, m (3) 34 [M0LE)

PV Leiden, n (%) 13 {255

Thrombotic event, m %) 29549

Age a first thrombosis {y), median (K0R) a1 (A0-205

SBG group fn = 27)
32 [r-48)

17 153

12 e g

0 ray

24 (19-345)

MorSHES group faw 24)
33 (17-44)

19 (725

13

s
33 (31544

- iy

Pvale

F, fector; SHEG, sex hormone—binding ghobulin.

“non-SHBGE mutation group {24 patients with 8 diffensnt mutafors in
exors 1-8) Baic daracteristiss of the mutation grows are summa-
rimed in Table 1. The age of admission and sex did not significantty differ
bt men “SHBG-region” and “non-SHBG" groups. Tha mean PS actity
level wan: signfican@ly lower in the "SHBEG-region™ group #han in the
“nor-SHEG" group, and the same trend was observed i FPS (P = 1005
for PS adtivity and P = 001 for FPS, Fgurs 2] On the other hand, TPS
leveds did not show any sgnifiant difference (P = 30, Figure 2]

34 | PROS51 mutation position and thrombosis risk

Hexct, the patients wene divided into 2 groups acconding to whether
they had a history of thrombaotic event. and the hosic characteristics
are shown in Table 2. There was no difference inage at admission and
==x between fhe proups. Patients with thrombotic events: had higher
rates of mutations in the “SHBG-region” group (6% vs 318%: P = 008).
Interestingly, the rates of thrombotic events in patients with FWL

A B c
0.005 0,001 .
| |
L]
&0 '
1 75
) —
[ |
oy
§:’ — —
& = 50 =
= 401 T g
5 & £
o (TH =
0
o
251
201
30
: ; o : : : :
non-SHBG  SHEG non-SHES  SHEG non-5HEG  SHBG

FIGURE 2 Resuls of mmparison of PS5 levels in 2 groups of missense mutations “SHEG-region " group {27 patients] and “non-SHBG™ group
{24 patients] A. P5 activityz n = 51 B Free PS {FPSE n = 32 {12 patients in “SHBG-region™ group and 20 “non-5HE G group). C. Total PS (TPSE
n =31 (7 type lll patients were excluded [3 and 4, respedively]; counted were 11 patients in SHBEGregion™ group and 1% in “non-SHBGE"

group). PS5, probein 5; SHIBG, sex hormone=-binding globulin.
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TABLE 2 Basc charadheristics of the groups of patie nts with and
without thrombotic svents

Thrombeogic 4 Thrombosks —
Factor = 29) fn=23) P wallue
Age iyl medin (IOR) 35 (24 2958 |14-203)  3a
Female sex, m (%) 20 459 14 (721 T
PV Leiden, n (%) R =] 40183 a0
SHEG, n %) 20 49 Ty i

F, tactorr; SHIEG, sew hormione-hinding ghobulin.

mutations did not sgnificantly differ (319% v= 18.358 P = 30) even
though FYL was found signifiantly more in patients in the SHEG
region” mutation group (44% vs 4.5 P= 001)

It s also important to note that the Emilies: from which muapls
partidpants were enrolled had overall Smilar rates of family members
affected by thrombasis with no 1 family being the majority driving
fore for thrombotic outmmes | Supplementary Table 21

To evalute the hosefine mpact of PS5 levels on thrombotic risk in

v with me sans {ind denit of on pasition]l
we companed them in patients with and withowt history of a2 throm-
botic =vent. 'We found that patients with a history of frombotic
events showed a significant decrease in P5 acfivity (P = 03 and FPS
{type Il patients ewduded, P < 001) but not TPS {type 1] and 1l pa-
tents ewcduded; P = OF Tabl= 3.

To x=e= the smodation of mutafion position with fhrombotic
risk, we performed a multivariable binary logistic regression analysis.
FVL wes induded becuse this polymophism & an established risk
Ffacior for thrombosis [27] and wes present n 13 of 51 studied pa-
tients in e e rorygous form, consisting of 12 patients in the SHEG
region” group and 1 in the "nonr-SHBG® group. Since the nepressnta-
tion of FYL in the mutation groups was uneven, the model was
adpsted for PVL The amalysks showed that mutation position in the
“SHBG-region” mutation group (s opposed to the “non-SHBG" group)
& an independent risk factor for thrombotic events in P&deficent
patients {Tabls 4]

Additionally, several sewitivity analyses were pofomed To
explore whether the sewsd distribution of FVL camiers in the 2
patent groups could have affeded the reswits, we have excluded all
FVl camiers and the mulbivariable model wes adpsted for age at
admission and sex In this model, the mutation postion was sl
independently @sodated with risk of thrombotic event
| Supp b=me rtary Table 31 Mext, to assess if the nduson of ndex cses
in the study affected the resulis, we peformed another sensitivity

amalyss on only family members and exchuded all index patients,
regardie = of whe fher they experienced a thrombotic event or not. In
this semstivity analysis, it was found that the mutation postion was
independently associated with the risk of thrombotic event even after
the index patients were exduded {Supplementary Table 3 Samilardy,
the PS levels were lower in patients with mutation in fhe “SHBGn=-
g™ than in those with mutation in fhe non-SHEG region when
ndex patients were removed median, 25 [KOR, 19-31] v 38 [IOR
M-A4L P = 0.

La=tly, Maplan-bisisr method wes ussd to compare the
thrombosis-free period in both patient mutation groups. 'We fiound
that patients in the “SHBEG-region”™ group had shorber thrombosis free=
srvivd {median thromboss-free survival of 33 wvs 47 years, P = 0
Figur= 3] Furfhermore, the median age of the first thrombofic event
in the “SHBG-region” group was 2 years, mmpaned with 33 years in
the non-SHEG group (P = 0]

4 | DISCUSSION

In our study, we were abie to identify a disease-causing mutation in
2% (70 of 76) of PE-deficient patients. Cur analy s= of the data from
fhe deficient pafents show that 2 mss=nze mutation kocated n the
SHBGAk= region may L to higher thromt sk i our
patients rather than a miesense mutation located aloewhers in the
protein. The group with mutations in the SHBEG-ike region abso dis-
played sharter thrombosis-fre & survival

41 | Impact of mutation position on protein 5

The association of PS deficency and bw FPS levels with higher
thrombotic risk has been previously desoribed [24.25] Howsever, the
mpact of variows PROS] missenss mutafiors on thrombo$ic sk s
poorty understood. Furthermore, there are ooes in for excample,
antithrombin {SERPINC 1) missenss mutations, in whidh there i a2 sig-
nificant impact on thrombotic sk due to the loation of the mutation
[24] Therefore, in this study, we sought to emex the influence of
mutations located in the SHIBG-like region on thrombotic risk 2=
oppimed to the rest of the probein.

We have shown that patients with mutations in the SHB Gl
region present with lower PS5 adivity and FPS lewels than patients
with o i other regs There may be additional biclogical

detrimental role s of mutations in the SHBG-like region outside of APC

TABLE 3 Comparison of PS levels in patients with and without history of thrombesiz. Free PS values of type || and total PS5 values of type 11

and Nl -dehicient potisnts wene eoduded.

Factor Thrombesis <+ jn = 24) Thrombogis = ja= 22) Pvalue
PS5 actibvitty, meclian {KGQR) 24 (19-31) 345 (I7E-4325) o2
Free PS5, median | K3R) 22 (10-29) 51 {3755 Edu L)
Tootal P, median | KR —type 1l patients exchuded 39 (547 45 25205 o7

PS5, protein 5 SHIBG, sew hormone-binding ghobulin.
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TABLE 4 Results of logisfic negress ¥
Univarishis regres gon

Facior O (95% Cl)
BvL 203 053,779
Age at admission by) 100 (0975, 108)
Mutation postion 474 (144 187
Sex (female) 083 (025 284
PS5 activity 034 (089, 099

PV, factor W Leiden; OR, odds raticg PS, protein 5

cofactor xtivity, pomibly lowering TFPle-mictor adivity of PS =
wezll, which may be fhe gl ian for our findings. This study may
provide vakable insght given the reeent foous on the TRPle-cofactor
activity. Both major inhibiiory patheays (APC and TFPI) use the
SHBEGHik= region of PS in their functios of regulating thrombin
generation; however, for the TFPla patheay. this region i oitical [27]
This may be further shucidated by wing a specific TFPle-cofactor
activity assay when it beoomes mmmendially available [28]. However,
the lower PS levels in the "SHBG-region” mutation group may ako
e lower e TRPla bevels, a5 thess proteins cinoulats o omple s,
whidh can also contribute to the thrombosis sk [29).

Taly
|

hysis of sele ched faciors and their amodation with firombotic risk
Muttivaniahie regress ion
P value OR (95% O P waue
3 Q8 017, 4.43) -
59 101 197, 105) 8
o1 517 (129, 2045 a2
77 112 029, 432) .

hinding & located, differen tiating the bound and free partion of P This
hinding could then be disnupied by mutaBiorns in the SHBGike region
due to possible structiral diffe reness. Since fhis interaction has not besn
examinad in this study, we cmnot nule out aecoy-hossd nberfarene
Semnd, while all shudied patients were heterorygotes, their PS5
activity levels are far below the reference range. sven in patients with
type |l defidency. This would suggest either problems in expresion
that kead to reduced synthesis of the healbhy protsin produd
fwild-type allel=] or some other unlnown nteradions. The further
redudtion in PS5 adivity, besdes low FPS could be coused by a
disuption of strudhure by the mutation, whidh would then influsnos

Besicl s the simple syn fhessis reduction, there may be other
for the lower PS ksvek in fhe SHBG-reghn” mutaton group. Fst, =
the CABP binding =it s locaied in the SHIBGik= region of PS5, the
reduction in FPS could be attributed to deoreased CABP binding and,
cossquently, bwer haf-ife [30] This would l=d o an overall reduc-
tion in PS5 activity a5 well On this note, fhe FPS asay & based on the
princple of binding 2 monoclonal antbady to the negion whens PE-C4BP

the antimagulant adtivities of PS and its inberaction with APC, TFPk,
and FV. The abnonmal profein, when sxpresssd, may this be inadive
in the dasic PS5 adivity a=ay based on APC patiway.

The muiations found in the “SHBEGregion”™ patient group ane rela-
frwely diverse. The misseme mutstions p W3R, pld46R, pR515C,
pAS2ST, pTE7L pGEA D, and pCSETTY) affed highly comsarved res-
dues in owhich the substihtion would el in disuplion of the

Thrembingis-fres ntarval in patients in
ta SHEG group ws. non-SHEG group

[Tt T Y

#
E 1006
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=
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FIGURE 3 Thromboss-fres intervad in patients in the “SHBG group” in = 27) vs “norSHBG group” fn = 24). SHBG, »=x hormone-binding

glabulin
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semndary structune. Since there were simibr raies of firomboss inin-
dividual families affectsd with mutation in SHBG-ike region, we xxume
that the obssrved higher risk of thrombek & not coused by 1 spedfic
mutation but the overall effed of mutations in this spedfic regon

Interestingly. even though FVL wes found significntly mone in
patents with mutations in the SHBG-like region, the rates of throm-
botic events in patients with FWL mutations did not sgnificantly differ
from the rest

Among the Emitations of our study s the relatively small study
cohort shemming from rarity of the ohosrved disesss Furthamore, dus
to the recruitment fior this shudy, many of the participants: howe shansd
ane=iry, and therefore, the outcomes are not fully ndependent =
outmmes from members of the me Gmily are lely comebied.
Therefore, we have attempted to aocount for fhe kinship of the i
dividuals by employinga mised effects model Unfortunaiely, the model
oould not be adjusted for family stabus 2 =adh family has 2 mutadion
spedficlly in either the SHBGlike region or non-SHBG-ike negion,
and the mutation pasition i thus dossly cmelated with Bmily status
Furthermaone, we have induded index pafients into the analyss of a=-
sacation of mutafon pasition and risk of frombasis in onder to i
crease the sample sie of the shudy. Although not dll index patients
were idenfified due toa history of 2 fhrombiotic swent, this muld hawve
been a potential soune of biss, nonstheles, Howsvwer, severd sens-
tivity analyses wene periormed, induding an amalyss in which index
patients wene removed, and these analyses further support the con-
chrsomns of the study. Lastly, we have not done any spariments to
wer iy if the mutated protes ' ion and seonetion or if
they show amy activity in the =y,

Ll of

5 | CONCLUSION

In condusion, our analyses suggest that mutations in the SHBG-io=
region may have a larger impadt on frombotic rsk n PE-deficent
patents than thase in other domains, & it & ndependently amoc-
ated with risk of thrombass, which s exg | at a younger age.
Geneti hysis i nou tinely perk | to confinm her editary ariigin of
PS deficiency and could have additional ciinical value in its confribe-
tion o risk prediction in defident patients.
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Effects of frozen storage conditions and freezing rate on the
stability of coagulation proteins in human plasma
Tereza Fenclova®®, Frantisek Marecek® and Ingrid Hrachovinova®

Objectives Degradation of coagulation probeins in firozen
plasma may influence assay resulta The aims of this study
were Lo explone the changes in coagulation parameters in
patient plesma and interns quality control (1OC) after
different freexing and storage condifons during the short
fterm and long-term periods.

Meathods Platelel poor plasma was prepared from o trated
peripheral blood collected from a group of healthy donors.
The plasma was pooled, frozen and stored in a varaty of
freering and storage conditions. The changes were
manitored using routine coagulalon assays, &3 well as
facior VIl (FVII) and protein 5 (PS) assays

Results Plasma stored in lguid nitrogen (LN;) of in —B0°C
showed long-term stable values for routine tests for a
period of over 12 months, and Bmonths for FVIL
Intereatingly, the activated partial thrombop laetin time

(aPTT) ashowed a temporary significant prolongation over
the first two weels_ Plasma frozen and slored in —40°C is

not visble for aPTT and FUIll esting, othersise it can be
used for ofher parameters for up to 4 montha PS showed a
significant increase in all frozen samples. Freezing rate has
& significant impact on plesma quality and the final storag e
emperature influences the long-term o tabsility.

Introduction

Preanalytical conditions have a significant impact on hb-
oratory assessment of hemostasis and ooagularion assays.
Preanalytical stomage time and temperamre are the main
varighles thar affect the sability of plasma samples Co-
agulation laboraorics frequently feeze aliquos of paticnt
plasma for nonmoutine assays, as well a5 wse fozen pooled
plasima For ineermal qualicy conrol (I00C) in outine assays.
Theideal control plasma should be qualimtvely a coseas
possihle to patient materal, which is the main reason for
using pooled donor plasma. Another reason & that for
frequent daily 10, pooled plasma is cheaper dan using
commercially available Iyophilized commols.

There is a comsiderable body of litcramre on the overall
long-term smahbilicy of coagulation parameters in frozen
plasma [1,2]. Howewver, there is a lack of comparatory
evidence on the suiability of different storage tempera-
mures and conditions, especially in the first momh of
frozen storage, considering that is the time Frame inwhich
the majority of ponfoutine paticnt sample testing is
performed in a lahorstory serting. We ako aimed to
evaluate the long-term stability of fozen pooled plasma
aliquots for the use in Q.

ORET-EEE Copyright & 2003 Wellers Bluwer Haall, e Ml rights sssesnd

Conclusion The optimal storage condifons are ultra-low
empersbures (LN, or —B80°C) and the highest freezing rate
possible. However, frozen plasma is not viable for 1QC of
aPTT duriing & pedod of two weeks after freezing This study
s unique in its conceplion as a pradical guide for the
handiing of froren plasma samples in modemn |aboratory
settings. Blood Cosgul Fibrinalyss 343000 - 000 Copyright ©
2023 Wollers Kluwer Health, Inc All rights reserved
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The aims of this smdy were w0 explore the changes in
coagulation parameters after freezing during the firse
mamth of stormge, and o evaluare the long -tem stahilicvy
of frozen pooled plasma for the use in 10, The pa-
rameters were selected based on whether they have
previously shown to be affe cved by freezing, or whether
they reflected the quality of a sample in some way. Out
of the screening assays, the most affected by Feezing is
the activated partal thromboplastin dme (aPTT) [3],
which should thus be measured in fresh plasma when
possible. The aP TT, prothrombincime (PT), fibrfinogen
and antithrombin assays were included in the smdy
since these are the most common laboratory eses per-
formed in patients suspected of having a coagulopathy.
Facor VIIT {(FVII) is labile in solution and is signifi-
cantly affected by freczing, residual placelet activation
[4] and also by oxidavion during swrage [1]. The -
dimer assay was employed w detect the activation of
coagulation during freezing or thawing of the samples.
Protcin 5 (P5) was also shown w be affected by sworage
tem perature [1). However, the ssay used in char smdy
was only the coagubition activiey assay. For this reason,
we induded the PS activity and the PS free antigen
assays as well.

[ B LR L )= owal i ah bege ]
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Materials and methods

Blood collection and sample processing

The plasmaused for this smudy was obrained from a group
of healthy donors aged 20-55 who gave informed con-
sent The concentration of sodium citrate in the collec-
tion mbes was 0109 moll (3.2%) and the collected
peripheral blood was cemrifuged ar 2100« g fur 30
min a0 e femperanine, a5 per current guidelines for
sample processing [5). Individual donor samples were
then wested with the ethanol gelation st [6] w exclude
samples in which coagulation was activared during veni-
puncture. All donor samples were analyzed to verfy
normal coagubition and donors with abnormal resules
were excluded, as per our laboratory sandard procedure

Fig 1

for IQC plasma preparation. The plasma samples were
then centrifuged again w obmin placle-poor plisma
(PPP, the mesidual placlet coumt  measured  was
c:ll]xiﬂ"’.l’;d]. The plasma was then pooled anmd ali-
quoted into 1 ml {or 1.8 ml) silcon-scaled mbes (MNune
CryoTube, Thermo Scicntific, USA)L Ten aliquots of the
pooled plasma were pur aside before freezing and mea-
arfements were performed within 4h afier collection
These resulis served o a baseline. The rest wene divided
ineo six groups based on their planned storage conditions
{Fig. 1). These were: frecring and storage in Hquid
mitrogen (submenged, — 1967C) monivored for up w 1 year
(group A), freezing and swmage ina —80°C feezer moni-
wred for up to 1year (group B — 1ml mbes sored

90 healthy donors
aged 20 to 55

¥

1st centrifugation
2500 x g, 30 min

+*

Ethanol-gelation test,
aPTT, PT, FBG measured

foreach donor

Abnormal donors
‘t excluded

2nd centrifugation
2500 =g, 30 min

l

—Poaoling and aliguoting
—Measurements of

Group M — 1 mil
Crowp A pooled samples at day 0 tubes, frozen and
tubes, frozen and !
e > . -
stored in a liquid stored in -40 °C
M. tank freezer in fluctuating
: temperatures
SrovpB—1m Groupl — 1 ml tubes,
tubes, frozen and
ctored in -20°C frozen and stored in -
40 *C freezer in stable
freezer in vertical Group C— 1.8 mil Group K—1 mi e ratures
position tubes, frozen and tubes, frozen in mpe
stored in -80 °C dryice bath,
freezer in stored in-40°C
horizontal position freezer

Fliowohast of he sampla prepamtion
tima; PT, pmhromibin Sma; FRG. Shanogen; liquid M. lquid nitrogan

and onganization of groups with difiorent feeezng and storage conditions. 2PTT, soteied pariial theombo plastin
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vertically, group C — 1.8ml tubes stored horzontally),
freczing in dry icelethanol bath (—76°C, group K) and
subsequent storage in a —4H°C froczer, and freczing and
somge in the —40°C freezer (group L — with stable
temporatures, group M — with Aucnwmting temperatuncs)
monitored for up to Gmaonths. The group stored in
‘luctuating temperatues’ was positioned near the door
of the —40FC freezer w simulate the effect frequent
opcning of the freezer can have on plasma samples in
a routine laboratery, however manipulation with the
samples was always kept o a minimum a5 o cnsure they
would not thaw premamrely. The mean storage emper-
amure of the freczers wed for this sody was —80 and
—WFC, respectively and never vasied by mare than =2°C
during the smudy period The temperamure ingde the
liquid nitregen ank wasconsidered o be comtant during
the study peried

On cach day of mecasurement, five aliquots from cach
group were tawed in a 37°C water bath for 10 myin. All
assays wore porformoed on five aliquots in parallel and the
msean value of che results was wed for evahmtion The
measurements wore done using an autematic coagul-
omcter {STA-R Evolution, Diagnostica Stago, France).
All testing was completed within 1 h of sample thawing.
Samples underwent only onc thawing cycle and were
discarded after measurenment.

The fequency of mesurensents was o follows: groups A,
B and C daily during the firs weck, then weekly, then
it hily amd afeer the period of 4 months te interval was
once every 2 months for a votal length of one year. The
groups K, L and M (stored in higher wem peratures) were
measured according 1o the same schedule, bur for a woal
periad of only 4 months (exee peP 8, which was monitoned
for up o 6 months inall groups)

In a separate experiment, we ascssed the freezing rate of
all of the freezing methods wed. For this purpese, we
employed a digital wemperature sensor (Comet System,
Czech Republic) with a thin probe (2mm in damseter ).
The probe was securely plced inside a eryo-tube with
plasra through a hole in the cap thar was sealed afrer-
wards. The mbe was then placed imo a frocza (—80,
—FC), liquid nitogen of inte dry icgethanol bath,
respectively. The temperature reading was aken every
10z, The time when the plasma sample froze compleely
was denoted when the wmperature stanted w decrcase
after reaching 0FC.

The Comet monitoring system {Comet System, Czech
Republic) was used throughout the smdy period to
contrel the temperture of all freczing and froeen storage
methods examined in this smdy.

Materials

The reagent wsed for activated pamial cheomboplastin
time (aPTT) assays was STA-PTT-A (Diagnostica Stago,
Francel The prothrombin tme rcagent used was STA-

Effedts of freazing on plasma stability Fonclova atal 3

Meoplagine with 1SI of 0.97 (Smgo). Fibrinogen was
measuned using the Clius methed with te DG-FIB
Human reagemt (Grifols, Spain), the diluent wsed was
STA-Owren-Koller Buffer {Smgo). PS asctivity was mea-
sured wwing the STA-Stacks PS assay (Smgo). For the
FVIII aszay the reagent used was Pathromtin SL (Sic-
mens, Germanyly the FVIT Ddficient Plasma (Siemens)
contained <0001 T ml™" of residual FVIIT activiry. An-
tithrombin was measured using a chromogenic assay
wing Biophen AT-LRT {(Hyphen BioMed, France),
which contains the 5Xa-11 chromogenic substrate. The
D-Dimer and the PS free antigen were measured in a
bex agglutiration assay using the ST A- Liatest -0 and
STA-Liatest Free PS, respectively. The calibrations of
fibrinogen, FVI and PS sctivity assays were performed
using the Sandard Human Plasoma {Sicmens), an tithiom-
bin using the STA-Unicalibrater (Smge). The D-dimer
and the PS free antigen were precalibrated by the man-
ufacturer. The normal and shoormal control plasmas uwed
for 1O were: STA-Coag Control (Stage; aPTT, PT,
fibfinogen, antithrombin), Dade Comrol Plasma (Sic-
mems; FVIIL PS activity), STA-Listest Control {Stago;
D-dimer, PS-free antigen). The same los of reagenis,
contiols and calibration materials were used throughout
the study period

Statistical analysis

Statistical analysis was performad wsing StatView version
5001 {SAS Institute, NC, USA). Data obtained from both
the Frozen and the fresh sinples were compared using the
independent feest Povalue of <0005 was considered sig-
nificant. However, for the evaluation of the given plasma
parameter stability, the uncemainty thicshold of the given
wsay Wk used, since the asays differ in precision. In our
sudy, the relative uncenainry of im proc sion wascaleula-
ad wsing IQC data & the cocficient of varation (CV) for
reproducibility {intermediate precision)

Results

The study fowcharn is shown in Fig. 1. The freczing rate
of the samples placed in liquid nivogen was 2 min to
freczing { phase tramsition) and another & min o reaching
the wiget empemmne (—196°C, 32°C/min). Samples
stored in the —8B0FC freezer froze after 5 min 305 and
reached thetarget emperanire after 40 min (250 min). In
the —4°C freczer, the rate w freczing was 5 min and
timee to reaching the targer tem peratuse was 20 min {25°Cf
min). For comparison, in the —B0°C freczer, the sample
reached the wmperamre of —40°FCin 12 min. Fimally, the
smmples placed in the dry iecfethansl bath froze in 2 min
and reached the mmget wmperamre (—76°C) in & min
(13°Cmin, Fig. Z).

APTT showed significant, but tempaorary, changes in the
first week of sorage in all groups (A — day 5, P= 00007,
BICVK/LIM — day 1, P< 0001 ), shown in Fig. 3. After-
wards, the aPTT values reumed o the baseline level for

Copyright © 2023 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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Fig 2

Freezing rates in various temperatunes

0
1 min]
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ET T
BT ti
E = =AD" freezer
a8 -196*C
—— —76°C dry ice/ethano| bath
s o =BIPC freeper

Tha fmazing mits for all tomporatunoes and condiions used in the study

wmmens =186 liquid nitrogen tank

ultra-low emperamres groups (A, B and C), and stayed
increased for higher wemperamres groups (K, L and M),
respoctively. After the fime week, the samples swored in
ultra-low emperamres (groups A, B, C) showed no sig-
nificant changes in aPTT, PT, fibrinogen, antithrombin
and D-dimer levels for the entire one year of sworage.
APTT increased significantly on the fist day (P < 00001 )
in the higher wemperamres groups (K, L and M) and
continued risng during the 4-month storage period.

PTalso showed a significant increase in groups the higher
temperatures groups (K, L and M) on the fist day (P-
values: UOZED, WO02S, 00029, respectively), amd concin-
ued rssing during the stwmge perod Fibrinogen,

Fig 3

o 5 10 15 0 =
Dy
w group A, = group B, o group K, + group L, .~ group M

Closeup on tha tempomny inomasa in aPTT during tha first 2 wooks of
siomga aPTT, activated pastial shromboplastin time.

antithrombin and D-dimer levels were sable in the
higher temperamres groups (K, L and M) for the entire
srorage period {4months)

FVII showed significant changes in all sudied sworage
conditions. However, for this assay, we noted only the
differences that were over the uncerminty threshold
(8.1% ) as significant for plasma swhilivy. In the fist week,
groups O (—80FC, horizontal position), L {—40°C, swble
temperatures) and M (—40°C, fuctuating temperatumes)
decreased under the uncerainty threshold on day 5 (L,
M, P 0.0001) or day T {(C, P<0N1), respectively.
Group K {quick Freczing in dry ice/cthanol stored in
—4FC) crssed the uncerminey threshold on day 42
(P 00001), group B on day 168 (P < 0.0001) and group
A samples were stable for the entire storage period
{1ycar).

The D-dimer differcnces were evaliated in absolue
mumbers instead of % change and these esuls were
mit inchuded in the statistical amalysis a5 there was a high
variahilicy inside the normal range of results. The -
dimer levelk wene not clevared over the abnormal cut-off
in any of the smdied sample groups.

PS5 was increased above the uncerminey threshold during
the first week after freezing in all groups for both the PS
activity and the PS-fee amtigen. PS5 activity swared
decreasing at 2months, the PS-free antigen stayed in-
creased the entire period {6 months).

All parameters and theirchanges during the smdy period
are shown in Fig. 4. The proposed wsabilitg of plisma
frozen and sored in the given conditions is shown in
Tahle 1.
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Discussion

The objective of this investigation was to evahuate the
changes in coagulation parametes afier freezing during
the fist month of storage, and to also evaluate the long-
rerm stabilivy of Froeen poosled plasma for the wse in 1

APTT messured in the plasma swored ac ulta-low wem-
peramres during the fist week of swrage showed a
significant increase. This short-term emporary increase
of aPFTT may influence the resulis of quality control
when using frozen pooled plasma, & well as skew paticmt
resules which are usually analyzed in che 2 weeks afier
freezing. A similar anomaly was previowsly observed in
shom-term somge sudies [7,8]. However, in those smud-
ics, the plasma was not centrifuged rwice to yicld PPP,
which is required for the smbility of many coagulition
factors in frozen plasma due w residual placcler activation
upon thawing [9). In a more recent study, there was an
anomalous decrease in the aPTT during cthe firstweek of
storage in —T0FC [9]. However, this decrease was more
apparcnt in sam ples with abnormal resules but not in the
normal range. Unformmtely, our study did ot include
smplks with an abnormal aPTT.

In the samples stored in —40°C, there were gencrally
meater deviations in aPTT from the resulis of the mea-
surements mhen from fresh plasma due o higher storage
wmperatures Moreover, the changes were lamger in
mgoups which did not go through quick freezing (dry
icef/ethanol bath) Duwring the fist week, the varance
was lamgest in group M (passive freczing, fAucnwadng
emperatures), and smallest in group K {(quick freezing,
arable wmperamres); the difference was significane. Lar-
or, after 1.5 months, the difference became nonsignifi-
cant. This implies that the method of focring and
the freering rate are most impomant in carly stages
of storage.

Therclore, for use inintermal qualicy control of the aP TT,
the pooled plasma should be stwored ar che loweste wem-
peramure possible (liquid nitrogen or —B0FC frecrer). The
higher temperamres described here (—40°C and higher)
are inappropriate, as the aPTT increases more quickly
and o higher values chan in the ulra-low temperamnes,

Copyright © 2023 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

which is consistent with carlier smdies [1.3]. Further-
mnc, the freczing rate may contribute w the cffect, as
there is a proven relaton beoween a higher FVII degra-
dation and dow or passive freezing methods. Finally, the
frozen plasma (liquid nirogen or —80°C) should noc
be used during che first ewo weeks of swrage, - it
may be unstahble, amnd the 10O resules would be affected.

Antithrombin has been previously shown oo increase afier
freezing and thawing of plasma samples [10], which may
also be indicative of residual plarelet degranulation due
o the release of alpha-2 macroglobulin that binds dhrom-
bin, a substrate commonly used in AT chromogenic
wssays. However, in our study, we used reagenis contain-
ing FXa and chromogenic substrate SXa-11, and no
sgnificant increase was observed using this assay.

Activity of FVIII was severely affeceed by both the
method and the freezing rave. In the fist sequence
(ulvra-low temperatures), the activity levek Auenwaed
within the interval of relative uncerminey (8.1% ) How-
ever, there is a significant difference berween cach grou p.
Group A (liquid nitrogen) showed the highest lewels,
group B {—80FC Fecmer, verical) showed somewhar
lwer values, and group C (—B0FC freezer, horizonal,
1.8 ml rubes) the owest. The volume of the sample tube
and the amount of air inside are imporant, 25 has been
previously shown [1) FVIID is highly suscepible to
oxidation in vulnemable areas (7 disulfide bridges, 5
—5H residues and 43 methionine residues), s was shown
on the model of the recombinant FYVII-50) [11]. The
oxidarion oocurs even in the frozen sare, and this is the
reasnn why the larger the surface area and volume of airin
headspace, the lower the FVII activiry is found in the
plasma sample. We observed thar the group C samples,
which were frozen at the same rate as group B samples
{passive Treezing), but in lrger tubes (more air in head-
space) and stored in a horzontal posicion (greater surface
area ), showed a much greater decrease in FVIT activity
than others. In order o minimize the damage caused
by oxidation, the plasma indicated for measuring the
FVIN activity should be stored in small vials and in
alfficient volumes, that the amount of air in headspace
ts mmimimal.
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In the higher temperature groups {—40°C) there was a
nmoticeable decrease in activity during the storage period,
and ako a significant difference between groups K, Loand
M. The samples in group K were frozen in a dry ice/
cthanol bath, and the positive cffeet of this quick-frocz.
ing method was evident. In contrast, groups L and M
{passive froczing) reached the uncenainry threshold al-
ready on the second day. Therefore, when itisrequised co
gore the plasma in emperamres —40°C or higher, in
order o preserve the FVIIactivicy for 2 long o possible,
the plasma neods to be frozen at a lower temperature
em ploying a quick-Freezing methed w prolong i usabil-
ity. The stwrage conditions of groups L and M {passive
freezing) are undesirable for the stomge of phlsma
intended for FVII determination. Although pooled plas-
ma i rarely used in 10QC of FVII asays, paticnt samples
are usually frozen, since many lshoratorics do not perform
this sssay on a daily basis or send the frozen samples for
referral westing. Sam ples frozen Foralonger period of time
are at rizk of a significant decrcase of active FVI levels
due o imappropriate storage conditions. It should be
noted that in their smdy, Woosdhams e af [1] did not
arcribute any effoct on the final change in FVI levels to
the freezing rate. This may be due w the Face duar the
highest freczing rate applicd was passive gradual freezing
in a —=74°C froczer, which was denoted a8 smap- freczing,
a5 opposcd w freezing in a —24°C freczer, o the combi-
raation of both, Howewer, there are numesous studies dha
report the freezing rate as a key facwor inthe preservation
of FVIII activity in a wide range of wsted storage wom-
peratures [12-15]

The swbilicy of FVII in frozen plasma samples was
estimated to be at least 12months when goded in lguid
nitregen. However, if the smudy period was longer, the
aability would have probably becn at least 24 months, as
reparted by Woosdhams e afl [1). In a —80°C Froczer
gofed in a vertical position, the swmbility is @ least
Gmanths, whereas in a horizontal position it is only
Zosonths. Fushemwre, stofage of plama smples at
higher temperatures (—40°C) should gencrally be
avoided, as the degradation of FVII and possibly other
factors, such & FV, always mkes place w some degree
[16&]. If higher wemperatures afe neeessary, the instabilicy
may he partially mitgaced using aquick freezing method
{for example a dry ice/ethanol bath)

PS5 was increased above the uncerainrg threshold in the
first week after freezing in all groups for both methods.
However, PS activity started w decrease after 2 mont hs,
and the decrcase was most pronounced in the L group
(stored in —40AC), while the free antigen stayed in-
creased for the whale study peried. PS was previously
shown to increase afier 2wecks of frozen storage [1] and
in 2maonths retumed o scline for both the samples
sgoded in —T4°C and in —24°C. Since we had a lower
temperature mnge used, there was not o large a decrease
in the P8 activity observed in our study. Howewver, the
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trend appears similar, with lower AL cs retaining a
higher PSactivity. On theother hand, Woodhams & af [1]
weed onlyche PS activity assay and the first time pointwas
at Zweeks, wheress we measured the samples weelkly up
o the first month of the smdy. Mowmhbly, the frec PS
antigen stayed increased while the PS activiey went
down. There may be other interferences and influences
that lay past the scope of this study. On the other hand,
the study by Fander & af [16] imchided the PS free
antigen and showed no significant increase. However,
their samples were analyzed for W days only and dhe
acceptable difference was significantdy larger (3 inter-
assay CVs, OV B42) compared w our smdy. Sinos we
wanted o incorporate both the changes dur would be
disruptive for the B use and alse for the reprod ucibilicy
in paticntsamples, we ot the range of 1 inter-assay CVas
an indicater. Since most patient samples are usually
armalyzed in the first 2 weeks after freczing, this increase
ey introduce a potential bixs into the resuls, even if i
may not be clinically significant. PS activity ar frec
antigen are used as serocning mothods for the diagnosis
of PS deficiency, a rane and severe thrombophilia, and this
increase might result in an incorrect diagnosis.

In econclusion, the optimal storage conditions are ultra-
low temperstures {—B0FC or lquid niregen) and e
highest freezing rate possible {quick-freczing in liquid
nmittogen of dry icejethancl bath). Samples stored a0 very
low temperanures can be wsed for IQC and paticnt testing
fior the majority of parameters for upto 12 months, except
fior FVIII assays (in that case for up to Gmonths when
stoted in —B0FC), and in the first week of storage should
ot be used for aFTT and PS westing a5 the aPTT and PS
kevels show an anomalous increase in the first woek of
somge in all sudied storage conditions. This sudy is
unique in is conception 3 a practical guide for the
handling of frozen plasma samples intended for coagula-
tion testing in medern lsboratory sewings kb reveals
interesting problems and challenges in plasma storage
which have o be taken into account due to the possible
interference in coagulation assays.
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4. Diskuze
4.1 Mutacni profil

V nasi kohort€ pacientl s vrozenym deficitem PS jsme nalezli kauzalni mutaci u 92 %
pacientil. Bylo nalezeno celkem 34 riiznych mutaci, z toho 15 nebylo dosud v literatute
popsano. Mutac¢ni profil byl podobny jako byl reportovan v piedchozich studiich, s
mutacemi vSech typu rozptylenymi po celém genu (Garcia de Frutos et al. 2007). Profil
mutaci v na§em souboru z Ceské republiky se vyznamné nelisil od ostatnich studif (viz

obrazek 4). Nenalezli jsme ani jeden zvyjmenovanych frekventovanych

polymorfisma.
PS Tokushima PS Heerlen
L * *
[ ] [ ] o L [ ] W @ (N N ] [} 0
® @ *o ® @ ® .
0 0..““ L ] ¢o0d 0.‘ o o0 0 &0 <@ ...: @ :OO“ 03:. 000 00 ¢ L X X . J
L 4 @ * * ¢ @ < LR ¢
d00 o e [ ] [ 1 ] L ® 0 feed * :: [ ] se @ *% o @ o :
* ® * * * *
® ¢ 00 [ ] * 0. @ ** @ [ X ] L L * [ ] ¢ 00 (1] [ BN ]
] e 1 ] | ] | | ] ]
—1_24—5—6—7—8— 9 —{ 10 < 11 |4 12 (4 13 | 14 | 15
o L 4 del
., X . ® missense @ stop, del, ins,
Ceskd Republika Némecko Francie Japonsko . . .
. P . . . P : varianty ¢ splicing varianty

— velké delece

Obrazek 4: Porovnani mutaéniho profilu nékolika populaci s nasim souborem
pacientl na schématu genu PROSI. Némecko (Caspers et al. 2012), Francie (Alhenc-
Gelas et al. 2016), Japonsko (Adachi 2005; Miyata et al. 2009).

4.2 Mira detekce mutaci

V literatute je n€kolik ptikladd riizné miry detekce mutaci v zavislosti na selekci
pacientli, zejména podle hladin FPS. Napiiklad ve dvou velkych evropskych studiich
byla reportovana detekce mutaci 75 % (Caspers et al. 2012) respektive 94 % (Alhenc-
Gelas et al. 2016) pro hladinu FPS pod 25 %. Naopak pro hladiny FPS 25-55 % byla
mira detekce mutaci 29% (Caspers et al. 2012) resp. 34% (Alhenc-Gelas et al. 2016).
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Hodnota FPS 25 % byla v téchto studiich vybrana, protoZe obecné pacienti s niz§imi
hodnotami maji vyssi riziko trombdzy (Alhenc-Gelas et al. 2016). Jiné studie uvadéji
celkové miry detekce bez ohledu na hladinu FPS naptiklad 61% (Duebgen et al. 2012)
nebo 92% (Espinosa-Parrilla et al. 1999), v druhém piipad¢ byli ale selektovani
pacienti pouze s PSD typu I. Tato rozmanitost by ¢astecné¢ mohla byt vysvétlena
riznymi populacemi a tedy velikostmi vzorku pacientli, poméry muzli a Zen a
predevsim rozdily v selekci pacientd. Vyssi mira detekce mutaci je vyrazné posilena
prisn¢jsSim vybérem pacientl a strategii testovani. Proto aby bylo genetické vySetteni
dostatecn¢ efektivni, je dulezité provadét dikladnou laboratorni diagnostiku a korelaci
s rodinnou anamnézou pied jeho zahdjenim. Mira detekce mutaci v naSem souboru
pacientd byla 92 %, pravdépodobné¢ diky piisnéjsi selekci pacient na zaklade

anamnézy a lécby.

Doporuceni k vySetrovani deficitu PS se riizni. Naptiklad je uvadéno, ze FPS je
lepsi screeningova metoda oproti aktivité PS, nicméné pokud je pouzivan vyhradné
volny antigen, dochézi k poddiagnostikovani funk¢nich deficit PS (typ II). Nicméné,
sice je k dispozici velké mnozstvi reagencii ke stanoveni aktivity PS, ne vSechny jsou
ale spolehlivé vzhledem k interferencim, naptiklad ptitomnosti FV Leiden. Daéle je
taky nutné vyvinout metody pro stanoveni aktivity PS jako kofaktoru TFPI, tyto jsou
zatim odkazany na slozité a ¢asto nedostupné vyzkumné metodiky. Proto je spolehliva
laboratorni diagnostika PS sloZita a ¢asto dochazi k misdiagnostikovani deficitu PS a
zbyte¢nému genetickému vySetfeni. Dokud nebude na trhu spolehliva screeningova
metoda citlivd na vSechny typy PSD, je nutné diagnostiku provadéet peclive a vzdy
zahrnovat anamnézu a historii pacienta a prozkoumat mozné interference. Na druhou
stranu genetické vysSetfeni v dobé sekvenovani nové generace (NGS) jiZz neni tak
obtizné dostupné jak tomu bylo v minulosti a proto je v ptipad€ nejasného fenotypu a
rizikovych pacientii stale moZnost pouzit molekularné genetické metody pro

definitivni diagnézu (Bereczky et al. 2016).

4.3 Vliv typu mutace na hladinu PS

Pacienti s velkymi delecemi a nonsense mutacemi méli vyrazn€ nizsi PS aktivitu a
hladiny FPS nez ostatni pacienti s PSD typu I s missense mutaci. Nonsense mutace
obecné vedou k téz§im deficitim (Garcia de Frutos et al. 2007; Rezende, Lane, Zoller,

et al. 2002) a obvykle zptsobuji PSD prostiednictvim redukce syntézy. Naopak dopad
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missense mutaci je rtzny, sahajici od velmi nizkych hodnot PS s nestabilnim nebo
chybné slozenym mutovanym proteinem az po vyssi hodnoty a mirngjsi fenotyp v
disledku rtiznych G¢inkl na expresi a aktivitu PS nebo snizeny polocas (Denis et al.

2005).

4.4 Fenotyp nové¢ zachycenych mutaci

U nové nalezenych mutaci jsme se na zdklad¢ predik¢nich softwari, povahy
mutaci a také mutaci jiz popsanych na stejném misté pokusili vysvétlit fenotyp u
danych pacienti. Nové mutace p.Ser28Phefs*11, p.Cys228%*, p.Glu304* a
p.Pro416Alafs*22 zptsobuji PSD typu I, coz odpovidd mechanismu introdukce
pfedcasného stop kodonu a zastaveni syntézy. U téchto mutaci se exprimuje protein
pouze ze zdravé alely, coz odpovida spise té¢zkému fenotypu PSD s velmi nizkymi

hladinami PS.

Zaména ¢.965+5G>A na zacatku intronu 9 vede k abnormalnimu splicingu
tohoto intronu a vzniku abnormalniho produktu. Nicmén¢ hladiny PS u pacienta
s touto mutaci jsou hrani¢ni, jedna se tedy o lehky deficit. Vlastnosti mutovaného

proteinu nebo zda tato mutace zptisobuje alternativni splicing nebyly prozkoumany.

Nova substituce ¢.1644+1G>T vede k abnormalnimu splicingu v misté zacatku
intronu 13 a tedy vzniku abnormalniho, pravdépodobné nefunkéniho proteinu. Rodina
nesouci tuto novou mutaci méla smiSeny fenotyp I/Ill, a hladiny PS a FPS byly u
pacientli extrémné nizké (viz Tabulka 2) (Simmonds et al. 1997). Zajimavé je, Ze
indexovy pacient a dalsi Clen této rodiny trpi zaroven osteoporozou, to odpovida jiz
diive reportovanym ptipadiim pacientl s t¢zkym deficitem PS s nizsi hustotou kostni
hmoty a osteopenii (Pan et al. 1990). Jeden z pacientl ve studii Pan et al. mél také
PSD typu III s normalnimi celkovymi hladinami PS a vyrazné sniZenym mnozZstvim
volného PS. Je zndmo, Ze se protein S syntetizuje v osteoblastech (Maillard et al. 1992)
a ma spolu s dal§imi vitamin K-dependentnimi proteiny vliv na regulaci tvorby kostni
hmoty a remodelaci kosti (Zhang et al. 2024). Deficit téchto proteini mulize tedy pfispét

k vy$§imu riziku pro osteopordzu (Cirovic et al. 2024).

Posledni z novych nonsense mutaci byla delece ¢asti exonu 14 a zac¢atku intronu

14 (c.1645_1870del), ktera zptsobuje vystiizeni exonu 14 béhem splicingu, coz vede
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k PSD typu I. Vystiizeni exonu 14 jsme u tohoto pacienta potvrdili na trovni cDNA.
Mutace tohoto S$tépného mista byla jiz hlaSena v (D’Andrea et al. 2003), kde byl
mutovan pouze prvni nukleotid intronu 14, coz ale také vedlo k vystfizeni exonu 14,

tedy ke stejnému fenotypu.

mutovaného produktu neprob¢hne translace, coz odpovida velmi nizkym hladindm PS
u této rodiny. Tato mutace je sice technicky missense, ale prakticky se jedna o

nonsense mutaci s absenci proteinového produktu.

Mutace p.Cysl71Trp byla nalezena ve dvou nepiibuznych rodinach. Tato
mutace byla spojena s deficitem PS typu I u naSich pacientli, nicméné hodnoty byly
kolem 45 % (viz tabulka 1). Kvtli tomu, Ze jde o substituci cysteinu, existuje vysoka
pravdépodobnost naruSeni tercidrni struktury chybéjicim disulfidickym mistkem
v EGF2 doméné. Substituce cysteinu je pfitomna také u mutace p.Cys113Ser, ktera
byla nalezena u rodiny s typem III. Dalsi mutace p.Gln173Lys byla také nalezena u
jedné rodiny s PSD typu III.

Nova mutace p.Leud46Arg sestdva ze zamény dvou nukleotidi (CT>AG) u
pacienta s PSD typu I. Po vySetfeni ¢lent rodiny jsme potvrdili, Ze se obé zameny

nachazeji na jedné alele vzhledem ke spole¢né segregaci.

Mutace p.Ala525Thr vnasi polarni hydrofilni zbytek na misto hydrofobniho, ma
tedy potencial narusit strukturu této oblasti. Vzhledem k velmi nizkym hladindm PS
pacienta tato mutace pravdépodobné zpisobuje poruchu struktury, kterda vyusti

v degradaci proteinu.

Dalsi znovych mutaci je p.Gly621Asp, kde se zdménou glycinu za aspartat
vnasi hydrofilni zbytek do hydrofobni oblasti proteinu (-LGGLP-), coz destabilizuje
strukturu tohoto regionu, a také je timto poruSena vazba PS k FXa a FVa (Somajo et
al. 2015). Podobnym zpiisobem ale obracen¢ se pravdépodobné projevuje mutace

p-Asp652Gly, kde je naopak vnaSen hydrofobni zbytek misto hydrofilniho.
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4.5 Vliv polohy mutace na riziko trombozy

Hypotéza, ze umisténi mutace zpusobuje rizné poruchy, a tedy i rozdilné riziko
trombozy nebyla v kontextu pfirozenych inhibitorti koagulace formulovana poprvé.
Zajimavym piikladem je zde antitrombin, kde poloha mutace v genu SERPINCI
urcuje typ a funkcni prezentaci deficitu. Deficit antitrombinu se déli podle hladin AT
v plazmé na typ I (kvantitativni), kdy je snizen AT antigen a aktivita v poméru 1:1, a
typ II (kvalitativni), kde je antigen vyssi nez aktivita a jedna se o funk¢ni deficit. Typ
II se pak dale déli podle typu funkéniho deficitu, které koreluji s polohou mutace. Typ
ITa jsou mutace reakéniho mista (reactive site — RS), IIb zahrnuje mutace vazného
mista pro heparin (heparin binding site — HBS) a nakonec typ Ilc neboli pleiotropni
zahrnujici mutace, které ovliviuji jak reak¢ni misto, tak vazbu na heparin. Nicméné
klinicka prezentace pacienti je velmi heterogenni a hladiny aktivity a antigenu nemusi
odpovidat fenotypu nékterych mutaci (Corral et al. 2018). Riziko trombdzy je taky

velmi heterogenni v zavislosti na typu a poloze mutace (Alhenc-Gelas et al. 2017).

U PS jsme prokézali, Ze hladiny aktivity a volného antigenu PS jsou vyznamné
niz8i u pacientdi s mutaci v SHBG-like oblasti PS v porovndni s mutacemi
v non-SHBG (Gla-EGF4) oblasti (Fenclova et al. 2023). Pacienti s mutacemi
v SHBG-like oblasti maji také vyssi riziko trombozy a v priiméru prodélaji trombozu
v mlad$im véku. To muze byt vysvétleno nekolika zplisoby. Za prvé, SHBG-like
oblast PS je dtlezita pro funkci PS jako kofaktoru APC a kriticka pro TFPI-a aktivitu.
Tim, ze zatim nejsou dostupné metody specifické pouze pro TFPI-a kofaktorovou
aktivitu PS nelze vyloucit, Ze u pacientll s t€mito mutacemi bude tato aktivita jeste
niz$i, nez APC-kofaktorova aktivita, ktera je métena standardné. Dokonce se uvazuje
o upfesnéni a rozsifeni klasifikace PSD typu II tak jako je tomu u antitrombinu, tedy
typ II-APC, kde je pfitomen pouze deficit APC-kofaktorové funkce, typ II-TFPI, u
které¢ho je deficit pouze TFPI-kofaktorové funkce a typ Il-pleiotropni, kde jsou
postizeny ob¢ kofaktorové funkce (Brinkman et al. 2021). Tato klasifikace je zatim
hypotetickd, vzhledem k nedostupnosti komerénich metod pro stanoveni TFPI-
kofaktorové aktivity PS. V budoucnu by tato klasifikace mohla pfinést lepsi

porozuméni rizikiim plynoucim z riiznych mutaci PS.
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Za druhé, sniZzena hladina volného PS muze vést také ke snizené hladiné TFPI-a
v plazmé, jelikoz tyto dva proteiny (spolu s FV-short) spolu v plazmé tvoii komplex a
PS zvysuje polocas TFPI-a v plazmé, a tedy i jeho bioavailabilitu. Toto mize vést
k dalSimu zvySeni rizika trombdzy. Nicméné tento mechanismus bude logicky
pritomen i u skupiny s mutacemi v jiné ¢asti proteinu jen diky snizené hladiné volného
PS. Tento efekt mize byt zvySen u mutovanych proteind s poruchou vazby TFPI-a

oproti mutovanym proteiniim s mutaci mimo toho vazné misto (LG1 doména).

DalSim diivodem muze byt snizend vazba volného PS na C4BP, pokud mutace
zasahuje do oblasti v SHBG doméné, kde dochézi k vazbé na B-podjednotku C4BP.
Tim muze byt u mutovanych forem PS které se dostanou do plazmy snizeny polocas a
tim celkové¢ nizsi hladina neZz u mutaci, které toto nezptsobuji (He et al. 1997). Dale
také mlZe jit o interferenci ve stanoveni volného antigenu PS. Vzhledem k tomu, ze
se jedna o vazbu monoklonalni protilatky proti PS v misté, které je u vazané formy
zablokované C4BP, tato vazba protilatky mize teoreticky byt také ovlivnéna, pokud

bude tato oblast vyznamné pozménéna piitomnou mutaci.

4.6 Ziskany deficit PS

Zanalyzovali jsme kohortu pacientll se ziskanym deficitem PS, ktefi byli pfijati do
pé&e na UHKT Praha s aktivni hematologickou malignitou. Zjistili jsme, Ze se u téchto
pacienti vyznamné liSila jak absolutni PS aktivita, tak zastoupeni pacienti
s patologickymi hodnotami PS aktivity napfi¢ spektrem sledovanych diagnoz.
Znateln€ nejveétsi procento patologickych pacientii z celku skupiny méla skupina s
diagnozou C925 — Akutni myelomonocyticka leukemie (dle FAB klasifikace leukémii
AML M4).

U téchto pacientii jde o izolovany deficit PS s normalnim PC a ostatnimi
parametry koagulace (krom¢ FVIII a fibrinogenu, které se v akutni fazi naopak
zvysuji), nejde tedy o konzumpéni koagulopatii. V literatute jsou piipady izolovanych
deficiti PS napftiklad u rGznych virovych onemocnéni jako jsou HIV a syndromu
ziskaného imunodeficitu (Bissuel et al. 1992) nebo varicelly. U téchto ptipadu, a také
vzacné u mnohocetného myelomu a leukémie (Milji¢ et al. 2000) byla popsana tvorba
anti-PS autoprotilatek, které vychytadvaji PS do imunokomplexii a dochézi k jeho

degradaci. Dale byl deficit PS popsan u onemocnéni COVID-19, nicméné& neni jasné,
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jakym mechanismem ke snizeni dochéazi. Vzhledem k vysokému procentu pacientti
s deficitem ve skupin€ s diagn6zou akutni myelomonocytické leukémie je mozné, ze
se zde projevuje zvySené vychytavani PS TAM receptory, které se vyskytuji na
bunikach monocytarni fady a na makrofazich. Nicméné neni znamo, zda i tyto blastické
elementy exprimuji TAMR a v jaké mife. Over-exprese této rodiny receptort a také
Gas6 byla potvrzena u n€kolika malignich onemocnéni i u akutni myeloidni leukémie
(Whitman et al. 2014), coz tuto hypotézu podporuje. V budoucnosti v§ak bude potieba
tento vztah prokazat experimentalné na bunécnych liniich. Dalsi vyzkum by mohl byt
také zaméfen na zjisténi, zda u této skupiny pacientd snizena aktivita PS koreluje

s vy$$im vyskytem trombotickych piihod nebo s horsi prognézou onemocnéni.

4.7 Vliv mraZeni na stabilitu PS pfi skladovani plazmy

Diagnostika trombofilii a konkrétné proteinu S je zavislad na kvalité analyzovaného
materidlu. Cilem této Casti studie bylo tedy ovéfeni stability proteinu S a dalSich
koagulacnich parametri v podminkach zmrazené plazmy. Jako optimalni podminky
dlouhodobého skladovani plazmy se ukazalo byt ponofeni v tekutém dusiku nebo
skladovani pfi -80 °C a méné. V téchto podminkach byla plazma pouzitelna pro
spolehlivé stanoveni zdkladnich parametrt koagulace, antitrombinu, FVIII, PS aktivity
a volného antigenu po dobu az 6 mésicu.

Anomalie pfitomna na zacatku skladovaciho obdobi u APTT byla uZ v minulosti
pozorovana v kratkodobych studiich, nicméné je mozné, Ze se v téchto studiich
projevila aktivace desti¢ek po rozmraZeni plazmy, vzhledem k tomu, Ze vzorky nebyly
pfed zmraZenim centrifugovany dvakrat (Rao et al. 2000; Awad et al. 2006). Dvojita
centrifugace je doporucend pro vzorky plazmy urené ke zmrazeni pro vSechny
koagulacni analyzy, nejvétsi vliv zbytkovych desticek je ale pravé na APTT, cozZ se
nejCastéji pozoruje arteficidlnim prodlouZenim casit APTT pii stanoveni lupus
antikoagulant, které je na to obzvlast citlivé. V nasi studii obsahovala plazma pred
zmrazenim <10 x 10/ul desti¢ek, coz odpovida doporuceni. Nicméné je mozné, e i
toto stopové mnozstvi desticek staci k tomu, aby pfi kratkodobém zmraZeni piezily a
po rozmrazeni a jejich rozpadu zpisobily prodlouzeni APTT. Stejny mechanismus
mohl mit za nasledek i zvySeni PS aktivity a volného antigenu. PS je syntetizovan také
v megakaryocytech a ve zralych destickach je v alfa-granulich obsazeno az 2,5 %

plazmatické hladiny PS. Proti tomu jde zdanlivé skute¢nost, Ze hladiny PS aktivity
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zacCaly po 2 mésicich skladovani klesat. Nicmén¢ v literature bylo ukazano, ze PS
aktivita po tomto inicidlnim naristu pozdé¢ji klesa pifi dlouhodobém skladovani
(Woodhams et al. 2001) a je tedy mozné, Ze i pies toto zvySeni namétenych hodnot
zpusobené vylitim PS z desticek dochazi k degradaci PS aktivity jak voln¢ v plazmé,
tak v destickovém poolu a vyslednd zmétena aktivita je souctem téchto protichtidnych
vlivi. Déle volny antigen PS zistal zvySeny po celé obdobi skladovani, tedy
pravdépodobné nedochazi k rozpadu proteinu, pouze snizovani jeho antikoagulacni
funkce. V nasi studii jsme tento narast pozorovali u vsech skladovanych vzorkt
plazmy, mezi skupinami se liSila pouze doba, po které zacala PS aktivita klesat. Toto
arteficialni zvySeni hodnot PS nad nejistotu metody i pies dodrzeni preanalytickych
doporuceni a dosazeni minimalniho poc¢tu zbytkovych desti¢ek ve zpracované plazmé
ma potencial ovlivnit vysledky trombofilniho screeningu pacientdl. Nicméné je velmi
malo pravdépodobné, Ze toto ovlivnéni dosdhne klinické vyznamnosti, vzhledem
ktomu Ze i1 pfi urCovani referencniho rozmezi téchto metod je pravdépodobné
vychazeno ze zmrazenych vzorkd. Obranou proti t€émto preanalytickym vlivim je
dasledné dodrzovani doporucenych postupt jak pii ptiprave a analyze vzorkd, tak pfti
hodnoceni vysledk klinickym pracovnikem. Pro stanoveni deficitu PS je nutné, aby
byly hodnoty PS snizené v opakovanych vySetfenich s odstupem alespon tii mésici,
po vylouceni vlivii 1é¢by, hormonalnich vlivlli a akutnich stavi. I pfes potencial
arteficialniho zvySeni aktivity a volného antigenu PS ze zmraZené plazmy toto zvySeni
neni tak extrémni, aby zakrylo pfitomny deficit PS. U pacientli s hrani¢énimi hodnotami
je vhodné méteni opakovat s odstupem pro vylouc€eni dalSich vlivi a ptihlizet zejména

k anamnéze jak osobni, tak rodinné.
5. Zavér

V této praci jsme charakterizovali genotyp a fenotyp kohorty pacientii s vrozenym
deficitem proteinu S v Ceské republice. Tato populace se vyznamné neliSila od
ostatnich popsanych kohort v evropskych a svétovych studiich. U pacientii s vrozenym
deficitem PS jsme prokazali, Ze poloha mutace v SHBG-like oblasti PS pfedstavuje

rizikovy faktor hluboké Zilni trombozy a jejiho vzniku v mlad$im véku.

Dale jsme analyzou kohorty pacientl se ziskanym deficitem PS a aktivnim

hematoonkologickym onemocnénim zjistili, Ze aktivita PS se signifikantnég liSila mezi
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skupinami podle diagnézy s nejvétSim podilem patologickych hodnot u pacientt

s akutni myelomonocytarni leukémii.

Prokazali jsme dostateCnou stabilitu vSech sledovanych parametri vcetné
proteinu S, pokud byly uchovéavany alespoii pii -80 °C a zmrazeni probihalo Sokové.
Vysledky APTT, PS aktivity a PS volného antigenu vykazovali kratkodobou anomalii,
kdy se zvysily nad nejistotu metody ve vSech skupinach hned od zacatku sledovaného
obdobi a po urcité dob¢ se vratily na uroven vysledka z Cerstvé plazmy (u vzorkl
uchovavanych pifi -80 °C a mén¢€). Tato studie potvrzuje dilezitost dodrzovani
spravnych preanalytickych postupii zejména u specialnich vySetieni koagulace jako je
PS, jelikoz tyto metody jsou velmi citlivé a jakékoliv prodleni v méfeni nebo
nespravnd manipulace se vzorky ¢i reagenciemi v kombinaci s moznym arteficialnim

zvySenim hodnot z ditvodu zmrazeni vzorku mohou vyustit v chybny vysledek.

Tato prace potvrzuje vyznam PS a jeho molekularni diagnostiky pro lepsi odhad
rizika trombdzy u pacientll s vrozenym deficitem a zaroven ukazuje, jakym smérem
by mohly byt vbudoucnu zaméieny studie tohoto multifunkéniho pfirozeného

inhibitoru koagulace.
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