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1. Obecna cast

1.1. Uvod do tématu, vychodiska

Mimotélni (extrakorporalni) obéh, tedy rozsiteni krevniho obéhu mimo hranice lidského téla
za Ucelem manipulace s krvi nebo nékterou jeji slozkou, se béhem poslednich padesati let
stal nepostradatelnou pomUckou v fadé obor( klinické mediciny. V zavislosti na konkrétnim
usporadani a zapojenych instrumentech umoznuje mimotélni obéh pfedevsim nahradu
funkce nékterych organt (ledviny, plice, srdce, jatra), ale také cilenou modifikaci jednotlivych
krevnich kompartmentd, tj. plazmy a vybranych bunécnych populaci (aferéza). Kromé
dosazeni pozadovaného ucinku je zakladni podminkou proveditelnosti téchto metod
zachovani bezpecnosti, tedy udrZeni biotickych parametrl (sterilita, struktura makromolekul,
viabilita a aktivita bunék) i fyzikalné-chemickych vlastnosti (teplota, pH, nasyceni plyny,

koncentrace organickych a anorganickych latek) krve v definovaném rozmezi.

Z hlediska poctu IéCenych pacientd, délky |éCby a tedy i zdravotnich a ekonomickych dopadt
ma nejvétsi vyznam pouziti mimotélniho obéhu pfi nahradé funkce ledvin (hemodialyza

v SirSim slova smyslu, tedy véetné konvektivnich a kontinualnich metod), a tou se také
predeviim zabyva tato prace. V Ceské republice podstupuje nahradu funkce ledvin pomoci
hemodialyzy vice nez 6000 pacient(, na celém svété mluvi odhady o téméf milionu pacient(
(redlnd potreba je vSak zfejmé jesté vyssi a navic zatim plynule narusta) [1, 2]. Trebaze
hemodialyza pfi selhani funkce ledvin brani rozvoji urémie a bezprostifedné tak zachrarnuje
Zivot pacienta, zUstava mortalita téchto nemocnych vysoko nad priimérem vékové
srovnatelné populace. DUvody takové imrtnosti nejsou zndmy — hemodialyza zajistuje
vyrovnanou latkovou bilanci (vody, minerall i organického dusiku a siry) a priciny tak je

nutné hledat v rozdilech jemnéjsi povahy mezi pfirozenou a nahradni funkci ledvin.

Analyzy zdroji zvySené umrtnosti pacientd Ié¢enych hemodialyzou odhaluji predevsim celé
spektrum kardiovaskularnich onemocnéni, za jejichz spole¢ny jmenovatel je mozné oznacit
dlouhodoby zanét nizké intenzity (mikroinflamace) [3, 4]. Ten ma nepochybné vice pficin —
kromé jiného retenci toxickych organickych metabolit(i a biologicky aktivnich makromolekul
— ale za jednu z nich je povazovan pravé opakovany kontakt vnitfniho prostredi s cizorodym
materialem mimotélniho obéhu. Akutni anafylaktické reakce, jaké doprovazely prvni

generaci celuldzovych dialyzator(, jsou v éfe syntetickych materiall jiz zcela vzacné. Presto



je i utéchto modernich membran jak bezprostfedni odpovéd imunitniho systému, tak

chronicka inflamace stale patrna [5].

Vnitfni prostfedi jednoho pravidelné hemodialyzovaného pacienta je za rok exponovano
300 m? dialyza&ni membrany (pfesné&ji dhrnného povrchu kapildr v pouzdfe dialyzatoru,
vzhledem k jeho poréznimu charakteru je vSak efektivni povrch jesté fadové vétsi). BEhem
kazdého roku stravi krevni bunky pacienta v kontaktu s umélym materialem 600 hodin, cely
objem krve protece za tuto dobu dialyzatorem 2500 krat. Vzhledem k tomu, jak ucinné
bariéry jinak oddéluji nase vnitfni prostiedi od zevniho, zda se rozumné klast na inertnost
téchto materidll ty nejvyssi naroky. U implantabilnich zafizeni (srde¢ni chlopné, katétry
apod.) dochazi po néjaké dobé k vytvoreni biofilmu, ktery umélé struktury do jisté miry
izoluje. Naproti tomu v pfipadé dialyzacnich membran je dnes tento proces povazovan za

nezadouci (sniZujici ucinnost) a dialyzator je po kazdé procedure vymeénén.

Ackoli jsou tato vychodiska dobrym ddvodem k predbézné opatrnosti, je tfeba fict, Ze o
Skodlivosti mimotélniho obéhu v dlouhodobém méfitku neexistuji zatim zadné primé
doklady. Presvédcivé nevyzniva dokonce ani srovnani historickych a modernich dialyzacnich
membrdn [6]. Je tak docela dobie mozné, Ze u redlného pacienta jsou dlsledky kontaktu
vnitfniho prostiedi s cizorodym materidlem maskovany silnéjsimi faktory, napft.

nedostatecnou ucinnosti ndhradni funkce ledvin.



1.2. Patofyziologie, definice pojmii

Pod pojmem BIOINKOMPATIBILITA (materidlu, zafizeni, postupu) se vétsinou rozumi jakékoli
nezamyslené dusledky interakce s Zivym organismem, zejména pokud maji nezadouci
dopady na fungovani biologického systému. V pfipadé mimotélniho obéhu tyto vedlejsi
reakce zahrnuji predevsim jeho trombogenitu (koagulace a aktivace trombocytt), resp. vliv
na aktivaci jinych protein( a bunék (predevsim zanétlivé povahy), jejich Ubytek nebo
naruseni funkce. BIOKOMPATIBILITA je pak definovana negativné, tedy absenci takovych ucinkd.

[5, 7]

TROMBOGENITA

Vyjadfuje potencial mimotélniho obéhu vyvolavat aktivaci koagulacni kaskady a krevnich
desticek a je nejhrubsim parametrem biokompatibility. Pfekonani trombogenity — at uz
volbou a Upravou materialu nebo snizenim srazlivosti krve — je prvni pfekazkou na cesté

k praktickému pouziti mimotélniho obéhu.

= aktivace koagulaéni kaskady
Za hlavni cestu aktivace koagulac¢ni kaskady pti styku s umélymi materialy je povaZzovan
vnitini (kontaktni) systém [8, 9]. V prvnim kroku se na kontaktnim povrchu, predevsim
hydrofilnim a anionickém (za fyziologickych podminek ma tuto roli kolagen, za
patologickych napft. lipoproteiny nebo bakteridlni pouzdro), navaze komplex
plazmatickych protein( vnitfniho systému: kallikreinu, vysokomolekularniho kininogenu,
faktoru XI a Hagemanova faktoru (XIl). Postupné dochazi nejprve k (auto)aktivaci faktoru
XIl, zpétnovazebnému zesileni s kallikreinem, aktivaci f. XI, IX, X a koneéné trombinu.
Z prekurzoru vznika katalytickym Stépenim monomerni fibrin, ktery spontanné

polymeruje do vldknitého fibrinu, aby byl posléze prostorové zesitovan a zpevnén f. XIlI.

= aktivace krevnich desticek
Béhem prichodu mimotélnim obéhem dochazi k aktivaci trombocytl (posuzovano podle
exprese povrchového antigenu P-selectinu/CD62p) a jejich degranulaci, tedy sekreci
preformovanych proteint s pestrymi biologickymi tGcinky, napf. PDGF (platelet-derived
growth factor), PF4 (platelet factor 4) nebo B-trombomodulinu [10]. Na agregaci desticek

se kromé kontaktu s chemicky cizorodou dialyzacni membranou vyznamné podili také



mechanické pUsobeni peristaltického ¢erpadla (smykova sila, shear stress) [11, 12]. Kromé
prispévku ke srazeni krve v pribéhu mimotélni procedury muiZe zfejmé opakovana
aktivace desticek navodit dlouhodoby ubytek granuli (napt. zasob serotoninu) a tedy

paradoxné zvysit i riziko krvaceni (uremicka trombocytopatie).

vliv materialu na trombogenitu

Trombogenita mimotélniho obéhu je ve specifickych klinickych podminkach zavisla kromé
pouzitého materiadlu na fadé dalSich faktor(: geometrii okruhu, pratoku krve, podané
davce heparinu atd. [13, 14]. Srovnani riznych materiald in vivo je za téchto podminek
obtizné. Zatimco rozdily mezi plvodni nesubstituovanou celulézou a modernim
syntetickym polysulfonem jsou ziejmé prekvapiveé malé, je trombogenita dalSiho
syntetického materialu, polyakrylonitrilu (AN69), Fadové vyssi jak z hlediska aktivace
koagulace tak adheze a degranulace trombocytl. Tato skutec¢nost byva pfisuzovana

vysoce negativnimu povrchovému potencidlu polyakrylonitrilu [15, 16].

rizné systémy antikoagulace

Zdaleka nejbéznéjsi je systémova antikoagulace navozena kontinudlnim a/nebo
bolusovym podanim nefrakcionovaného, resp. dnes nejcastéji nizkomolekularniho,
heparinu [17]. Z hlediska kontroly ucinnosti neni rozhoduijici (v protikladu k [é¢bé Zilni
trombdzy) dosazeni specifické hladiny antikoagulace, ale pouze Uspésné dokonceni
procedury, které je definovano relativné vagné — na zakladé udrzeni prichodnosti
mimotélniho okruhu. Podil zevniho systému na trombogenité mimotélniho obéhu je
druhotny, uzivani ordlnich antikoagulancii proto nezbavuje nutnosti ad hoc antikoagulace.
Nejzasadnéjsi nevyhodou heparinu je pravé jeho systémovy Ucinek spojeny s rizikem
krvaceni. V dlouhodobém méftitku se vSak zfejmé uplatniuje i plisobeni na metabolismus

lipida a funkci endotelu (interakce s lipazou a PF4) [18, 19].

V situacich a prirori spojenych s rizikem krvaceni jsou pouzivany alternativni rezimy bez
systémové antikoagulace — predevsim proplachy mimotélniho obéhu a regionalni
antikoagulace. Proplachy mimotélniho okruhu fyziologickym (nebo jinym nahradnim)
roztokem jsou typicky provadény v intervalu 20 — 30 min a jejich smyslem je odstranit
z okruhu aktivované koagulacni faktory a trombocyty, i narGstajici nestabilni koagulum.
Kromé pracnosti je jednoznaénym nedostatkem tohoto pfistupu aktivace koagulacnich

mechanismu a systémové plsobeni jeho produktt [20].



Zatimco proplachy mimotélniho okruhu jsou tedy z hlediska prevence koagulace jasné
podradné, regionalni antikoagulace je v fadé parametr(l naopak ucinnéjsi nez systémova
(pti béZném davkovani) [21]. Principem regionalni antikoagulace je kontinualni aplikace
citratu do proximalni vétve mimotélniho okruhu, v jehoz dalSim Useku je krev nesrazliva
nasledkem vazby kalcia v citratovych komplexech, a kone¢né antagonizace tohoto Ucinku

poddanim infuze kalcia do distalni ¢asti okruhu.

Kromeé technologickych uskali byva regionalni antikoagulace spojovana s obavami

z pretizeni metabolismu citrdtem a z naruseni kalciové bilance [22]. Odménou za tyto
nesnaze je vsak nizsi trombogenita citratové antikoagulace oproti systémové pusobicimu
heparinu. Pravé diky chelaci vapniku plsobi citrat hned na nékolika urovnich koagulacni
kaskady (stejné jako na dalsi, zatim neurcité definované, biologické procesy zavislé na
kalciu), takze je jeho Ucinek zesilen [23, 24]. Vyznamny rozdil mezi obéma rezimy spociva
na molekularni drovni v naruseni prostorového zrani fibrinu vlivem f. Xlll [25]. Vznikajici

koagulum vykazuje vyrazné mensi odolnost jak vi¢i mechanickému, tak enzymatickému

stresu.
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U¢ast kalcia na rGiznych Grovnich koagulaéni kaskady. Pfi citratové antikoagulaci se vyznamné

uplatriiuje efekt blokady prostorového zesitovani fibrinu plsobenim faktoru XIlII.



ZANETLIVA REAKCR

=  humordlni odpovéd’
Hlavnim systémem zodpovédnym za rozpoznani umélého materialu jako cizi struktury a
spusténi zanétlivé odpovédi je neadaptivni humoralni imunita. Tato role komplementu
byla odhalena jiz na samém pocatku klinického pouzivani mimotélniho obéhu
v sedmdesatych létech [26]. Aktivace komplementu navozena mimotélnim obéhem neni
zakoncena vznikem membranového lytického komplexu, ale vede k uvolnéni biologicky
aktivnich peptidl (C5a, C3a), které pUsobi jako anafylatoxiny a vyvolavaji mimo jiné
prechodnou leukopénii a plicni hypertenzi. Pfedchazi prokazatelné aktivita alternativni
cesty, ktera za fyziologickych podminek ma predevsim ulohu amplifika¢ni smycky zesilujici

klasickou drahu navazujici na specifickou (protilatkovou) imunitu [27].

Prvotni mechanismus aktivace neni pIné objasnén, hlavni role byva pfisuzovana stabilizaci
spontanné vznikajiciho faktoru C3b neselektivni vazbou na povrch materialu (napfr.
kovalentni esterova vazba s hydroxylovymi skupinami), ktery soucasné neni opatien
fyziologickymi inhibitory (faktor H) jako vlastni buriky. Timto zplsobem je umoznén vznik
C3 konvertazy (C3bB), ktera pak retézoveé stépi dalsi molekuly C3. Soucasné je vsak
znamo, Ze u pacientl vrozené deficitnich ve faktoru C4 dochazi pfi hemodialyze jen

k minimalni aktivaci komplementu. Tato skutecnost napovida, Ze vyznamnou Ulohu ma i
druhd z obou C3 konvertaz (C4b2a), ktera je spolecna klasické a lektinové cesté aktivace

komplementu [28, 29].

Analyza biofilmu z povrchu polysulfonovych membran ukazuje vysoce selektivni adsorpci
fikolinu 2 [30]. Tento protein patfi do rodiny lektin(, tedy protein( vyznacujicich se
specifickou afinitou k cukernym zbytkdm polysacharidd. Lidské lektiny jsou duleZitou
slozkou neadaptivni imunity se schopnosti rozpoznavat polysacharidové struktury na
povrchu mikrob( a vazbou na né spustit kaskadu komplementu [31-33]. SpiSe neZ pasivni
fyzikalni proces (jemné vychyleni hydrolyzy C3 z rovnovahy) se zde odehrdva biologicka
reakce nesena specifickymi mechanismy vrozené antimikrobialni imunity. Hemodialyza

v tomto smyslu imituje dlouhodoby kontakt s patogeny jako Pseudomonas aeruginosa,

Staphylococcus aureus nebo Aspergillus fumigatus.



Klasicka Lektinova Alternativni
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Klasicka, lektinova a alternativni cesta aktivace komplementu. Pfi kontaktu
s dialyzaéni membrdanou se zifejmé uplatfiuje rozpoznavani cizich struktur
specializovanymi lektinovymi receptory a alternativni cesta slouZi pouze

jako amplifikacni smycka.

bunécénad odpovéd’

Nejnapadnéjsi laboratorni odchylkou v priibéhu hemodialyzy je pokles poc¢tu leukocyta,
k némuz pravidelné dochdzi kolem desaté minuty po zahajeni procedury [34, 35].
Patofyziologickym podkladem tohoto fenoménu je sekvestrace granulocytd a monocyt(
stimulovanych aktivaci komplementu po kontaktu krve s mimotélnim okruhem. Kromé
adheze v plicnich kapilarach dochazi i k degranulaci neutrofil(l. V zavislosti na intenzité
odpovédi mohou dialyzac¢ni leukopénii provazet i klinické symptomy, zejména dusnost.
Leukocyty mohou byt pravdépodobné aktivovany i pfimym kontaktem s umélym

materidlem, resp. s navazanymi proteiny.

anafylaxe

Umeélé materidly s vysoce negativnim povrchovym nabojem (typicky polyakrylonitril) maji
potencial pfimou aktivaci systému kinin-kallikrein spustit uvolnéni bradykininu a

v kombinaci s dalsimi okolnostmi (pfedevsim soucasnad |é¢ba inhibici ACE) vyvolat az

anafylaktoidni reakci (tedy bez ucasti IgE) [36, 37].



vliv materialu na zanétlivou odpovéd’

Z historicky pouzivanych umélych materialQ je nejpotentnéjsim aktivatorem
komplementu nemodifikovana celuldza, kterd na svém povrchu nese velky pocet volnych
hydroxylovych skupin. Hemodialyza provadénd pomoci membran z nesubstituované
celuldzy byla spojena s nejvyraznéjsi leukopénii jak v pribéhu procedury, tak

v dlouhodobém méritku a také s hlubsi dialyza¢ni hypoxémii. Tyto Ucinky surové celuldzy
byly ¢astecné omezeny jiz acetylaci hydroxylovych skupin (substituovana celuldza) a jesté

vice jsou potlaceny u plné syntetickych membran [15, 16, 27].

DePLECE/DYSFUNKCE

krevni ztrata

Pouziti mimotélniho obéhu vede nevyhnutelné ke ztraté vétsiho ¢i mensiho mnozstvi
krve, které se po ukonceni procedury nepodafi vyplachnout z okruhu zpét do krevniho
obéhu. Prestoze ubytek leukocytl a trombocytl mize byt z divodu jejich afinity

k umélému materialu (biologické funkce) vétsi nez by odpovidalo objemu krve, je tato
ztrdta (jakkoli nezadouci) povaZovana za klinicky irelevantni [38]. Soucasti inkompatibility
mimotélniho obéhu je poskozeni krevnich bunék plsobenim mechanického cerpadla.
Dochdzi tak k hemolyze erytrocytli a narlstu koncentrace volného hemoglobinu, a to
zejména v zavislosti na velikosti krevniho pritoku, ale také k aktivaci krevnich desticek a

sekreci serotoninu s vazodilatacnimi Gcinky [11, 39-41].

adsorpce

Adsorpce plazmatickych proteint k povrchu mimotélniho obéhu ma ambivalentni roli —
zatimco adsorpce B2-mikroglobulinu je duleZitou cestou eliminace a vazba albuminu
snizuje aktivaci leukocytl ¢i adhezi desticek, adsorpce fibrinogenu naopak adhezi
podporuje a adsorpce f. Xll zase stoji na poc€atku aktivace vnitfniho systému koagulacni
kaskady. U jednotlivych protein( pravdépodobné urcuji intenzitu adsorpce (kromé zcela
obecnych charakteristik, jako je hydrofobicita nebo povrchovy ndboj) také specifické

interakce s povrchovymi strukturami cizorodého materialu [42-44].



Prinejmensim teoreticky tedy adsorpce proteinli na povrch membrany muze vyvolat jejich
depleci. O takovych dusledcich existuji informace pouze v pfipadé hlavnich plazmatickych
proteiny, naproti tomu cilené testovani téch méné zastoupenych je vzhledem k jejich
poctu (tisice) neredlné. Biologicka uUcinnost pfitom samoziejmé nekoreluje s koncentraci a
skutecné dopady jsou tak obtizné predvidatelné. Prokazana byla silnéjsi adsorpce
erytropoetinu k membrané AN69, v pripadé fikolinu 2 byla doloZzena nejen selektivni
vazba na dialyzacni polysulfonovou (nikoli vsak etylenvinylovou) membranu, ale i jeho

deplece béhem jedné procedury [30].

= nadmérnd filtrace
V pripadé modernich dialyzacnich membran je ucinnosti (predevsim z hlediska
odstranovani molekul o velikosti fadové desitek kDa) dosahovano cestou zvySovani
propustnosti, tedy zvétSovanim prameéru pérd membrany. Obecné srovnani
s permeabilitou glomeruldrni membrany je prakticky nemozné vzhledem k rozdilnym
fyzikdlné-chemickym vlastnostem i odliSné vnitfni architektufe. V zavislosti
na povrchovém naboji a prostorovém usporadani molekul tak mize i u latek stejné
molekulové hmotnosti dochazet k jejich selektivnimu odstrafiovani nebo zadrzovani.
Podobné jako v predchozim odstavci, nasSe znalosti chovani méné zastoupenych

plazmatickych protein(i ve vztahu k filtraci jsou velmi omezené [45-47].

FYZIKALNI VLIVY

= mechanické faktory
Nahlé zmény cirkulujiciho objemu, k nimz dochazi v disledku ultrafiltrace, a které bézné
zpusobuji pokles krevniho tlaku béhem dialyzy, jsou soucdsti IéCebné strategie a nefadi se
proto mezi projevy inkompatibility. Naproti tomu mechanicky stres navozeny plisobenim
peristaltického ¢erpadla patfi k (nevyhnutelnym) projeviim inkompatibility mimotéiniho
obéhu. Serotonin uvolnény z krevnich desti¢ek aktivovanych nelaminarnim proudénim

krve se vyznamné podili na rozvoji hypotenze v pribéhu procedury [48].



= termodynamické faktory
Béhem procedury dochazi k tepelné vymeéné mezi krvi a dialyza¢nim roztokem a
v zavislosti na zvolené teploté roztoku tedy k ochlazovani nebo naopak ohfivani pacienta.
Dasledkem je vazodilatace resp. vazokonstrikce predevsim v oblasti kozni mikrocirkulace,
redistribuce krevniho objemu a ob&hova nestabilita (hypotenze). Z téchto dlivodu je
mozné zlepsit toleranci mimotélniho obéhu pribéznou monitoraci teploty krve a
odpovidajici Upravou teploty dialyza¢niho roztoku tak, aby byla udrzena vyrovnand
tepelna bilance v pribéhu celé procedury. Modernéjsi dialyzacni monitory byvaji za timto
ucelem vybavovany zvlastnim doplikovym zafizenim (body temperature monitoring, BTM

module) [49].



1.3. Metodika, metriky, indikatory

ProtoZe oblast biokompatibility je neostfe ohranicena, resp. rozprostira se dal nez nase
znalosti, ani zplsob jejiho popisu neni pevné zakotven. Nékteré disledky inkompatibility
umélych materiald se zfrejmé mohou projevit az v delSim méfitku, proto by spolehliva
metoda posuzovani biokompatibility materialu laboratornimi (nebo dokonce in vitro)
postupy byla dileZita pro praxi. Situace je komplikovana tim, Ze existuje mnoho vzajemné
nezavislych parametr biokompatibility, jejichz klinicka relevance neni jasna, takze chybi
algoritmy pro rozhodovani, ktery material je v urcité klinické situaci z hlediska

biokompatibility vyhodnéjsi.
Posuzovani trombogenity

Zakladnim kritériem hodnoceni trombogenity je udrzeni prlichodnosti okruhu po dobu
mimotélni procedury. Nepriichodnost je pro tento ucel definovana jako prekroceni predem
stanoveného hydraulického tlaku v okruhu. Dalsi zvySovani tohoto tlaku ¢erpadlem by mohlo
vést k poruseni tésnosti a Uniku krve. Hrubym parametrem pridbéhu procedury z hlediska
trombogenity jsou tedy tlaky v systému: arteridlni, vendzni a transmembranovy tlak jsou sice
uzitecné pri vedeni dialyzy, napf. davkovani heparinu, pro posouzeni trombogenity vsak
nemaji potfebnou reprodukovatelnost a také zavisi na dalSich proménnych, jako je krevni

pratok, hematokrit aj.

Dalsim, v praxi béZznym, zplisobem hodnoceni je odhad rozsahu vysrazeni krve v mimotélnim
okruhu po jeho proplachu ndhradnim roztokem na konci procedury. Srazeni zacina vétSinou
Skdla je zaloZena na posouzeni poméru vysrazenych (tmavych) a Cistych kapilar, resp.
vzdalenosti od dialyzatoru, do niz koagulum zasahuje. Exaktni alternativou je stanoveni
koncentrace hemoglobinu ve vyplachu z dialyzatoru po ukonceni procedury (promyti
detergentnim roztokem, fotometrické stanoveni benzidinovou reakci). Urceni rezidualniho
objemu krve je vhodné pro posouzeni velikosti krevni ztraty v disledku procedury, kromé
trombogenity materidlu se v3ak silné uplatnuji faktory jako architektura mimotélniho

obvodu, konstrukce a geometrie dialyzatoru.

Z hlediska vlastni trombogenity je nejcitlivéjSim a nejspecifictéjSim postupem méreni

laboratornich parametr( vyjadrujicich aktivitu koagulacni kaskady: nejcastéji komplexu



trombin-antitrombin (TAT), degradacnich produktt fibrinu (FDP) a fragment( protrombinu
(F1+2). Tyto proménné je vhodné vysetiovat opakované v prlibéhu procedury, méreni ve
vzorcich pfed vstupem do okruhu a na jeho vystupu dovoluje odlisit aktualni droven aktivace
a jeji kumulativni systémové dopady. Vysledky je nutné hodnotit v kontextu davky podané
antikoagulace, realné dosazené antikoagulace (anti-Xa aktivita v pfipadé heparinu resp.
koncentrace ionizovaného kalcia pfi citratové antikoagulaci), ale také plochy pouzité
membrany a typu eliminaéni metody (u¢innéjsi odstrariovani metabolitl konvektivnimi

technikami).

Posuzovani zanétlivé odpovédi

Nejjednodussi metodou pro urcéeni intenzity bezprostredni zanétlivé odpovédi vyvolané
mimotélnim obéhem je sledovani poctu leukocytd. Jejich nejhlubsi pokles nastava typicky
mezi 10. a 15. minutou procedury, opét je vhodné vysetiovat jak pocty systémové (arteridlni
linka, tedy krev pied vstupem do okruhu) i lokdlni (vendzni linka, tedy krev na vystupu

z mimotélniho okruhu), pfipadné pokles poc¢tu leukocyti pti jednom priichodu okruhem
(arteriovendzni diference). Pocty krevnich element( je treba prepocitavat na efekt
hemokoncentrace vyvolany ultrafiltraci (napf. mérenim koncentrace albuminu pred a za
dialyzatorem). Dialyzacni leukopenie predstavuje vyslednici bunéénych (primy kontakt
leukocytl s umélym materialem) i humoralnich procesu (aktivace komplementu). K urceni

podilu jednotlivych faktor( je zapotrebi detailné&jsich testa.

Pro posouzeni cesty aktivace a zastoupeni jednotlivych subpopulaci leukocytd je vhodna
fenotypizace pomoci pratokové cytometrie. Timto zplsobem lze analyzovat jak cirkulujici
leukocyty, tak bunky adherujici k povrchu dialyzatoru (ve vyplachu po ukonceni procedury)
pripadné efekt priichodu dialyzatorem. Sekvestrace perifernich leukocytl (prevaziné

v plicnim recisti) v reakci na mimotélni okruh je zfejmé zprostfedkovana zménami exprese
povrchovych antigenu L-selektinu (CD62L) a CD11b jako faktorl adheze neutrofild [34, 35,
50]. Jako markery degranulace je mozné vysSetrovat expresi antigeni CD63 a CD66b. Kromé
membrdanovych receptorl je mozné pfimo méfit uvoliované enzymy a cytokiny:

myeloperoxidazu, laktoferin, elastazu, interleukin 1 (IL-1B) a 6 (IL-6) [51-53].

Zapojeni komplementu do zanétlivé odpovédi je mozné posoudit na zakladé vyvoje hladiny

peptidl C5a a C3a odstépovanych z prekurzor(i béhem jejich aktivace [54, 55]. Oba faktory



figuruji v zavérecné, spolecné fazi komplementové kaskady a nemohou proto rozlisit mezi
rdznymi cestami jejiho spusténi. Aktivita komplementu kulminuje soubézné s leukopenii 10
az 15 min po zacatku expozice, pak se jeji Uroven postupné snizuje.

VySetirovani biofilmu

K adsorpci proteind na povrch umélého materidlu a jeho pokryti biofilmem dochazi uz
béhem prvnich deseti minut po expozici [45]. Z hlediska systému je tento déj provazen
aktivitou komplementu a zménami v chovani leukocyt(, lokdlné pak dochazi k vyraznému
snizeni propustnosti dialyzacni membrany, a to predevsim pro vétsi molekuly. K vySetiovani
permeability in vivo je moZné vyuzit plasmatické proteiny o vhodné molekulové hmotnosti
(napt. B2-microglobulin, MW 11 kDa; myoglobin, MW 17 kDa; retinol-binding protein 4, MW
21 kDa; al-microglobulin, MW 26 kDa; al-glycoprotein MW 41 kDa; albumin MW 65 kDa).
Mérenim jejich arteriovendzni diference a koncentrace v dialyzatu béhem procedury lze
ovérit bezpecnostni profil membrany ve vztahu ke ztratam proteint. Napf. v pfipadé
vysokopropustného (high-flux) polysulfonu klesa jiz po 20 min expozice filtracni (sieving)

koeficient v pasmu >40 kDa pod 1%.

Zatimco filtrace je do znacné miry fyzikalni proces, zavisly predevsim na velikosti, tvaru a
naboji molekuly, v pfipadé adsorpce pristupuji kromé hydrofobni interakce i komplikovanéjsi
vztahy charakteru ligand-receptor. Pro pochopeni mechanism( zanétlivé odpovédi na
kontakt s mimotélnim obéhem a popis spektra protein( eliminovanych v dlsledku selektivni
adsorpce je vhodna prima analyza biofilmu. Po vymyti zbytk( krve indiferentnim roztokem je
biofilm mobilizovan vhodnym surfaktantem (dodecylsulfat), chaotropnim (mocovina) nebo
denaturacnim (acidifikace nebo alkalizace) ¢inidlem. K identifikaci proteinl Ize pouZzit
metody hmotnostni spektrometrie s predchozi elektroforetickou nebo chromatografickou

frakcionaci [30, 44, 56].



1.4. Technologické aspekty

Za 50 let své moderni existence (prvni kapilarni dialyzator byl pouzit u ¢lovéka v roce 1967)
doznala technologie mimotélniho obéhu zasadni zmény ve vSech oblastech. Motivaci k vyvoiji
technologickych inovaci samozifejmé neni jen zvySovani biokompatibility, ale také ucinnosti,
ekonomické efektivity a bezpecnosti obecné (v€etné environmentalni). Moderni technologie
predci ty puvodni v mnoha dil¢ich ohledech véetné biokompatibility, je vSak prekvapivé
obtizné dolozit, Ze tyto vyhody skutec¢né prodluzuji Zivot nemocnych. Hlavnim divodem

mUzZe byt setrvale narUstajici vék a morbidita |écenych pacient(.

Material

Rané dialyzacni membrany byly vyrabény z chemicky nemodifikované celuldzy, prirozeného
polysacharidu na bazi glukdzy, procesem regenerace (tedy z roztoku) a oznacovany jako
Cuprophan®. V dasledku pritomnosti ¢etnych hydroxylovych skupin tento material silné
aktivoval komplement. Dalsi nevyhodou byla propustnost kuprofanovych membran pro
pyrogeny, protoze jejich hydrofilni povrch jen neochotné adsorbuje endotoxiny pfitomné

v dialyza¢nim roztoku [16, 27, 57].

V nasledujici generaci polosyntetickych membran z modifikované celuldzy (hydroxylova
skupina byla maskovana esterifikaci) oznacovanych jako Hemophan® byla jiz zanétliva reakce
vyrazneé potlacena. Navic tato technologie umoznila produkovat propustnéjsi (high-flux)
membrany. Konecné v soucasnosti nej¢astéji pouzivané plné syntetické membrany se
vyznacuji jednak jesté lepsi biokompatibilitou, jednak moznosti v Sirokém rozmezi modulovat
rozmér porl a tim i hydraulické a filtracni vlastnosti. | mezi témito membranami vsak existuji

z hlediska biokompatibility vyznamné rozdily [5, 58].

S nastupem polysulfonovych membran vyznacujicich se vysokym stupném hydrofobicity
bylo oproti modifikované celuldze dosazeno dalSiho snizeni aktivace komplementu i
potlaceni zpétné filtrace pyrogenu. Polysufonové membrany jsou dnes povaZzovany za zlaty
standard biokompatibility, jedna se vSak o znacné heterogenni skupinu a hodnoceni ztézuje
vyrazna fyzikalné-chemicka variabilita mezi jednotlivymi vyrobci - pfitomnost kopolymerd
jako polyvinylpyrolidon, ale i jejich odliSna distribuce v ramci stény kapilar [59, 60].

Polyetersulfonové membrany se vyznacuji ostrym filtracnim prahem, ktery na jednu stranu



usnadnuje odstranovani toxinl o stfedni molekulové hmotnosti (do 15 kDa), na druhou

stranu vSak omezuje soucasné ztraty albuminu [61].

Membrany zhotovené z polymetylmetakrylatu (PMMA) jsou charakteristické vysokou
adsorpcni schopnosti pro radu latek tak rozdilné povahy jako je parathormon, cytokiny nebo
organické molekuly (indoxyl sulfat, p-kresyl sulfat aj.) [62]. Zatimco membrany vyvinuté na
bazi polysulfonu byvaji oznacovany jako asymetrické, protoze filtracni selektivitu zajistuje
pouze tenka povrchova vrstva (a zbytek stény ma pouze podpUlrnou, strukturalni funkci),
PMMA maiji symetrickou stavbu — dlouhé vinuté pory prochazeji celou sténou kapilary a pro

adsorpci je tak dostupna maximalni plocha.

Kopolymer etylenu a vinylalkoholu (EVAL) jako material pro konstrukci dialyza¢nich
membran nese naopak hydrofilni vlastnosti, je ale bez povrchového naboje. Na EVALové
membrdané dochazi jen k minimalni adsorpci proteinli a omezeny jsou tak i interakce
materialu s krevnimi bunkami [63]. Potlacena je jak aktivace desticek, tak oxidac¢ni vzplanuti
a produkce cytokin( leukocyty. Dalsim typem hydrofilniho polymeru pro vyrobu dialyza¢nich
membran je polyakrylonitril. Kromeé vynikajici propustnosti Ize vyuzZit i jeho specifické
adsorpcni schopnosti, napf. vazebné kapacity pro heparin [44, 64]. Konecné jsou k dispozici i
membrany zvlasté upravené pro zvyseni biokompatibility — nap¥. povrchovou vazbou

vitaminu E, ktery by mél snizit aktivaci monocytd a neutrofilli i oxidac¢ni stres [65].

Chovani materialu, z néhoz jsou zhotoveny jednotlivé komponenty mimotélniho obéhu,
ovliviiuje také metoda sterilizace. Pfi pouZiti etylenoxidu, dochazi k jeho vazbé napf. na
polyuretanové a polykarbondatové prvky pouzdra dialyzatoru nebo ukotveni vlaken. Uvolnéni
etylenoxidu do krve béhem dialyzy mize zpUsobit alergickou az anafylaktickou reakci [66].
Od tohoto zpUsobu sterilizace se proto ustupuje a nahrazuje jej sterilizace parou nebo gama
zarenim. Pozorovano bylo i uvolnovani chemickych aditiv z materidlu mimotélniho obéhu,

zejména bisfenolu A nebo ftalati (DEHA) [67].

Dialyzacni roztok

Jednim z hlavnich cil( dialyza¢ni procedury je korekce metabolické aciddézy (doplnéni
bikarbonatu), dialyza¢ni roztok proto musi obsahovat pufrovaci systém. Z technickych
dlvodu (srazeni vapenatych soli) byl plvodné v koncentratech pro pfipravu dialyzaéniho

roztoku fyziologicky bikarbonat nahrazovan acetatem sodnym. Acetat se sice v organismu



pomeérné rychle metabolizuje, dosahované plazmatické koncentrace vsak byly az o tti rady
vyssi nez fyziologické hladiny. Za téchto podminek pUsobi acetat vazodilatacné a
kardiodepresivné, tolerance dialyzy je vyrazné snizena epizodami hypotenze a hypoxémie
(kombinace hypoventilace a zvysSené plicni rezistence) [68]. V delSim ¢asovém méfitku se

mUzZe uplatfiovat prozanétlivy efekt acetatu.

Pozdéji proto doslo k prechodu na bikarbonatovy pufr a rozdéleni koncentratu na kyselou a
alkalickou slozku. K Upravé pH kyselé komponenty se ovSem stale pouziva kyselina octova a
vyslednd koncentrace acetatu ve stdvajicich roztocich (byt desetkrat nizsi neZ pfi acetatové
dialyze) stale prevysuje pfirozené hladiny stokrat. Z toho d{ivodu ziskdvaji v poslednich
letech na popularité roztoky, v nichz je k acidifikaci pouzita kyselina citronova. Vyhodou
citratu je kromé lepsi hemodynamické stability pacientd také nizsi trombogenita procedury
navozena chelaci kalciovych iont( a dovolujici vyznamné snizeni davky systémové

antikoagulace [69-71].

Na dialyzacni roztoky jsou kladeny vysoké naroky — jak ve smyslu dodrZzeni poZzadovanych
koncentraci iontd a organickych slouéenin, tak po strance Cistoty. Z nejbéznéjsich polutant(
je tfeba vyloucit kontaminaci hlinikem (médi, zinkem), fluoridy (nitraty, sulfaty),
chloraminem a biologickymi pyrogeny, tedy mikrobialnimi antigeny (pfedevsim
polysacharidy bakterialniho pouzdra) [72]. Voda pro ucely hemodialyzy (fedéni koncentratu)
se proto pripravuje nékolikastupfiovym Cisticim procesem zahrnujicim jako posledni krok
reverzni osmodzu. Vyznam téchto opatieni stoupa se zavadénim vysoce propustnych
dialyza¢nich membran (dochazi k refluxu dialyzaéniho roztoku do krve mechanismem

oznacovanym jako , back filtration”) a to zejména v reZimu hemodiafiltrace (dialyzac¢ni roztok

slouzi i k substituci).

Antikoagulace

Systémova antikoagulace navozena podanim heparinu, tiebaze je prinejmensim u ¢asti
pacientl jednoznacné nezddouci, neni projevem inkompatibility v uzs$im slova smyslu. Tim
jsou vSak dalsi, metabolické ucinky. PGsobenim heparinu dochazi k uvolnéni lipoproteinové
lipazy (LPL) z cévniho endotelu a jeho opakované podani tak zfejmé stoji za depleci tohoto
enzymu u pravidelné hemodialyzovanych pacient( [19]. SniZeni lipolytické aktivity systému

LPL vede ke zpomaleni metabolismu LDL komplex( a retenci triglycerid( a tak mUzZe pfispivat



k urychleni procesu aterosklerézy. Tento nezadouci efekt je ¢astecné potlacen u
nizkomolekularnich forem heparinu. | frakcionovany heparin aplikovany jednorazove
v Uvodu hemodialyzy vSak navozuje uvolfovani destickového faktoru 4 a podili se na

udrzovani ,uremické” trombocytopatie [10].

Naproti tomu citratova antikoagulace jednak zajistuje pouze regionalni potlaceni srazlivosti,
jednak umoznuje dosazeni lepsi biokompatibility ve smyslu aktivace destic¢ek i leukocyt(
(degranulace) a oxidacniho stresu (oxidovany LDL) [73]. Pravé Cisté lokalni pisobeni citratu
dovoluje dosahnout vyssiho stupné antikoagulace (nizsi trombogenita citratového rezimu)
[21]. Kromé toho se uplatfiuje pleiotropni Ucinek chelace vapnikovych iont(, které se kromé

koagulace uplatiiuji v mnoha dalsich biologickych procesech (komplementova kaskada aj.)

Elimina¢ni metoda/rezim

Pouziti modernich, vysoce propustnych, membran, zvlasté pak v konvektivnim usporadani je
spojeno se zvySenymi ztratami albuminu, které mohou dosahovat nékolika gramu az desitek
gramu na proceduru a narUstaji v fadé high-flux hemodialyza — hemodiafiltrace v pre-diluci —
hemodiafiltrace v post-diluci [46, 47, 74]. Velikost ztrat narista s objemem konvekci
vyménéného dialyzaéniho roztoku. Vétsich substitu¢nich objema (>20 |/proceduru) je
dosahovano za cenu vyssich transmembranovych tlakd, pri nichZz dochazi ve vyznamné mire i
k filtraci protein( velikosti albuminu, pro které je membrdna nominalné nepropustna.
Soucasné ztraty dalSich plazmatickych protein( jsou sice pravdépodobné, o jejich rozsahu

vSak neexistuji prakticky Zadné informace.

Vzhledem k relativné kratké dobé expozice (kumulativné) v porovnani s pravidelnou
intermitentni hemodialyzou, nestoji biokompatibilita kontinualnich ocistovacich metod ve
stfedu zajmu intenzivistl. Rozdily mezi témito dvéma reZimy navic spocivaji spiSe v klinické
situaci pacienta nez ve zpUsobu provedeni. Pravidlem byva selhani dalSich organovych
systémU (napf. v rdmci septického Soku), které predevsim urcuji progndzu pacienta. Na
druhou stranu si Ize predstavit, Ze za téchto podminek i pomérné maly inzult mUZe pfivodit
dalekosahlé nasledky. Takovou interpretaci by mohly naznacovat pfiznivé vysledky regionalni

citratové antikoagulace v porovnani s heparinem [75, 76].



Spor mezi zastanci jednordzového a opakovaného (po vyluhu a sterilizaci) pouziti dialyzatoru
je jiz zfejmé definitivné rozhodnut ve prospéch prvniho tabora [77]. Pro vyménu dialyzatoru
po kazdé procedure hovofi predevsim argument udrzeni Uéinnosti (pfi opakovaném pouziti
se snizuje efektivni plocha i propustnost membrany), opakované pouzivané dialyzatory vsak
dosahuji vyssi drovné biokompatibility [78]. Vysvétlenim je zfejmé nasyceni reakénich mist

na povrchu membrany plazmatickymi proteiny.



1.5. Klinické souvislosti

Akutni projevy inkompatibility mimotélniho obéhu jsou v dnesni dobé jiz prakticky
potlaceny. Prudka aktivace komplementu méla zejména pfi pouziti celulézovych membran az
podobu anafylaktoidni reakce oznacované jako ,first use syndrome”. Mirné;jsi formy se pak
spolu s inkompatibilitou acetatového pufru podilely na poklesu saturace kyslikem béhem

prvni hodiny procedury (dialyzacni hypoxémie) [79].

Pozornost se proto obraci na dlouhodobé disledky opakovaného vystaveni mimotélnimu
obéhu [80]. Zda se, Ze mame pfinejmensim dobré teoretické dlivody hledat pficiny vysoké
umrtnosti dialyzovanych pacientd na infekce a komplikace aterosklerdzy také v oblasti
inkompatibility. Navzdory tomu nebyla dosud souvislost mezi biokompatibilitou mimotélniho

obéhu a mortalitou jednoznacné prokazana [6].

Hlavnim zdrojem vysoké mortality dialyzované populace je akcelerovana aterosklerdza a jeji
organové komplikace, predevsim chronické srdecni selhani a ischemicka choroba dolnich
koncetin [3]. Dva hlavni faktory spojované s aterosklerézou v obecné populaci, tedy
chronicka systémova inflamace a Uroven oxida¢niho stresu jsou u dialyzovanych pacientt
trvale pritomny ve zvySené mire [4, 81-83]. Oba systémy jsou vSak zaroven kauzalné i
mechanisticky vyrazné provazany, takze je velmi obtizné rozhodnout, nakolik se ktery z nich
podili na endotelidlni dysfunkci a strukturalnich zménach cévni stény, nebo je dokonce jejich

dasledkem.

Infekce predstavuji dalsi zasadni komplikaci chronického selhani ledvin a dialyzacni |écby
[84]. Na zvyseny vyskyt infekci plsobi, kromé polymorbidity pacientl a opakovaného
kontaktu s prostredim zdravotnickych zafizeni, do znac¢né miry také inkompetence
imunitniho systému, ktera m(iZze byt navozena a udrZzovana prdvé reakci na mimotélni obéh. |
v tomto bodé jsou vSak dostupné pouze nepfimé dlkazy zaloZzené na shodé

patofyziologickych mechanism( a experimentalnich modelech.



1.6. Vyhledy a vyzvy

Lze si predstavit, Ze budouci vyzkum vyvrati roli inkompatibility pfi rozvoji nejzavaznéjsich
komplikaci chronického selhani ledvin. Nebo se jeji podil mlze ukazat jako nevyznamny

v méfitku daném prlimérnym prezitim pacientl v dialyzacni 1éCbé. Je také moziné, ze
problém biokompatibility zanikne v dusledku pokroku biotechnologii (xenotransplantaci,
bioreaktor( apod.). S velkou mirou pravdépodobnosti vSak nebude nalezen material
mimotélniho obéhu, ktery by vyhovél ve vSech aspektech biokompatibility. Tak Ci tak,
znalosti ziskané pfi studiu inkompatibility mimotélniho obéhu jsou prenositelné i na dalsi
(implantabilni) prvky a pfedevsim prohlubuji nase porozuméni obecnym (pato)fyziologickym

mechanismdam.

Osidnost dlouhodobéjsich predpovédi védeckého a technologického vyvoje se jiz ukazala

mnohokrat (mozna dokonce vzdy), nékteré kratkodobé&jsi trendy vsak vysledovat lze:

= Ackoli redlné vyhody modernich biokompatibilnich membran nebyly jednoznacné
prokazany, jejich obliba bude zfejmé dale narlstat a v kratké dobé pravdépodobné zcela
vytlaci starSi generace dialyzatord. Pfi volbé materidlu bude stale vice kladen dlraz nejen
na kontrolu trombogenity a zanétlivé reakce, ale také na priznivé adsorpcni a filtracni

charakteristiky, resp. omezeni ptfimé toxicity (chemicka aditiva, zpUsob sterilizace).

= V oblasti antikoagulace dojde nejspiSe k navyseni podilu procedur vedenych v regionalnim
citrdtovém maodu, ocekdvat mlzeme i vyvoj specializovanych zafizeni usnadnujicich
rutinni provoz v tomto rezimu, tedy motivovanych biokompatibilitou, nejen docasnou

potfebou vyloudit systémovou antikoagulaci pro riziko krvaceni.

= RovnézZ v otazce dialyzacniho roztoku je mozné pozorovat postupny priklon k variantam
nahrazujicim acetatovy pufr citratovym, jak z divodu sniZzeni trombogenity (resp.

nezbytné davky systémové antikoagulace), tak pro jeho vyssi biokompatibilitu.

= Evoluci podléha také zpUsob provedeni a usporadani mimotélni procedury — jednorazové
pouziti dialyzator( se pravdépodobné stane standardem, pfinejmensim ve vyspélych
ekonomikach, pozadavky na kvalitu Zivota posouvaji vyvoj ve sméru stale propustnéjsich
membrdn, vysokych pritokd, ¢i domdci dialyzy, pfinaseji vsak s sebou také podstatné
nové vyzvy (udrzeni sterility, kontrola mechanického poskozeni krevnich bunék, ztrat

plazmatickych protein(, aj.).
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Dialyser bioincompatibility is an important factor
contributing to complications of hemodialysis with well
known systemic consequences. Here we studied the local
processes that occur on dialysis membranes by eluting
proteins adsorbed to the polysulfone dialyser membranes
of 5 patients after 3 consecutive routine maintenance
hemodialysis sessions. At the end of each procedure,

a plasma sample was also collected. These eluates and
their accompanying plasma samples were separated by
2-dimensional gel electrophoresis; all proteins that

were present in all patients were analyzed by tandem
mass spectrometry; and a ratio of the relative spot intensity
of the eluate to plasma was calculated. Of 153 proteins
detected, 84 were found in all patients, 57 of which were
successfully identified by mass spectrometry as 38
components of 23 unique proteins. In 10 spots the relative
eluate intensity differed significantly from that in the plasma,
implying preferential adsorption. These proteins included
ficolin-2, clusterin, complement C3c fragment, and
apolipoprotein A1. Our finding of a selective binding of
ficolin-2 to polysulfone membranes suggests a possible
role of the lectin complement pathway in blood-dialyser
interactions.
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Hemodialyser bioincompatibility has long been established as
an important factor in various complications accompanying
both chronic and acute hemodialysis (HD). Several aspects of
biological response triggered by blood exposure to a dialyser,
namely coagulation, complement level, and leukocyte activa-
tion, were recognized shortly after the introduction of the
artificial dialysis membrane into clinical practice.* In the
past decades, we gathered comprehensive information cover-
ing metabolic consequences of these processes; that is,
chronic micro-inflammation, enhanced oxidative stress, and
pro-coagulant condition.”® Although difficult to link directly
with increased mortality, bioincompatibility is held (at least
partially) responsible for accelerated atherosclerosis, mal-
nutrition, and thrombotic diathesis found in HD patients.””

Although we have ample data regarding systemic effects of
the interaction between artificial material surface and blood,
its molecular substrates remain obscure. Yet, understanding
the mechanisms responsible for foreign pattern recognition
and launching a subsequent reaction cascade could help us to
develop better-tolerated materials, and to prevent the adverse
sequelae. Most studies addressing this issue were accom-
plished under simplified laboratory conditions (by means of
phantoms and pre-fractionated plasma),'®™* or targeted onto
a predefined set of molecules.'>>* However, to investigate the
subject in its full complexity and in an unbiased manner, the
elution of dialysers used in regular HD and in the proteomic
approach is crucial.

Therefore, the aim of our study was to verify the elution
algorithm eligible for proteomic analysis, to highlight the
eluate proteome, and to qualify the potential molecules
involved in the blood-dialyser interaction. To the best of our
knowledge, this is the first trial studying with proteomic
method the full spectrum of proteins adsorbed by a
hemodialyser in a clinical setting.

RESULTS

The protein concentrations of both eluate (acetic acid) (449
(98.9, 2487.3)mg/l) and washout (ethylenediaminetetra-
acetic acid in phosphate buffered saline, PBS/EDTA) (260.3
(156, 779.4) mg/l) were significantly higher (P<0.001) than

Kidney International (2009) 76, 404-413
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in the final 10-ml flush (Plasmalyte) (24.4 (19.2, 27.6) mg/l).
The difference in protein concentrations between eluate and
washout was not statistically significant (P =0.17). Although
the variation in protein content was relatively low in the flush
(coefficient of variation, CV =22%), it was considerably
higher in the washout (CV=152%) and in the eluate
(CV=154%). Nevertheless, protein concentrations were
closely correlated in the latter two samples (r=0.82,
P<0.001).

In total, 45 gels derived from 15 dialyser eluates and the
corresponding plasma samples were analyzed. A representa-
tive two-dimensional (2D) gel-scanned image is shown in
Figure 1 to demonstrate the typical eluate proteome map.
There were 153 spots detected in at least one eluate sample,
84 of them were found in all 5 patients, and 44 were present
in all procedures. Protein spots were distributed along the
molecular weight (MW) range of 15-175kDa and pI range of
3.4-8.9. However, 95% of the overall protein spot intensity
was localized inside the interval of MW of 18-85kDa and pI
of 3.4-7.7. Besides that, samples of the PBS/EDTA washout
from three dialysers were used to prepare another nine gels
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Figure 1|Representative two-dimensional gel image of
dialyser eluate. Spots labeled with numbers were successfully
identified by tandem mass spectrometry analyses (see Table 1).
MW, molecular weight.
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and compared with corresponding plasma and eluate spot
patterns. As all the spots detected in the washout were
present in the acetic eluate as well, and the quantitative
analysis of relative spot intensities did not show any
significant differences between the washout and plasma, only
acetic eluates were submitted for further analysis.

Spot distribution is shown in Figure 2. Spots detected in
all patients (n=84) were excised from gels; 57 spots (those
labeled with numbers in Figure 1) were successfully identified
by mass spectrometry (MS) and tandem mass spectrometry
(MS/MS) analyses as 38 components of 23 unique proteins
(Table 1). Some of the identified spots contained multiple
isoforms of one protein (most likely because of post-
translational modifications), for example, ficolin-2 (spot
nos. 31-35) or dusterin (spot nos. 23-25). The protein identifica-
tions were further verified by the comparison of measured pl
and MW (estimated by the coordinates of the spots in gel)
with their theoretical values (as predicted by the protein
database). Confirmed identifications are marked with an
asterisk in Table 1. Discrepant MWs were common particu-
larly in albumin (spot nos. 28, 29, 3840) and in hemoglobin
(spot nos. 30, 42, 44) co-migrated with another protein.

In several protein spots (that is, complement C3,
mannose-binding lectin-associated serine proteases (MASP)
1 and 2), the measured MWs were lower than the theoretical
ones. This difference could be explained by the enzymatic
cleavage of their inactive forms. Figure 3 illustrates peptide
fragments and amino acid sequences of these proteins
established with MS and MS/MS analyses, and indicates the
presence of proteolytic cleavage products rather than full-
length or native forms. Moreover, MW and pl measured
in 2D gels corresponded better with the theoretical values
of their respective fragments: C3 complement (spot no. 26;
measured MW: 37kDa, pl: 4.8) vs C3c a-chain fragment 2
(theoretical MW: 39.5kDa, pl: 4.8); MASP-1 (spot no. 47;
measured MW: 44kDa, pl: 4.0) vs MASP-1 heavy chain
(theoretical MW: 49 kDa, pl: 4.9); and MASP-2 (spot no. 48;
measured MW: 39kDa, pl: 5.5) vs MASP-2A (theoretical
MW: 47.7 kDa, pl: 5.4).

The variability of eluate intensities of the corresponding
spots among patients (CV inter-individual) ranged from 6 to
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Figure 2 |Basic characteristics of proteins detected in dialyser eluate. (a) Molecular weight (MW) and (b) pl distributions of proteins
in dialyser eluate. Percentage per category of total spot number are given.
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Table 1| Proteins identified in eluates from dialysers used in clinical hemodialysis

Spot Swissprot PMF score/sequence MSMS peptide no./total ion CV inter-individual E/P
no. Protein name entry coverage score (%) ratio
1 78kDa glucose-regulated protein®  P11021 107/29% 4/110 36 0.65
Actin, a-cardiac muscle 12 P68032 60/25% NA 81 1.74
Actin, cytoplasmic 12 P60709 174/51% 9/723
3 Actin, cytoplasmic 12 P60709 64/45% 4/203 53 NM
4 Actin, cytoplasmic 1% P60709 NA 1/56 26 1.19
5 Albumin® P02768 260/69% 10/833 6 0.83
6 a-1-Antitrypsin® P01009 162/52% 4/413 13 0.93
7 o-1-Antitrypsin® P01009 194/54% 6/542
8 a-1-Antitrypsin® P01009 226/52% 6/425
9 o-1-Antitrypsin® P01009 140/43% 4/238
10 a-1B-glycoprotein P04217 113/33% 5/273 25 0.82
1 a-1B-glycoprotein P04217 180/41% 8/261 17 0.92
12 Antithrombin-Ill P01008 NA 1/52 25 NM
13 Apolipoprotein A-I? P02647 77/22% 6/234 45 0.73
14 Apolipoprotein A-I? P02647 121/50% 5/327 18 2.06"
15 Apolipoprotein A-I? P02647 NA 1/37 38 29.89*
Peroxiredoxin-2° P32119 132/41% 7/426
16 Apolipoprotein E? P02649 240/71% 9/962 176 11.44
17 Apolipoprotein E? P02649 113/41% 5/133
18 -2-Glycoprotein 1 P02749 95/48% 5/292 66 0.70
Ig -1 chain C P01876 NA 4/72
19 -2-Glycoprotein 1 P02749 83/47% 6/401 52 0.27*
Ig a-2 chain C P01877 NA 4/221
20 B-2-Glycoprotein 1 P02749 59/20% 3/132 22 0.24"
Ig a-2 chain C P01877 NA 1/31
21 -2-Glycoprotein 1 P02749 NA 1/44 49 0.52
22 Carbonic anhydrase 1° P00915 NA 4/279 69 NM
Flavin reductase P30043 NA 1/48
23 Clusterin? P10909 71/34% 2/112 20 9.08"
24 Clusterin® P10909 NA 3/61
25 Clusterin® P10909 NA 1/76
Apolipoprotein E? P02649 132/29% 6/135
26 Complement C3 P01024 66/13% 8/452 55 3.20%
27 Complement factor H? P08603 103/18% 6/394 79 NM
28 Complement factor H-related Q03591 NA 2/109 152 NM
protein 1
Albumin P02768 95/25% 5/186
29 Fibrinogen y-chain® P02679 94/47% 3/37 88 0.52
Albumin P02768 118/22 2/84
30 Fibrinogen B-chain® P02675 NA 3/81 31 0.275
Hemoglobin subunit-o P69905 NA 2/152
Hemoglobin subunit-$ P06727 NA 4/181
31 Ficolin-2® Q15485 NA 2/49 60 26.12%
32 Ficolin-22 Q15485 132/52% 6/554
33 Ficolin-2? Q15485 93/44% 7/470
34 Ficolin-22 Q15485 119/44% NA
35 Ficolin-2? Q15485 85/28% 5/419
36 Haptoglobin P00738 91/28 6/353 29 0.88
Apolipoprotein A-IV? P06727 45/17% NA
37 Haptoglobin® P00738 NA 1/31 14 0.94
Apolipoprotein A-IV? P06727 206/44% 8/441
38 Haptoglobin® P00738 88/17% 3/112 41 1.41
Albumin P02768 159/34% 6/336
39 Haptoglobin® P00738 NA 4/217 41 1.37
Albumin P02768 177/41% 7/451
40 Haptoglobin® P00738 NA 5/60 46 0.91
Albumin P02768 122/37% 5/261
41 Haptoglobin P00738 NA 4/224 57 1.82
42 Hemoglobin subunit-o P69905 59/58% 5/382 32 4.82*
Hemoglobin subunit-B P06727 101/78% 2/82
Ig x-chain C P01834 NA 4/407
43 Hemoglobin subunit-o® P69905 NA 2/152 39 39.22%
Hemoglobin subunit-? P06727 NA 4/181
44 Ig y-1-chain C P01857 74/41% 2/86 72 6.04
lg y-2-chain C P01859 89/34% 4/130
Table 1 continues on following page
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Table 1| Continued

Spot Swissprot PMF score/sequence MSMS peptide no./total ion CV inter-individual E/P

no. Protein name entry coverage score (%) ratio
Hemoglobin subunit-o P69905 NA 2/152
Hemoglobin subunit-B P06727 NA 4/181
Complement factor H-related Q03591 91/31% 5/300
protein 1°

45 lg k-chain C region P01834 56/75% 3/269 21 0.44*
Ig A-chain C regions P01842 NA 1/100

46 Lysozyme C P61626 NA 1/47 116 NM
Proline-rich protein 4 Q16378 NA 1/30

47 Mannan-binding lectin serine P48740 81/21% 6/374 77 NM
protease 1

48 Mannan-binding lectin serine 000187 NA 2/70 17 NM
protease 2

49 Plastin-2° P13796 70/27% 3/245 29 0.75

50 Serotransferrin? P02787 NA 2/62 19 1.04

51 Serotransferrin? P02787 65/13% 2/92

52 Serotransferrin® P02787 82/20% NA

53 Serotransferrin? P02787 170/27% 8/561

54 Serum amyloid P? P02743 60/24% 4/134 19 1.10

55 Vimentin® P08670 289/65% 10/726 16 1.04

56 Vitamin D-binding protein® P02774 NA 4/339 28 1.13
Vimentin® P08670 193/46% 6/271

57 Vitamin D-binding protein? P02774 105/31% 8/536 91 1.46

CV, coefficient of variance; E/P, eluate-to-plasma ratio of relative spot intensities; MSMS, tandem mass spectrometry; MW, molecular weight; NA, not applicable (identification
by mass spectrometry (MS) or tandem mass spectrometry (MS/MS) was not done or was unsuccessful); NM, not matched (eluate spot could not be matched with plasma

unambiguously); PMF, peptide mass fingerprinting.

Mean E/P ratios (from five patients, three hemodialysis procedures each) are given for all proteins matched to plasma. Relative protein spot intensities were compared in

eluates and plasma (*P<0.01, **P<0.001).

For proteins represented by multiple spots, cumulative intensities of all spots were used to calculate CV and E/P. Therefore, only one value is given for each variable covering

all spots containing a specific protein.

?Spots whose measured MW and pl were in agreement with their theoretical values.

176% (Table 1), whereas the method variability (mean CV
inter-gel) reached 27%. A comparative analysis of the eluate
proteome to matched plasma profile of the respective
patients revealed significant differences (with >two-fold
changes in the eluate-to-plasma (E/P) ratio, P<0.01) in
levels of 10 proteins (Table 1). Relative intensities of high-
abundant plasma proteins (albumin, transferrin, hapto-
globin, o-1l-antitrypsin) in eluates were similar to plasma
(E/P =0.5-2) (Table 1). Only fibrinogen - and y-chains were
depleted in eluates (spot no. 30, E/P =0.28 and spot no. 29,
E/P=0.52, respectively), whereas immunoglobulin light
chains seemed enriched (spot no. 42, E/P =4.8) (Table 1).
Nevertheless, the latter spot was co-migrated with hemoglo-
bin a- and B-chains, and the spot intensity varied profoundly
among samples. In several low-abundant plasma proteins,
pronounced differences in eluate and plasma intensities were
detected ranging from E/P =3.2 (P =0.007) for complement
C3 (spot no. 26; Figure 4) to E/P =26.1 (P<0.001) in the case
of ficolin-2 (spot nos. 31-35 cumulative intensity; Figure 4).
Figure 5 shows quantitative data of plasma proteins, the levels
of which were significantly higher in eluates than those in the
plasma. Naturally, several intracellular proteins, for example,
hemoglobin (spot no. 43) or peroxiredoxin (spot no. 15), reached
an even higher E/P ratio (39 and 29, respectively), or were
not matched to plasma at all (spot no. 22; carbonic anhydrase,
flavin reductase). Therefore, hemoglobin was considered the
major contaminant released from erythrocytes entrapped
within the dialysers. To avoid an error in the assessment of
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eluate protein quantities (and consequently E/P ratios), spots
containing hemoglobin were excluded from the integrated
spot density while calculating relative intensities.

DISCUSSION

Proteins adsorbed to the polysulfone dialysis membrane
during clinical HD were investigated using proteomic tools in
five patients treated with chronic HD. A stepwise elution of
the dialysers was performed following routine procedures,
thrice in each patient. Proteins thus obtained were separated
by electrophoresis on two-dimensional polyacrylamide gels
(2-DE), and their relative intensities were measured. The
results were then compared with the corresponding plasma
protein patterns. Prominent spots were excised and identified
by MS.

To minimize the contamination of desorbed proteins, we
adopted a sequential elution algorithm. As soon as the
patient was disconnected, the dialyser was flushed with saline
to remove the residual plasma and cells. Protein concentra-
tion in the final 10 ml of this flush was negligible (compared
with plasma) and similar in all patients, suggesting simple
kinetics of plasma washout. In the next step, we applied
EDTA solution, which had been shown earlier to detach
adhering leukocytes more effectively than PBS alone.”
Finally, elution with acetic acid was performed, because it had
been used successfully to solubilize adsorbed proteins while
preserving them for proteomic analysis.** Protein denatura-
tion and solubilization, necessary for 2D electrophoresis, can

407



original article

J Mares et al.: Proteins adsorbed onto polysulfone dialyser

TVTAEGKGQG TLSVVTMYHA
TR SILDISMMTG F.
§ FEVHQYFNVE
1501 KLNKLCRDEL CRCAEENCFI QKSDDEKVTLE

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

1020

1080

1140

1200

1260

5 B 1320
FDLKVTIKPA PETEKRPQDA 1380

) /DRYIS KYELDKAFSD 1440
AYYNLEESCT RFYHPEKEDG 1500

KACEPG VDYVYKTRLV KVQLSNDFDE 1560

1561 YIMAIEQTIK SGSDEVQVGQ QRTFISPIKC ALKI { HYLMV 0 F 1620

1621 1 {DTWVEH WPEEDECQDE ENQKOC( FTE
b 1 21 41 51
1 MEW A

H TV Q GY TVPDGFRIKL 60

61 YFMHFNLE KV ETEDQVLATF GSFMSITFRS 120

121 DFSNEERFT! HY M OV DE E LSCDHYC F GYILHTDNRT 180

181 CRVECSDNLF TQRTGVITS. / 240

241 PCPYDYIKIK VI LGFFC APEFI 300

301 CPELQFPPVHG K EMDTFQIECL 360

361 TCRIVDCRAFP YYEMLNNNTG 420

421

480

481 540

541 600

601 660

661

Figure 3 | Peptide fragments and sequence coverage of complement C3 and mannose-binding protein-associated serine protease-1
(MASP-1) identified in dialyser eluate. Complement C3 (a) and MASP-1 (b) amino acid sequences (in one-letter code). C3c a-chain
fragment 2 (1321-1663) and MASP-1 heavy chain (20-448) are framed within a box. Peptides covered by peptide mass fingerprinting are
highlighted in bold; sequences confirmed by tandem mass spectrometry are underscored.

be achieved by means of acidic, alkaline, chaotropic, or
detergent agents. Ishikawa et al>* report, having tested
acetic acid, bicarbonate, urea, and sodium dodecylsulfate
(SDS) to find, acetic elution to be the most efficient. This
observation has been confirmed by us; acetic acid has been
shown to be superior to SDS in a preliminary sequential
elution study (see Supplementary Table 1).

In our experiment, recirculation with PBS/EDTA yielded a
protein at a concentration an order of magnitude higher than
the final portion of PBS flush. This protein gain can be
explained by the release of proteins attached to the dialyser,
considering the inert nature of PBS, probably because of
convective forces and equilibrium shift between adsorp-
tion and desorption occurring in a protein-free medium.
Moreover, the protein profile of the PBS/EDTA washout
resembled that of acetic eluate (see Supplementary Figure 1).
The following elution with acetic acid induced an additional
discharge of more firmly bound proteins, which even slightly
exceeded the first one. Taking into account the high variation
of the protein content, the adsorption seems to be patient-
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and procedure-dependent. The described advantage of acidic
eluent over other solvents can be theoretically attributed to
the surface negativity of polysulfone membrane ({-potential
—5mV), which would be suppressed by strong anions thus
dissociating electrostatic bindings.

In eluates, the complete spectrum of MW and pl fractions
detectable with the 2-DE technique was discovered, thus
substantiating the use of proteomic rather than the targeted
approach. Of the 153 protein spots, 84 were present in all
patients constituting the typical proteome adsorbed to a
hemodialyser during clinical HD. Among them, 23 unique
proteins were identified with MS. Most of them were
plasma proteins, both high (serum albumin, transferrin,
o-1-antitrypsin, haptoglobin, immunoglobulin chains) and
low abundant (MASP-1 and MASP-2, ficolin-2, clusterin,
etc.). However, several proteins arose from the blood cells,
mainly erythrocytes (hemoglobin «- and B-subunits, peroxi-
redoxin, carbonic anhydrase).

The only available trial addressing a similar issue with pro-
teomic technology was performed ex vivo, using minidialysers
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composed of cellulose diacetate or ethylenevinyl alcohol,
and blood treated with EDTA."> Nine proteins, mostly high
abundant, were identified in this model, all of which were
also detected in our setting, except aspartyl-tRNA synthetase.

Yet, none of these proteins were clearly related to comple-
ment, coagulation, or leukocyte activation.

Mulzer and Brash *° selected 16 plasma proteins, mainly
those engaged in blood clotting and complement activa-

- A L

38 39 40
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Figure 4 |Enlarged images of corresponding sections in
gels derived from dialyser eluate and plasma. Significant
differences in relative intensities of plasma proteins identified
in (a) dialyser eluate compared with (b) plasma. The highest
eluate-to-plasma ratio (E/P) of spot intensity was detected in
ficolin-2 (spot nos. 31-35), clusterin (spot nos. 23-25), and
complement C3c fragment (spot no. 26).

tion, and tested their presence in various dialyser eluates
using specific immunoassays. All high-abundance proteins
reported in this experiment were also identified by us,
namely albumin, transferrin, immunoglobulin, fibrinogen,
o-1-antitrypsin, apolipoproteins, and haptoglobin. Mulzer
and Brash® found the adsorption of low-abundance proteins
to be largely dependent on the dialyser type. Cuprophane,
which is considered standard in terms of bioincompatibility,
bound substantially various cleavage products of HMWK
(high MW kininogen), antithrombin III, C3 (mainly C3c
and C3d), fibronectin, and o2-macroglobulin. Of these, the
C3c fragment and antithrombin III stained as strong bands
during immunoblot and were also confirmed in our study.
The absence of HMWK, fibronectin, and o2-macroglobulin
fragments in our experiment may reflect different properties
(biocompatibility) of polysulfone, as well as the lower sen-
sitivity of MS detection (respective bands were assessed as
moderate or weak by Mulzer and Brash ).

Several lines of references indicate that many of the
adsorbed proteins identified in this study are involved in
blood-dialyser interaction. These included complement C3,
ficolin-2, clusterin, MASP-1, MASP-2, complement factor H,
and complement factor H-related protein 1, which partici-
pate in complement activation, as well as*>”° fibrinogen,
antithrombin, and B-2-glycoprotein-1, which control blood
(:oagu121tion,31’32 and serum amyloid P, which mediates
leukocyte adhesion and activation.’® To ascertain proteins
undergoing selective adsorption, and hence possibly a spe-
cific interaction with the dialyser membrane, we calculated
E/P ratios. Although 2-DE allows only estimation of protein
quantities, and low E/P may be caused by imperfect elution,
as well as by lack of affinity to the dialyser; it is reasonable to
consider high E/P as evidence of preferential binding. In this
manner, the relevance of ficolin-2 and clusterin has been
emphasized.

Ficolin-2 (MW =34KkDa, its synonyms include r-ficolin
and hucolin) is a lectin family member secreted in the
plasma, and complexed with serine proteases, particularly
MASP-1 and MASP-2. It acts as a soluble pattern recognition
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Figure 5| Plasma proteins identified in dialyser eluate and that reached significantly different relative spot intensities in eluate vs
plasma. Statistical significance was tested using Mann-Whitney rank sum test.
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protein, which upon binding to polysaccharide bacterial wall
promotes auto-cleavage of MASPs, and thus initiates the
lectin complement pathway.”* In addition, it has an opsonic
activity,”>>® and both MASP proteases cleave prothrombin
and trigger blood clotting.’”*® The role of the lectin pathway
in biomaterial-induced inflammation has not been evaluated
so far, and both alternative and classical pathways have been
attributed major significance. According to the accepted
models, the classical pathway accounts for the initiation of
the process, whereas the alternative pathway (demonstrated
by complement factor B conversion) is responsible for its
amplification.”® Nevertheless, it may be difficult to discern
the classical from the lectin pathway, as most studies dealing
with this issue determine complement activation according
to C5a or C4a levels, and this part of the cascade is shared by
both pathways. Namely, the activated MASP cleaves C4, which
in turn activates C2 thus, giving rise to C3 convertase (C4b2a);
C3b is central to all the three pathways. Substrate specificity of
the ficolins has been addressed before, and includes various
kinds of acetylated oligosaccharides;‘m’41 however, a possible
capacity of polysulfone membrane to activate ficolin-2 and
associated MASP should be confirmed directly.

Our data show excessive binding of ficolin-2 (spot
nos. 31-35; E/P=26.1) in a clinical setting together with C3c
fragment (spot no. 26; E/P = 3.2). C3c is a degradation product
of activated C3b providing evidence of both C3 activation
and subsequent C3b inactivation. Relative abundance of
C3c in eluates from cuprophane dialysers was reported in
early studies, whereas only minimal amounts of C3d were
obtained.””** This is easily comprehensible as the latter
fragment contains the thioester site covalently binding to the
surface,® and its release is not probable under the described
elution conditions. Moreover, we documented the concurrent
presence of the activated forms of MASP-1 (spot no. 47) and
MASP-2 (spot no. 48)** which infer a possible connection
between ficolin adsorption and C3 activation. Therefore, it is
conceivable that ficolin-2 adsorption and lectin pathway
contribute to complement activation, as well as leukocyte
adhesion and perhaps even blood coagulation.

Factor H adsorption to polyanionic surfaces recognized as
‘self” and the subsequently enhanced degradation of C3b have
been shown to play a role in tissue protection from improper
complement-dependent lysis.*>*>** Yet, complement factor
H and its related protein-1 (key regulatory molecules of the
alternative pathway) detected in our experiment showed low
relative quantities, and were hardly matched with the plasma
(complement factor H has MW > 130kDa, and was located
in a low-resolution area on 13% gels). Quite speculatively,
adsorption of factor H and its related protein 1, evidenced in
our study, could be, in part, responsible for the accelerated
turnover of C3b (we showed the adsorption of its cleavage
fragment C3c only; no intact C3b was observed).

Another candidate biocompatibility factor derived from
our results is clusterin (complement cytolysis inhibitor, spot
nos. 23-25; E/P =9.1), which is a plasma protein consisting
of two non-identical subunits (each ~35kDa). Clusterin has
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been shown to interfere with the soluble membrane attack
complex (C5b-9) formation, and to prevent (or limit)
cytolysis in this manner.** Biological consequences of its
adsorption are difficult to predict; we may hypothesize that
enhanced clearance of clusterin by binding to the dialyser
membrane could increase the burden brought about by
complement activation due to lack of circulating clusterin
(as observed in experiment).47

In several other proteins, their role in the blood-
dialyser interaction (while plausible) is difficult to define.
The B-2-glycoprotein-1 is an important inhibitor of the
contact phase system neutralizing negatively charged surfaces
and suppressing the intrinsic blood coagulation pathway.
Binding of the B-2-glycoprotein-1 to a dialyser might have a
favorable effect on thrombogenicity, yet its eluate quantity
was significantly decreased (E/P below 0.5). Nevertheless, its
spots on the 2D gels overlapped with the immunoglobulin
heavy chains fraction, which might have substantially
corrupted the quantification. It has been proposed that actin
and vimentin co-assemble under the guidance of fimbrin
(1-plastin) at the cell adhesion sites of macrophages.*® All
these proteins were identified in the dialyser eluate; how-
ever, it is questionable whether their presence in the eluate
predicates more than leukocyte lysis.

In summary, we report an elution technique allowing the
preparation of proteins adsorbed to a dialyser during clinical
HD. The proteins obtained were subjected to gel electro-
phoresis and subsequently to MS to show their applicability
for proteomic profiling. To screen out proteins undergoing
preferential adsorption, and hence presumably a specific
interaction with the dialyser, we calculated the E/P ratios of
relative spot intensities. The proteins concentrated signifi-
cantly in the eluate were considered to be potentially engaged
in the blood—dialyser interaction. These criteria were met,
especially in ficolin-2 and clusterin, both of which play an
important role in complement activation (ficolin-2 is also
a potent opsonic agent). With respect to our data, we
hypothesize that the lectin pathway could contribute to
complement activation occurring on contact of human blood
with the polysulfone hemodialyser.

MATERIALS AND METHODS

Patients and treatment

Patients were recruited at the Hemodialysis Center of the Charles
University Teaching Hospital in Plzen, and the study protocol was
approved by the Institutional Ethics Committee. Inclusion criteria
were as follows: regular HD for more than 3 months, established
4-h dialysis thrice a week with F6 dialyser (polysulfone, 1.3m?
Fresenius Medical Care, Bad Homburg, Germany), native arterio-
venous shunt allowing blood flow for 300 ml/min or more, and
heparin anticoagulation with a total dose (bolus+ continuous)
4000-6000i.u. as per procedure. Patients meeting the following
criteria were excluded from the study: current or past anti-
coagulation treatment (oral or parenteral) other than during the
dialysis session, history of thrombotic complication or known
coagulation disorder, diabetes mellitus, inflammation,
malignancy, or liver disease. Within a 3-week screening period,

active
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the heparin dose was maintained, and the proportion of the
dialyser filled with coagulum was assessed visually at the end of
every procedure. A semi-quantitative scale commonly used in the
center was applied (1 =no visible clot; 2 =up to 50% capillaries in
the dialyser filled with clot; 3 = more than 50% capillaries filled with
clot; 4 =macroscopic coagulum in the lines, outside the dialyser;
5=complete obstruction of the extracorporeal circuit), and only
patients with a score of 1 or 2 were considered eligible.

Finally, five patients aged 58-82 years, treated with HD for 542
months were included in the study. In this group, hemodialysers
were eluted on three consecutive procedures, following the protocol
described below. All HD sessions were performed routinely; that is,
blood flow (300 ml/min), dialysate flow (500 ml/min), and ultra-
filtration rate (250-500 ml/h). At the end of the HD session, 4 ml of
plasma was collected, and blood residuum left in the lines was
retrieved using 250-ml rinse (Plasmalyte, Baxter, Deerfield, IL,
USA). Thereafter, the patient was disconnected from the system
and the dialyser was flushed immediately with another 1000 ml
Plasmalyte solution. The final 10 ml of this flush was gathered from
the dialyser outlet and stored at —80°C.

Elution protocol and sample preparation

The F6 dialyser has a declared priming volume of 78 ml. Initially, it was
emptied and directly filled with 80ml of 3mm EDTA (EDTA/PBS,
pH = 7.4), thereafter it was re-circulated with the peristaltic pump (flow
rate: 80 ml/min) at 24°C for 30 min to detach and wash out adhering
leukocytes. The dialyser was drained thereafter; the obtained fluid was
centrifuged at 1200¢ at 4°C for 10 min. The supernatant, denoted as
washout, was separated from the sediment containing cells and stored
at —80°C. The dialyser was immediately loaded with 80ml of 40%
acetic acid, re-circulated again with a flow rate of 80 ml/min at 24°C
for 30 min, emptied, and the resulting eluate was centrifuged at 4000 g
at 4°C for 10 min to remove cellular detritus, and stored at —80°C.

To minimize salt contamination, eluates were dialyzed against
ultra-high quality water at 4°C (10 exchanges, 1.51 each) using a semi-
permeable membrane with a molecular mass cutoff at 7kDa (Serva-
Electrophoresis, Heidelburg, Germany) for 5 days. Dialyzed samples
were concentrated by vacuum evaporation (SpeedVac, Thermo Fisher
Scientific, Waltham, MA, USA), and the proteins were dissolved in a
lysis buffer (7m urea, 4% 3-[(3-Cholamidopropyl)dimethylammonio]-
1-propanesulfonate, 40 mm Tris base, 2 M Thiourea, 2% immobilized pH
gradient, IPG, buffer pH 3-10, 120 mm dithiotreitol, DTT). Blood samples
(4ml) were processed by centrifugation only (at 4000¢ and 4°C for
10min) to separate plasma (supernatant). Protein concentrations in all
samples were assessed using Bradford’s dye-binding assay (Bio-Rad
Protein Assay, Bio-Rad Laboratories, Hercules, CA, USA).

To assess the effectivity of the elution process, we performed
additional studies evaluating a sequential elution with an SDS
detergent. Two dialysers were eluted consecutively either with
40% acetic acid followed by 10% SDS or vice versa. The protein
quantities obtained were 9.33 and 0.014mg using the eluent
sequence acetic acid-SDS, whereas 6.99 and 2.85mg were eluted
when the inverse order was used. However, in case of SDS sub-
sequent to acetic elution, the protein concentration (0.21 pg/ml) was
at the detection limit of the method.

Two-dimensional electrophoresis

Urea, CHAPS, Tris base, thiourea, SDS, DTT, IAA (iodacetamide),
and bromphenol blue used during the preparation were purchased
from Sigma (Sigma-Aldrich, Steinheim, Germany); immobilized
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IPG buffer (ZOOM carrier Ampholytes 3-10) was purchased from
Invitrogen (Invitrogen Corporation, Carlsbad, CA, USA). Equally,
200-ug proteins in both the eluate and plasma samples were mixed
with rehydration buffer (7M urea, 4% CHAPS, 40 mMm Tris base,
2 M Thiourea, 2% IPG buffer pH 3-10, 120 mm DTT, and a trace of
bromophenol blue) to obtain the final volume of 140 pl. Samples
were then rehydrated in IPG strips (7.7-cm length, pH 3-10
nonlinear; Invitrogen), and focused in a MiniProtean cell (Bio-Rad).
IPG strips were rehydrated passively for 1h and actively for 10h at
30V, followed by a stepwise isoelectric focusing (IEF) as follows:
200V until 400 Vh were reached, 450V for another 500 Vh, 750 V
for another 900 Vh, and finally 2000V for the other 10,000 Vh. After
isoelectric focusing, the IPG strips were equilibrated in the equili-
bration buffer 1 (112mwm Tris-base, 6 M urea, 30% v/v glycerol,
4% wi/v SDS, 130mM DTT, and a trace of bromophenol blue) for
30 min, and subsequently alkylated in buffer 2 (112 mm Tris-base,
6 M urea, 30% v/v glycerol, 4% w/v SDS, 135 mm IAA, and a trace of
bromphenol blue) for 30 min. Each equilibrated IPG strip was placed
on the top of a 13% polyacrylamide gel (9 x 7 cm) and covered with
0.5% agarose. Second-dimension separation was performed with
65 mA per gel at 20°C until the bromophenol blue dye front reached
the bottom of the gel. At the end of each run, the 2D gels were
stained with Simply Blue (Invitrogen), and scanned with an Epson
Perfection 4990 Photo scanner (Epson, Long Beach, CA, USA).

2-DE pattern analysis and statistics

Computer-aided analysis of 2-DE gel images was carried out using
PDQuest 2D software version 8.1 (Bio-Rad). A synthetic image was
constructed out of the triplicated gels processed from each sample,
using only the spots constantly present in at least two gels. The
protein quantity was determined relative to the integrated spot
density. The intensity levels of the protein spots in the eluate
samples were compared with those of the corresponding or matched
spots of the plasma samples collected from the same patients, and
expressed as E/P ratios. Quantitative differences were considered
significant when showing at least a two-fold intensity variation. The
statistical analysis was performed using the SigmaPlot/SigmaStat
data analysis software (version 12.0, SPSS Inc., Chicago, IL, USA).
The inter-gel variability was determined as the CV of relative spot
intensities across triplicates. Moreover, the inter-individual vari-
ability (CV among patients) was assessed in identified spots.
Mann-Whitney rank sum test was used to compare the continuous
variables. Data are given as medians (ranges), differences were
considered statistically significant if the P-values were below 0.01.

In-gel tryptic digestion

Acetonitrile  (ACN), ammonium bicarbonate, DTT, IAA, TFA
(trifluoroacetic acid), formic acid, and CHCA (o-cyano-4-hydroxy-
cinnamic acid) were purchased from Sigma. Spots detected in all
patients were excised manually. The SimplyBlue stain (Invitrogen
Corporation, Carlsbad, CA, USA) was removed by washing with
50 mM ammonium bicarbonate and ACN. Proteins in the gel were
reduced with 10 mm DTT/50 mm ammonium bicarbonate at 56°C for
45 min and alkylated with 55 mm IAA/50 mm ammonium bicarbonate
(for 30 min, in the dark at room temperature). Gel plugs were washed
with 50 mm ammonium bicarbonate and ACN and dried by SpeedVac.
Dried gel particles were rehydrated with a digestion buffer containing
12.5ng/ul sequencing grade trypsin (Roche, Basel, Switzerland) in
50 mmM ammonium bicarbonate at 4°C. After 45 min, the remaining
solution was removed and replaced by 0.1 M ammonium bicarbonate.

411



original article

J Mares et al.: Proteins adsorbed onto polysulfone dialyser

Tryptic digestion was performed overnight (37°C). After digestion,
proteolytic peptides were subsequently extracted with 25 mM ammo-
nium bicarbonate, ACN, and 5% formic acid. The three extracts were
pooled and 10mm DTT solution in 50 mM ammonium bicarbonate
was added. The mixture was then dried using SpeedVac and the
resulting tryptic peptides were dissolved in 5% formic acid solution
and desalted using ZipTip pC18 (Millipore, Bedford, MA, USA).

MALDI (matrix-assisted laser desorption/ionization)

TOF (time-of-flight) tandem MS and protein identification
Proteolytic peptides were mixed with CHCA matrix solution (5 mg/ml
CHCA in 0.1% TFA/50% ACN 1:1, v/v) in a 1:1 ratio, and 0.8 pl of this
mixture was spotted onto the MALDI target. All mass spectra were
acquired at a reflectron mode using a 4800 MALDI TOF/TOF Analyzer
(Applied Biosystems, Framingham, MA, USA). A total of 2000 and
3000 laser shots were acquired and averaged to MS and MS/MS
spectra, respectively. The MS/MS analyses were performed using
collision energy of 1kV and collision gas pressure of 1.3 x 10~ ° Torr.
MS peaks with a signal-to-noise ratio above 15 were listed, and the
15 strongest precursors with a signal-to-noise ratio above 50 among
the MS peaks were automatically selected for MS/MS acquisition (see
Supplementary Data 1-3). A mass filter was used to exclude autolytic
peptides of trypsin.

The resulting data were analyzed using the GPS Explorer 3.6
(Applied Biosystems) software. Proteins were identified by search-
ing against the human subset of the Swissprot protein database
(Swiss Institute of Bioinformatics, Basel, Switzerland) (release 54.6;
4 December 2007) using the MASCOT 2.1.0 search algorithm
(Matrix Science, London, UK). The general parameters for the
peptide mass fingerprinting search were considered to allow maxi-
mum one missed cleavage, +50p.p.m. of peptide mass tolerance,
variable methionine oxidation, and fixed cysteine carbamidomethyl-
ation. Probability-based molecular weight search scores were
estimated by comparison of the search results against the estimated
random match population, and were reported as —10log;o(p) where
p is the absolute probability. MOWSE scores > 55 were considered
significant (P<0.05) for peptide mass fingerprinting. A peptide
charge state of 4 1 and fragment mass tolerance of +0.25 Da were
used for the MS/MS ion search. Individual MS/MS ions scores > 28
indicated identity or extensive homology (P<0.05) for the MS/MS
ion search.
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Fractionated Plasma Separation, Adsorption and Dialysis (Prometheus) has a well-documented capacity
to remove protein-bound organic toxins in patients with liver failure. However, the compositions of
adsorbed proteins remain unknown. Elution of both adsorbers constituting Prometheus system was
performed following a 6-h session in a patient with acute on chronic liver failure. Sodium dodecylsul-
phate was employed to elute proteins from the neutral adsorber (P1), while acetic acid was applied to
the cationic one (P2). Eluted proteins were resolved by two-dimensional gel electrophoresis (2-DE)
and identified by mass spectrometry (MS). Totally, 4113 and 8280 mg of proteins were obtained from
P1 and P2 eluates, 2-DE yielded 148 and 163 protein fractions in P1 and P2, respectively. MS identified
18 unique proteins in P1, and 30 unique proteins in P2 sample. Proteins with the highest selective
adsorption (as determined by eluate to plasma ratio) included transthyretin (37), trypsin-2 (29),
prothrombin (23), hyaluronan-binding protein 2 (13) and plasma retinol-binding protein (8.7), all of
which adsorbed to P2. We identified a large number of proteins removed by extracorporeal liver support
system. A selective adsorption was demonstrated in a subset of proteins depending on the type of

adsorber and proteins’ characteristics.

Keywords: Liver failure e adsorption e proteome e elimination ¢ Prometheus

Introduction

Temporary replacement of liver function by means of
Fractionated Plasma Separation, Adsorption and Dialysis
(Prometheus) is a novel technology available for patients with
acute and acute on chronic liver failure."? There is a consider-
able pool of patients who may benefit from extracorporeal liver
support if it proves effective and safe. In the near future,
treatment of patients with liver metastases (colorectal cancer,
etc.), exploiting new techniques of liver resection, could depend
on the possibility of bridging the patient over the period
necessary for transplant procurement or liver regeneration.
Improving outcomes of liver transplants and new approaches
to stimulation of liver regeneration (growth factors administra-
tion, stem cells technology, etc.) are promising definitive
solutions in such cases. In some patients with toxic liver
damage (e.g., alcoholic), spontaneous recovery may be awaited.

The system’s capacity for removal of both water-soluble and
albumin-bound toxins generated and retained in liver failure
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(bilirubin, ammonium, phenols, cholic acids, etc.) has been
well-established.>* However, we have very limited information
about the elimination of other compounds. Available data show
that plasma levels of high-abundance proteins (i.e., albumin,
fibrinogen, and IgG) remain virtually unchanged during the
procedure.’ Significant clearance of peptides and proteins (e.g.,
p2-microglobulin) by adsorption has been demonstrated to
occur during hemodialysis.® 8 By virtue of its design, Prometheus
is much more prone to adsorb proteins, especially due to its
adsorbing capacity for hydrophobic molecules and owing to
the beads’ microarchitecture (with vast surface exposed to
plasma).

Liver failure is associated with impaired proteosynthesis,
accumulation, and dysregulation of signaling peptides and
cytokines. Therefore, it seems crucial to ascertain proteins
removed by the method before we investigate it in large clinical
trials or even adopt in routine practice. We can speculate that
removing proteins, especially those with high biological activi-
ties, can either improve or further deteriorate the vulnerable
equilibrium in patients with liver failure. This issue has been
addressed by several groups of investigators. Rifai et al.®> did
not find changes in plasma levels of interleukin-6 (IL-6), tumor
necrosis factor-a (TNF-a), and coagulation factors II and V
during Prometheus procedure. However, Stadlbauer et al.’
observed differential concentrations of IL-6, IL-8, IL-10 and

10.1021/pr800966w CCC: $40.75  © 2009 American Chemical Society
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TNF-a between the inlet and outlet of the system and showed
that their clearance was probably outweighed by rapid
production.

As the system has a high affinity to both hydrophilic and
hydrophobic molecules, and the plasma-filter used to separate
plasma from blood cells has a molecular weight (MW) cutoff
of 300 kDa,'® there is a wide range of plasma proteins
susceptible to adsorption and removal. A selection of target
molecules for analysis seems to be quite difficult under these
circumstances. It is therefore disputable whether we can derive
system’s characteristics (in terms of substance clearance) from
plasma concentrations of selected proteins measured with
specific immunoassays. However, recent advancement in the
postgenomic biotechnologies, particularly proteomics that can
simultaneously examine a large number of proteins with a wide
variety of physicochemical properties, may overcome this
limitation.

The aim of this study was to develop a technique allowing
analysis of proteins adsorbed to the Prometheus system, to
validate it by accomplishing proteomic identification of pro-
teins released by the elution, and to provide a pilot character-
istic of the proteins adsorbed to the Prometheus adsorption
units.

Methods

Patient and Treatment. A 37 year-old man who suffered
acute on chronic liver failure due to alcohol abuse was treated
with a 6-h session of Fractionated Plasma Separation, Adsorp-
tion and Dialysis (Prometheus; Fresenius Medical Care, Hom-
burg, Germany) under citrate anticoagulation. Before the
procedure, a plasma sample was drawn for blood tests and
proteomic analysis. At the end of the procedure, the system
was flushed with 500 mL of replacement solution (Plasmalyte,
Baxter, Deerfield, IL) and disconnected from the patient. The
study protocol has been approved by the local ethics committee.

The Prometheus circuit included two adsorber cartridges,
each of which had a filling volume of 90 mL. These cartridges
contained adsorbing beads (styrenedivinyl benzene copolymer),
one composed of neutral resin (Prometh 1), whereas the other
one had anion exchanger properties (Prometh 2). Both units
were emptied and flushed three times with 500 mL of PBS (pH
7.4). The protein concentration in the last flush was assessed
with Bradford’s dye-binding assay (Bio-Rad Protein Assay, Bio-
Rad Laboratories; Hercules, CA).

Protein Elution and Sample Preparation. To elute the
adsorbed proteins, Prometh 1 was filled with 90 mL of 10%
SDS (SDS for electrophoresis, Sigma, Steinheim, Germany) and
Prometh 2 was filled with 90 mL of 40% acetic acid (p.a.,
Sigma). After 30-min incubation at 24 °C, both capsules were
drained. The eluates are henceforth referred to as P1 (from
Prometh 1) and P2 (from Prometh 2). The eluates (10 mL) were
precipitated with 40 mL of acetone (Sigma), incubated at —20
°C for 30 min and spinned down (4500g, 30 min, 4 °C). The
protein pellets were washed once with 8 mL of a mixture of
acetone—methanol—water—acetic acid (80:10:9.9:0.1), centri-
fuged as above, air-dried, and dissolved in 2 mL of lysis buffer
(7 M urea, 4% CHAPS, 40 mM Tris base, 2 M Thiourea, 2% IPG
buffer pH 3—10, and 120 mM DTT). To minimize salt contami-
nation, P1 and P2 eluates were dialyzed against ultrahigh
quality water using a semipermeable membrane with a MW
cutoff at 7 kDa (Serva-Electrophoresis; Heidelburg, Germany)
using five exchanges. P1 and P2 samples were then concen-
trated in a SpeedVac and proteins were resuspended in the lysis

research articles

buffer (same as above). Blood sample (4 mL) was processed
by centrifugation only (10 min, 4 °C, 4000g) to separate plasma
(supernatant).

Two-Dimensional Electrophoresis (2-DE). All reagents were
supplied by Sigma; IPG buffer (ZOOM carrier Ampholytes
3—10) was purchased from Invitrogen (Invitrogen Corporation,
Carlsbad, CA). P1, P2, and plasma samples (all in triplicate)
were diluted with rehydration buffer (7 M urea, 4% CHAPS, 40
mM Tris base, 2 M Thiourea, 2% IPG buffer pH 3—10, 120 mM
DTT, and a trace of bromophenol blue) to the final protein
concentration of 200 ug in 140 xL. Samples were applied on
IPG strips (7.7 cm, pH 3—10 nonlinear; Invitrogen) and focused
in a MiniProtean cell (Bio-Rad). Isoelectric focusing (IEF) was
performed as follows: IPG strips were rehydrated passively for
1 h and actively for 10 h at 30 V followed by stepwise of
200—750 V until 10 000 Vh was reached. After IEF, the IPG strips
were equilibrated in equilibration buffer I (112 mM Tris-base,
6 M urea, 30% (v/v) glycerol, 4% (w/v) SDS, 130 mM DTT, and
a trace of bromophenol blue) for 30 min, and subsequently
alkylated in buffer II (112 mM Tris-base, 6 M urea, 30% (v/v)
glycerol, 4% (w/v) SDS, 135 mM IAA, and a trace of bromophe-
nol blue) for 30 min. Each equilibrated IPG strip was placed
on top of a 13% polyacrylamide gel (9 x 7 cm) and covered
with 0.5% agarose. The second-dimension separation was
carried out at 65 mA/gel at 20 °C until the bromophenol blue
dye front reached the bottom of the gel. At the end of each
run, the 2-D gels were stained with Simply Blue (Invitrogen)
and scanned using an Epson Perfection 4990 Photo scanner.

2-D Spot Pattern Analysis. Computer-aided analysis of 2-D
gel images was carried out using PDQuest 2-D software version
8.1 (Bio-Rad). A synthetic image was constructed from all
triplicate gels processed from each sample, using only spots
constantly present in all three gels. The protein quantity was
determined relative to integrated spot density. Quantitative
differences were considered significant when showing at least
2-fold intensity variation. The statistical analysis was carried
out using SigmaPlot/SigmaStat data analysis software (Version
12.0, SPSS, Inc., Chicago, IL). Mann—Whitney rank sum test
was used to compare continuous variables, Spearman rank
order correlation coefficients were calculated to estimate
association between different variables.

In-Gel Tryptic Digestion. Visualized protein spots were
excised manually and washed with water and water/acetonitrile
(ACN). SimplyBlue stain was removed by washing with 50 mM
NH,HCO; and ACN. Proteins in gel were reduced with 10 mM
DTT/50 mM NH,HCOj; (45 min, 56 °C) and alkylated with 55
mM IAA/50 mM NH,HCO; (30 min, in the dark at room
temperature). Gel spots were washed with 50 mM NH,HCO,
and ACN and dried in SpeedVac. Dried gel particles were
rehydrated with digestion buffer containing 12.5 ng/uL se-
quencing grade trypsin (Roche, Basel, Switzerland) in 50 mM
NH,HCO; at 4 °C. After 45 min, the remaining solution was
removed and replaced by 0.1 M NH,HCO;. Tryptic digestion
was performed overnight at 37 °C.

After digestion, proteolytic peptides were subsequently
extracted with 25 mM NH,HCO;, ACN, and 5% formic acid.
The three extracts were pooled and 10 mM DTT solution in 50
mM NH,HCO; was added. The mixture was then dried in
SpeedVac, and the resulting tryptic peptides were dissolved in
5% formic acid solution and desalted using ZipTip uC18
(Millipore; Bedford, MA) following manufacturer’s instructions.

Mass Spectrometry (MS). The resulting proteolytic peptides
were mixed with a-cyano-4-hydroxycinnamic acid (CHCA)
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Figure 1. Representative 2-D gel images of Prometh 1 eluate (P1) (a) and Prometh 2 eluate (P2) (b). Spots labeled with numbers were
successfully identified by MALDI-TOF/TOF analyses (see Tables 1 and 2). MALDI TOF/TOF = matrix assisted laser desorption and

ionization time-of-flight tandem mass spectrometry.

matrix solution (5 mg/mL CHCA in 0.1% TFA/50% ACN 1:1
(v/v)) in 1:1 ratio and 0.8 uL of this mixture was spotted onto
MALDI target plate. All mass spectra were acquired using a
reflectron mode of 4800 MALDI TOF/TOF Analyzer (Applied
Biosystems; Framingham, MA). A total of 2000 and 3000 laser
shots were acquired and averaged to MS and MS/MS spectra,
respectively. The MS/MS analyses were performed using col-
lision energy of 1 kV and a collision gas pressure of 1.3 x 107°
Torr. MS peaks with an S/N above 15 were listed and the 15
strongest precursors with an S/N above 50 among the MS peaks
were automatically selected for MS/MS acquisition. A mass
filter was used to exclude autolytic peptides of trypsin.

Resulting data were analyzed with GPS Explorer 3.6 (Applied
Biosystems) software. The proteins were identified by searching
against human subset of the Swiss-Prot protein database
(release 54.6; Dec. 4, 2007) using the MASCOT 2.1.0 search
algorithm (Matrix Science; London, U.K.). The general param-
eters for peptide mass fingerprinting (PMF) were as follows: a
maximum of one missed cleavage, a peptide mass tolerance
of £50 ppm, variable oxidation of methionine residue, and fixed
carbamidomethylation of cysteine residue. A peptide charge
state of +1 and fragment mass tolerance of +0.25 Da were used
for the MS/MS ion search. Probability-based MOWSE scores
were estimated by comparison of search results against esti-
mated random match population and were reported as —10 x
log)o(p) where p is the absolute probability.'* MOWSE scores
greater than 55 were considered as significant hits (p < 0.05)
for PMF. Individual MS/MS ions scores >28 indicated identity
or extensive homology (p < 0.05) for MS/MS ion search.

Results

The baseline plasma levels were as follows: bilirubin 475
umol/L, aspartate aminotransferase (AST) 3.7 ukat/L, alanine
aminotransferase (ALT) 0.5 ukat/L, ammonium 47 ymol/L, and
plasma prothrombin ratio 2.6. The final flush of Prometh 1 and
Prometh 2 cartridges with PBS yielded 81 mg (0.17 mg/mL)
and 177 mg (0.36 mg/mL) of the washed proteins, whereas the
eluates using SDS (P1) and acetic acid (P2) contained 4113 mg
(47.2 mg/mL) and 8280 mg (97.2 mg/mL), respectively.

Representative 2-D gel images of proteins derived from P1
and P2 are shown in Figure 1, panels a and b. Using 200 ug of
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total protein and Simply Blue stain, there were 148 protein
spots detected in all 3 replicate gels of P1 and 163 protein spots
detected in all triplicate gels of P2. In both eluates, protein spots
were distributed from MW of 12—-194 kDa and their pl
(isoelectric points) ranged from 3.5 to 9.0 (Figure 2, panels a
and b). However, the majority (95%) of protein spots and their
intensities were found mainly in the interval of MW of 30—150
kDa and pI of 4.8—8.6. Spot patterns in both eluates differed
significantly from each other (in 64 spots intensity levels
significantly differed between the two groups; p < 0.05).
Concurrently, intensity levels of 38 spots in P1 and 45 spots in
P2 significantly differed (p < 0.05) from those of plasma protein
spots.

To evaluate potential selectivity of Prometheus system in
protein adsorption, we compared spot distribution and inten-
sity levels of P1 and P2 with the pattern of basal plasma
proteins collected from the same patient. In gels from P1, 33
spots had E/P (intensity level in eluate per intensity level in
plasma) > 2.0, whereas other 53 spots had E/P < 0.5. In P2 gels,
32 spots had E/P > 2.0, whereas 71 spots had E/P < 0.5.

Concerning MW and pI, P1 proteins with E/P > 2.0 had
greater MW as compared to the P1 proteins with E/P < 0.5 (74
+ 11 vs 52 £+ 8 kDa; p < 0.05), whereas pI values between these
two subgroups of P1 were comparable (Figure 3, panels a and
b). In contrast, P2 proteins with E/P > 2.0 had significantly less
pI values compared to P2 proteins with E/P < 0.5 (4.8 + 0.09
vs 5.4 + 0.12; p<0.01), whereas MW values between these two
subgroups of P2 were comparable (Figure 3, panels a and b).
Spearman correlation tests were performed and the results
showed that there were significant correlations between MW
and E/P values of P1 (r = 0.2; p = 0.01) and between pI and
E/P values of P2 (r = —0.32; p = 0.002) (Figure 4). These data
implicate that Prometh 1 preferably removed high-MW pro-
teins, whereas Prometh 2 preferentially removed acidic proteins.

Spots that reached a relative intensity of 1000 ppm (of the
total quantity of all valid spots) or greater were subjected to
in-gel tryptic digestion and MS identification. Out of 109 spots
excised from P1 gels, 72 were successfully identified providing
18 unique proteins (Table 1), while 113 spots were cut from
P2 gels giving 93 positive identifications of 30 unique proteins
(Table 2). The identification was verified by comparison of
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measured and theoretical pI and MW, and the confirmed spots
are marked with an asterisk in Tables 1 and 2. By comparing
the measured and theoretical values, 36 spots identified from
P1 and 41 from P2 had difference in pI (Ap]) > 1 or difference
in MW (AMW) > 10%. These differences were most likely due
to fragmentation or multimerization of these identified proteins.

Relative intensities of high-abundance proteins (i.e., trans-
ferrin, haptoglobin, alpha-1-antitrypsin, immunoglobulin light
and heavy chains) in both eluates were comparable to those
in plasma (E/P ratios were in between the range of 0.5—2.0),
except for albumin which had a borderline E/P = 0.48 in P1
and E/P = 2.7 in P2. However, a greater degree of differences
were detected in several low-abundance proteins, which had
average E/P ranging from 0.16 (spot nos. 29, 30 in Figure 5a,d)
for fibrinogen gamma to 37.0 (spot nos. 85—88 in Figure 5b,e)
in case of transthyretin.

Discussion

There are a limited number of previous proteomic studies
analyzing compositions of proteins adsorbed to artificial surface
of devices exposed to human plasma. These studies mostly
examined the proteins bound to hemodialysers during renal
replacement therapy,'>'® whereas the analysis of molecules
removed in this way during liver support therapy is lacking.
To the best of our knowledge, this is the first study analyzing
compositions of a large number of proteins eliminated by
adsorption inside an extracorporeal liver support system during
therapy in a patient with liver failure. For protein elution, we
adjusted the algorithm described in a paper published by
Ishikawa et al.'”® As there are two adsorbers with different
properties in the Prometheus system, one neutral (Prometh 1)
and the other with anion exchanging property (Prometh 2), it
seemed relevant to employ two elution solvents. With respect
to their characteristics, we eluted P1 with 10% SDS and P2 with
40% acetic acid. The amount of total protein obtained from
both adsorbers in our present study was in accordance with
the amount of protein loss from this treatment as reported
previously. Prior to the elution, we carefully washed the plasma
remnants out of the cartridges. There were huge differences
in the protein concentrations of plasma remnants compared
to the eluates (several orders of magnitude) obtained from both
cartridges. In addition, there were significant differences in the

proteome profiles and spot intensity levels of the eluate
proteins (P1 and P2) compared to those of plasma proteins.
Therefore, the data reported in our study were specific for the
adsorbed proteins.

The membrane used in the Prometheus system to separate
plasma had a sieving coefficient of 0.9 for proteins with MW
40 kDa and of 0.1 for 300-kDa proteins. We could therefore
expect to see free filtration of proteins up to the size of albumin,
while only a small proportion of plasma fibrinogen and virtually
no IgM could be exposed and adsorbed to Prometh 1 and 2.'°
Our proteomic data were consistent with this assumption as
we found a majority of proteins had MW below 100 kDa even
though some proteins with MW up to 200 kDa were also
detectable. For instance, only a few faint protein spots were
identified as fibrinogen. Furthermore, we also expected to
observe both selective and unselective protein binding during
the contact of plasma and adsorbers’ surface. To assess this
issue, we compared spot intensity distributions between P1 and
P2 mutually, and between both eluates and plasma. In this way,
we demonstrated substantial differences, which however could
be attributed not only to preferential adsorption, but also to
diverse elution methods.

We anticipated that selective adsorption should be explained
in part by physical properties of the adsorbers and the bound
proteins, mainly by their charges (should be dramatic in P2,
as Prometh 2 had positively charged sites) and by their
molecular sizes (should be obvious in P1, because of the excess
of small molecules due to filtration threshold). To evaluate
these possibilities, we tested correlations between E/P ratios
of intensity levels and pI, as well as MW. We confirmed the
preferential adsorption of acidic (negatively charged) proteins
to the Prometh 2 cartridge. However, it was rather surprising
that larger molecules were surplus in P1. This unexpected
finding was hard to explain by means of the available data.
However, we could speculate that the proposed effect of filter
cutoff was not dramatic as gradient gels allowed separation of
molecules up to 200 kDa (still had a sieving coefficient of 0.2).
At the same time, neutral resin contained in Prometh 1
adsorber probably had an affinity for hydrophobic proteins,
which generally had a limited detectability by 2-DE.

With the use of MS analysis, we were able to identify in
eluates several high- and low-abundance plasma proteins. All
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Table 1. Proteins Identified in Prometh 1 Eluate (P1)?

PMF score/ MS/MS peptide no./
spot no. protein name Swiss-Prot entry sequence coverage total ion score E/P
1* Alpha-1-antitrypsin P01009 182/44% NA 2.12
2% Alpha-1-antitrypsin P01009 179/42% 10/745 1.66
3* Alpha-1-antitrypsin P01009 128/25% 11/992 1.68
4* Alpha-1-antitrypsin P01009 128/25% 10/700 1.84
5% Alpha-1-antitrypsin P01009 112/34% 71543 1.45
6* Alpha-1-antitrypsin P01009 242/58% 11/1178 1.67
7* Alpha-1-antitrypsin P01009 105/26% 8/669 1.20
8* Alpha-1-antitrypsin P01009 136/36% 11/618 1.34
9 Alpha-1-antitrypsin P01009 NA 1/37 0.66
10* AMBP protein P02760 NA 2/39 0.92
11* AMBP protein P02760 NA 2/46 0.97
12* Apolipoprotein A-IV P06727 NA 3/44 1.17
13* Apolipoprotein E P02649 65/35% 7/130 1.92
14* Ceruloplasmin P00450 NA 4/61 0.82
15* Complement C3 beta chain P01024 65/19% 4/50 0.44
16* Complement C3 beta chain P01024 82/18% 5/141 1.10
17* Complement C3 beta chain P02768 NA 4/128 0.82
18 Complement factor B P00751 NA 2/37 0.98
19 Complement factor B P00751 NA 3/112 1.51
20* Haptoglobin P00738 NA 3/62 0.21
21* Haptoglobin P00738 NA 5/195 0.79
22* Haptoglobin P00738 61/16% 4/222 0.63
23* Haptoglobin P00738 NA 3/53 1.34
24 Ig kappa chain C region P01834 NA 2/165 3.12
25 Ig kappa chain C region P01834 NA 3/95 1.63
Ig lambda chain C regions P01842 NA 2/45
26 Ig kappa chain C region P01834 NA 3/235 0.32
Ig lambda chain C regions P01842 NA 2/145
27 Ig kappa chain C region P01834 NA 2/66 1.32
28 Ig kappa chain C region P01834 57/48% 3/256 4.07
29 Ig kappa chain C region P01834 NA 3/131 3.51
30 Ig kappa chain C region P01834 NA 3/86 1.57
Ig lambda chain C regions P01842 NA 2/48
31 Ig kappa chain C region P01834 NA 3/93 0.20
32 Ig kappa chain C region P01834 NA 3/112 2.33
33 Ig lambda chain C regions P01842 NA 3/110 0.36
34* Interalpha-trypsin inhibitor heavy chain H4 Q14624 108/19% 6/121 0.46
35% Interalpha-trypsin inhibitor heavy chain H4 Q14624 NA 1/49 0.84
36* Pigment epithelium-derived factor P36955 NA 3/170 2.22
37* Plasma retinol-binding protein P02753 NA 5/219 0.82
38* Plasma retinol-binding protein P02753 NA 3/108 0.55
39* Plasma retinol-binding protein P02753 NA 2/55 6.50
40* Serotransferrin P02787 125/24% 11/395 0.34
41* Serotransferrin P02787 167/25% 11/546 1.14
42* Serotransferrin P02787 186/27% 12/442 0.71
43* Serotransferrin P02787 93/14% 8/455 2.07
44* Serotransferrin P02787 138/26% 8/456 0.25
45* Serum albumin P02768 116/44% 5/132 0.48
46 Serum albumin P02768 118/30% 7/156 0.54
47 Serum albumin P02768 NA 4/123 2.19
48 Serum albumin P02768 81/18% 8/382 0.61
49 Serum albumin P02768 105/26% 4/94 0.82
50 Serum albumin P02768 NA 4/68 1.07
51 Serum albumin P02768 92/18% NA 0.65
52 Serum albumin P02768 61/11% 3/140 1.19
53 Serum albumin P02768 76/19% 5/205 4.77
54 Serum albumin P02768 NA 3/117 1.84
55 Serum albumin P02768 NA 4/125 2.07
56 Serum albumin P02768 69/13% 4/169 2.18
57 Serum albumin P02768 NA 71141 0.95
58 Serum albumin P02768 NA 71215 0.88
59 Serum albumin P02768 NA 3/137 1.36
60 Serum albumin P02768 NA 6/180 0.87
61 Serum albumin P02768 75/20% 6/139 0.57
62 Serum albumin P02768 70/20% 4/85 0.87
63 Serum albumin P02768 NA 3/62 1.95
64 Serum albumin P02768 162/44% 6/136 2.49
65 Serum albumin P02768 155/46% NA 2.80
66 Serum albumin P02768 149/49% 5/112 5.93
Ig gamma-1 chain C region P01857 NA 1/28
67 Serum albumin P02768 NA 5/128 5.61
Ig gamma-1 chain C region P01857 NA 2/82
68 Serum albumin P02768 159/44% 5/168 21.43
Ig gamma-1 chain C region P01857 NA 3/207
69* Vitamin D-binding protein P02774 70/34% 5/288 1.13
70* Vitamin D-binding protein P02774 69/39% 5/271 1.57
71* Zinc-alpha-2-glycoprotein P25311 93/46% 3/69 3.71
72* Zinc-alpha-2-glycoprotein P25311 100/36% 3/101 1.45

“PMF, peptide mass fingerprinting; MS/MS, tandem mass spectrometry; NA, not applicable (identification by MS or MS/MS was not done or was
unsuccessful); E/P, eluate-to-plasma ratio of relative spot intensity. (*) Spots whose measured MW and pI were in agreement with their theoretical values.
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Table 2. Proteins Identified in Prometh 2 Eluate (P2)?

research articles

Swiss-Prot PMF score/ MS/MS peptide no./
spot no. protein name entry sequence coverage total ion score E/P
1* Alpha-1-antitrypsin P01009 193/50% 10/641 1.53
2% Alpha-1-antitrypsin P01009 260/61% 12/1099 1.24
3* Alpha-1-antitrypsin P01009 239/59% 11/1074 1.33
4* Alpha-1-antitrypsin P01009 266/59% 12/1097 0.98
5% Alpha-1-antitrypsin P01009 200/55% 10/773 1.20
6* Ceruloplasmin P00450 114/16% 14/585 1.03
7* Ceruloplasmin P00450 96/19% 12/231 0.55
8 Ceruloplasmin P00450 156/31% 8/112 1.57
9* Clusterin P10909 NA 3/66 2.72
10* Clusterin P10909 NA 2/64 2.93
11* Complement C3 P01024 94/16% 10/143 3.47
12* Complement C4-A (alpha chain) POCOL4 NA 10/497 2.07
13* Complement C4-A (alpha chain) POCOL4 62/9% 12/588 1.52
14* Complement C4-A (alpha chain) POCOL4 66/6% 6/219 243
15* Complement C4-A (alpha chain) POCOL4 66/8% 9/240 1.90
16* Complement C4-A (alpha chain) POCOL4 79/13% 13/525 3.21
17* Complement C4-A (alpha chain) POCOL4 69/11% 10/526 1.39
18* Complement C4-A (gamma chain) POCOL4 NA 4/116 3.06
19* Complement C4-A (gamma chain) POCOL4 NA 5/102 6.19
20* Complement C4-A (gamma chain) POCOL4 NA 7/187 8.23
21%* Complement C4-A (gamma chain) POCOL4 NA 9/275 2.88
22 Complement C4-A POCOL4 122/15% 12/364 1.28
23 Complement C4-A POCOL5 NA 9/180 0.33
24* Complement factor B POCOL5 NA 1/45 0.34
25 Complement factor B P00751 NA 4/118 3.42
26 Complement factor B P00751 NA 3/80 1.43
27* Fibrinogen beta chain P02675 NA 3/81 0.36
28* Fibrinogen beta chain P02675 NA 2/60 0.39
29* Fibrinogen gamma chain P02679 94/47% 3/37 0.16
30* Fibrinogen gamma chain P02679 104/49% 7/145 0.20
31* Haptoglobin P00738 NA 7170 0.63
32* Haptoglobin P00738 56/29% 9/166 1.10
33* Haptoglobin P00738 NA 2/43 0.63
34* Haptoglobin P00738 NA 2/41 0.52
35% Hyaluronan-binding protein 2 Q14520 NA 8/460 13.7
36 Ig alpha-1 chain C region P01876 83/32% 9/548 0.35
37 Ig gamma-1 chain C region P01857 NA 4/325 0.37
Ig gamma-2 chain C region P01859 NA 3/89
38 Ig gamma-1 chain C region P01857 NA 5/384 0.51
Ig gamma-2 chain C region P01859 NA 5/143
39 Ig gamma-1 chain C region P01857 NA 5/364 0.78
Ig gamma-2 chain C region P01859 NA 4/81
40 Ig gamma-1 chain C region P01857 104/54% 71498 0.84
Ig gamma-2 chain C region P01859 NA 4/100
41 Ig gamma-1 chain C region P01857 84/42% 8/513 1.36
Ig gamma-2 chain C region P01859 NA 5/173
42 Ig kappa chain C region P01834 NA 3/175 1.26
43 Ig kappa chain C region P01834 NA 3/172 0.81
44 Ig kappa chain C region P01834 NA 3/162 1.20
45 Ig kappa chain C region P01834 NA 3/246 2.43
46 Ig kappa chain C region P01834 NA 3/305 1.24
47 Ig kappa chain C region P01834 NA 3/231 5.48
48 Ig kappa chain C region P01834 66/88% 3/277 4.45
49 Ig lambda chain C regions P01842 NA 1/32 1.97
50 Ig lambda chain C regions P01842 NA 3/68 0.72
51 Ig lambda chain C regions P01842 NA 3/178 1.16
52 Ig lambda chain C regions P01842 NA 3/227 0.45
53* Plasma retinol-binding protein P02753 62/37% 7196 10.57
54* Plasma retinol-binding protein P02753 NA 5/63 4.70
55% Plasma retinol-binding protein P02753 57/48% 6/370 7.78
56* Prothrombin P00734 217/47% 14/630 229
57* Serotransferrin P02787 73/12% 6/242 1.80
58* Serotransferrin P02787 251/42% 15/620 1.74
59* Serotransferrin P02787 210/43 13/508 1.62
60* Serotransferrin P02787 218/37% 14/641 1.41
61* Serotransferrin P02787 180/33% 14/798 1.28
62* Serotransferrin P02787 201/46% 15/856 2.25
63* Serotransferrin P02787 113/28% 12/359 1.95
64* Serum albumin P02768 169/48% 12/710 2.74
65 Serum albumin P02768 NA 1/33 3.27
66 Serum albumin P02768 NA 5/95 1.24
67 Serum albumin P02768 292/57% 15/679 436.97
68 Serum albumin P02768 56/28% 5/287 0.90
69 Serum albumin P02768 149/39% 13/792 5.78
70 Serum albumin P02768 76/17% 8/169 1.09
71 Serum albumin P02768 94/31% 13/521 1.35
72 Serum albumin P02768 124/36% 14/651 1.70
73 Serum albumin P02768 212/49% 14/853 10.07
74 Serum albumin P02768 178/43 10/182 10.86
75 Serum albumin P02768 234/55 14/404 9.61
76 Serum albumin P02768 173/42 8/49 9.50
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Table 2. Continued
Swiss-Prot PMF score/ MS/MS peptide no./
spot no. protein name entry sequence coverage total ion score E/P
77 Serum albumin P02768 80/17 8/191 14.75
78 Serum albumin P02768 NA 8/196 1.01
79 Serum albumin P02768 NA 11/433 1.58
80 Serum albumin P02768 NA 11/533 1.78
81 Serum albumin P02768 NA 11/638 1.99
82 Serum albumin P02768 NA 4/65 0.87
83 Serum albumin P02768 NA 4/70 1.40
84 Serum albumin P02768 NA 2/74 0.77
85* Transthyretin P02766n 68/50% 6/229 73.24
86* Transthyretin P02766 120/69% 8/538 33.39
87* Transthyretin P02766 110/54% 8/440 198.35
88* Transthyretin P02766 134/73% 9/821 13.65
89* Trypsin-2 P07478 NA 5/258 28.68
90* Vitamin D-binding protein P02774 57/30% 6/192 1.69
91* Vitamin D-binding protein P02774 65/31% 9/480 2.20
92* Vitronectin P04004 NA 4/277 3.48
93* Zinc-alpha-2-glycoprotein P25311 86/43% NA 0.41

“PMF, peptide mass fingerprinting; MS/MS, tandem mass spectrometry; NA, not applicable (identification by MS or MS/MS was not done or was
unsuccessful); E/P, eluate-to-plasma ratio of relative spot intensity. (*) Spots whose measured MW and pI were in agreement with their theoretical values.
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Figure 3. Molecular weight and p/ differences between spots with eluate-to-plasma ratio greater than 2 and lower than 0.5. Data are
given as means and standard errors, separately for Prometh 1 eluate (P1) and Prometh 2 eluate (P2). Statistical significance tested with
rank sum test. MW = molecular weight, E/P = eluate-to-plasma ratio of spot intensity.

the identified proteins have been previously detected in human
plasma and some of them have been also reported to bind to
artificial materials in previously published articles (e.g., apo-
lipoprotein A-IV and transthyretin in a study by Bonomini et
al;'? complement C4, immunoglobulin light and heavy chains,
and vitamin D-binding protein in a study by Kim, et al.;'* and
albumin, transferrin, and alpha-1-antitrypsin in both of these
two studies'®'%).

Positively identified proteins were then matched to corre-
sponding spots found in gels derived from plasma samples to
assess if there was any selectivity in adsorption of individual
proteins. Taking into account that 2-DE allows only estimation
of protein quantities and considering that reduced E/P ratio
might be due to imperfect elution of some proteins, it could
be delusive to draw a conclusion about adsorption profile of
proteins with mild enhancement or even gross decrement of
spot intensity. Very low eluate quantity of fibrinogen is almost
certainly due to its large molecule, which should be hardly
filtered from blood (sieving coefficient less than 0.1) and
therefore did not get into contact with adsorbers. On the other
hand, P2 eluate enrichment with albumin (bearing negative
charge) is in accordance with anion-exchanging properties of
Prometh 2 adsorber and the periprocedural drop of serum
albumin reported by Evenepoel et al.
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In case of proteins with substantially high E/P ratios, an
assumption of preferential adsorption is probably well-justified.
The highest clearance was demonstrated in transthyretin
(synonym prealbumin) (spot nos. 85—88 in Figure 5b,e; average
E/P = 37, MW 16 kDa, pI 5.5), which is a tetrameric protein
synthesized in liver and involved in transporting thyroid
hormones. It is known to form complexes with retinol-binding
protein whose E/P ratio was elevated as well (spot nos. 53—55,
Figure 5b,e; average E/P = 8.7, MW 23 kDa, pI 5.8). Other
proteins with strikingly high E/P ratios included anionic trypsin
(spot no. 89, Figure 5b,e; E/P = 29, MW 26 kDa, pI 4.8),
prothrombin (spot no. 56, Figure 5a,d; E/P = 23, MW 70 kDa,
p!5.6), and hyaluronan-binding protein 2 (HABP) light chain
(spot no. 35, Figure 5¢,f; E/P = 13, MW 27 kDa, pI7.7). These
three proteins belong to serine endopeptidase family (Peptidase
S1), suggesting a possible affinity of P2 adsorber for this group
of enzymes.

Since this is a single-patient study, it would be misleading
to draw conclusions about clinical impact (beneficial or
detrimental) of any specific protein’s removal. Nevertheless,
in several proteins, we can speculate about potential conse-
quences of their elimination. Transthyretin serves as a reliable
nutrition marker (both for protein and energy metabolism), and
its level decreases during inflammation and liver dysfunction.'®
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Figure 4. Scatter plot graphs of eluate-to-plasma ratio in relation to molecular weight (a and c¢) and p/ (b and d) in Prometh 1 eluate (P1)
(a and b) and Prometh 2 eluate (P2) (c and d). Correlation coefficients (r) were determined with Spearman rank order correlation (p =
level of statistical significance). Logarithmic scale was used on Y-axis. E/P = eluate-to-plasma ratio of spot intensity, MW = molecular
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Figure 5. lllustration of marked differences in E/P relative quantities in low-abundance proteins in Prometh 2 eluate (P2) (a—c) compared
to the plasma (d—f). E/P = eluate-to-plasma ratio of spot intensity.

further aggravate coagulation disorder invariably present in
patients with severe liver dysfunction.

Activated (two-chain) form of HABP has been detected in
P2 as evidenced by protein’s MW and amino acid sequence

Although its diagnostic value in liver failure is markedly limited,
the depletion of prealbumin/retinol-binding protein complex
might have clinical implication due to impaired thyroxine and
retinol transport. Similarly, prothrombin deprivation may
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covered by MS/MS. HABP activation has been observed to
occur upon liver injury, at least in animal model, thus, leading
to cleavage of urokinase type plasminogen activator which in
turn activates matrix metalloproteases and triggers extracellular
matrix degradation.'® Therefore, it has been proposed that
hepatic injury-specific activation of HABP may act as an early
factor in the cascade responsible for tissue remodeling follow-
ing liver damage.'® Besides that, HABP amino acid sequence
is homologous to that of hepatocyte growth factor activator,'”
and HABP has been reported to exert antiangiogenic effect.'®
Given these circumstances, it is conceivable that selective
clearance of HABP might have direct influence on liver
regeneration.

In summary, we identified for the first time a large number
of proteins eliminated by adsorption to the Prometheus extra-
corporeal liver support system. There were also some degrees
of selectivity of proteins preferentially bound to two Prometheus
adsorption units; Prometh 1 preferentially adsorbed high-MW
proteins, whereas Prometh 2 preferentially adsorbed acidic
proteins. Some of the proteins found in eluates could imply
safety concerns; however, concluding on their clinical relevance
is beyond the scope of this study. To address such challenge,
a larger clinical trial would be necessary.

Abbreviations: ACN, acetonitrile; ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase; CHAPS, 3-[(3-chola-
midopropyl)dimethylammonio]-1-propanesulfonate; CHCA,
o-cyano-4-hydroxycinnamic acid; 2-DE, 2-dimensional elec-
trophoresis; DTT, dithiothreitol; E/P, eluate-to-plasma ratio
(spot intensity); IAA, iodoacetamide; IEF, isoelectric focusing;
IPG, immobilized pH gradient; IL, interleukin; MALDI, matrix-
assisted laser desorption/ionization; MW, molecular weight;
MS, mass spectrometry; MS/MS, tandem mass spectrometry;
PBS, phosphate buffered saline; PMF, peptide mass fingerprint-
ing; SDS, sodium dodecyl sulfate; TFA, trifluoroacetic acid; TNF,
tumor necrosis factor; TOF, time-of-flight.
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Proteomic profiling of blood-dialyzer interactome
reveals involvement of lectin complement pathway in

hemodialysis-induced inflammatory response
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Purpose: Dialysis-induced inflammatory response including leukocyte and complement acti-
vation is considered a significant cofactor of chronic morbidity in long-term hemodialysis (HD)
patients. The aim of this study was to provide better insight into its molecular background.
Experimental design: In 16 patients, basic biocompatibility markers, i.e. leukocyte counts and
C5a levels, were monitored during HD on a polysulfone membrane. Proteins adsorbed to
dialyzers were eluted and separated by 2-DE. Selected proteins were identified by MS; ficolin-2
plasma levels were assessed. Data are given as medians (quartile ranges).

Results: In total, 7.2 (34.7) mg proteins were retrieved from dialyzer eluates and were resolved
into 217 protein spots. The proteins most enriched in eluates (and hence selectively adsorbed)
were those involved in complement activation (C3c, ficolin-2, mannan-binding lectin serine
proteases, properdin) and cell adhesion (actin, caldesmon, tropomyosin, vitronectin, vinculin). A
significant decrease of plasma ficolin-2 (41% [4.7], p<0.001) was evidenced during one HD
session, associated with leukopenia (r=0.73, p=10.001) and C5a production (r=—0.62,
p=0.01) at 15 min.

Conclusions and clinical relevance: Ficolin-2 adsorption to polysulfone dialyzer initiates the
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lectin pathway of complement activation, mediates dialysis-induced leukopenia, and results in a | a I

significant depletion of ficolin-2, an essential component of innate immunity.
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1 Introduction

Over a million patients worldwide undergo regular hemodia-
lysis (HD), most of them using polysulfone membranes [1].
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Abbreviations: E/P, eluate to plasma ratio of relative spot
intensities; HD, hemodialysis; IAA, iodoacetamide; MASP-1,
mannan-binding lectin serine protease 1, MASP-2, mannan-
binding lectin serine protease 2; MW, molecular weight; TAT,
thrombin-antithrombin
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Although HD is a life-saving procedure in kidney failure, end-
stage renal disease (ESRD) patients suffer from chronic
inflammation and disturbed immune defense, and their yearly
mortality approaches 20% [2]. In an “average” patient, more
than 10000L of blood are exposed to 300m? of artificial
membrane for over 600h every year. Therefore, it is not
surprising that the immune response elicited by such contact
is considered a major factor [3]. Yet, the grim statistics have not
improved despite the introduction of so-called bio-compatible
materials, among which polysulfone is the most common [4].

The dialyser-induced inflammatory reaction has been
extensively characterized by changes in peripheral blood
leukocyte counts and surface antigens, and complement
activation markers [5, 6]. It has been demonstrated that both
the alternative and the C4-dependent pathways are involved

www.clinical.proteomics-journal.com
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in complement activation by hemodialyser [7, 8]. However,
these observations are based on the systemic consequences
while the local mechanisms responsible for the foreign
pattern recognition and mediating subsequent processes
remain unclear [6]. Closer examination of the molecular
background might help us to prevent the sequelae of
chronic inflammation seen in ESRD disease patients (e.g. by
developing better-tolerated materials).

We have recently reported a novel method allowing to
investigate the molecular substrates of blood-biomaterial
interaction by means of proteomic technologies [9, 10]. In a
pilot study, we performed a sequential elution of poly-
sulfone dialyzers employed in clinical HD to show that
profiling the protein-dialyzer interactome provides repro-
ducible and useful information. Besides validating the
method, we suggested possible role of the lectin pathway,
implied by massive adsorption of ficolin-2, in polysulfone-
induced complement activation.

The aim of this study was to study the molecular
mechanisms of HD-associated inflammatory response in a
representative group of patients.

2 Materials and methods

Methods described are similar to those used in our previous
study [10] with slight modifications.

2.1 Patients and treatment

Patients were recruited at the Hemodialysis Center of Charles
University Teaching Hospital in Plzen, and the study protocol
had been approved by Institutional Ethics Committee. Inclu-
sion criteria were as follows: regular HD for more than 3
months, established 4-h dialysis three times a week with F6
HPS dialyzer (polysulfone, 1.3m? Fresenius Medical Care,
Bad Homburg, Germany), native arterio-venous shunt allow-
ing blood flow 250mL/min or more, and heparin antic-
oagulation with total dose (bolus+continuous) 3000-6000 IU
per procedure. Patients meeting the following criteria were
excluded from the study: subjects examined during the
protocol-optimization phase reported previously, in-shunt
recirculation greater than 10%, hematocrit above 45%, current
or past anticoagulation treatment (oral or parenteral) other
than during dialysis session, history of thrombotic complica-
tion or known coagulation disorder, diabetes mellitus, active
inflammation, malignancy, or liver disease.

Finally, 16 patients aged 65.5 (23.5) years, treated with
HD for 14.5 (21) months were included into the study. In
this group, blood samples were collected into EDTA tubes at
the beginning, at 15min and after 4h of the study HD
procedure. At all time points, samples were drawn both
from the ports proximal (denoted as arterial) and distal to
the filter (denoted as venous). Following the dialysis session,
used hemodialyzers were eluted according to the protocol

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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described below. Elution at 15min was tested in two
patients; however, as it yielded little protein and complete
resetting of the extracorporeal circuit was required, it was
abandoned. All HD sessions were performed routinely:
blood flow, 250 mL/min; dialysate flow, 500 mL/min; dialy-
sate temperature, 36°C; ultrafiltration rate, 250-500 mL/h.
At the end of the HD procedure, blood residuum left in the
lines was retrieved by means of 250 mL rinse (Plasmalyte™,
Baxter, Deerfield, IL, USA). Then, the patient was discon-
nected from the system, and dialyzer flushed immediately
with another 1000 mL Plasmalyte solution.

2.2 Elution protocol and sample preparation

The F6 dialyzer has a declared priming volume of 78 mL.
First, it was emptied, and directly filled with 80 mL of 3 mM
EDTA (EDTA/PBS, pH 7.4), then recirculated with the
peristaltic pump (flow rate, 80 mL/min) at 24°C for 30 min
to detach and wash out adhering leukocytes. The dialyzer
was drained afterward; obtained fluid was centrifuged at
1200 x g/4°C for 20 min. The sediment containing cells was
resuspended in 10% BSA in PBS and directly analyzed by
flow cytometry. The dialyzer was immediately loaded with
80mL of 40% acetic acid, recirculated again with a flow rate
of 80mL/min at 24°C for 30 min, emptied, and resulting
eluate was centrifuged at 4000 x g/4°C for 10 min to remove
cellular detritus, and stored at —80°C.

To minimize salt contamination, eluates were dialyzed
against ultra high-quality water at 4°C (ten exchanges, 1.5L
each) using a semi-permeable membrane with a molecular
mass cutoff at 7kDa (Serva-Electrophoresis, Heidelberg,
Germany) for 5 days. Dialyzed samples were dried down by
vacuum evaporation (SpeedVac), and proteins were dissolved
in a lysis buffer (7M urea, 4% CHAPS, 40 mM Tris base, 2M
Thiourea, 2% IPG buffer, pH 3-10, 120mM DTT). Blood
samples for electrophoresis and immunoassays were
processed by centrifugation only (at 1500 x g and 4°C for
10min) to separate plasma (supernatant) and stored at
—80°C. Samples for flow cytometry were kept at 5°C until
analysis which followed within 1h. Protein concentrations in
samples were assessed using Bradford’s dye-binding assay
(Bio-Rad Protein Assay, Bio-Rad, Hercules, CA, USA).

23 2-DE

Urea, CHAPS, Tris base, thiourea, SDS, DTT, iodoaceta-
mide (IAA), and bromphenol blue used during the
preparation were purchased from Sigma-Aldrich (Stein-
heim, Germany); IPG buffer (ZOOM carrier Ampholytes
3-10) was purchased from Invitrogen (Carlsbad, CA, USA).
Equally, 200 pug proteins in both eluate and plasma samples
were mixed with rehydration buffer (7M urea, 4% CHAPS,
40 mM Tris base, 2M Thiourea, 2% IPG buffer pH 3-10,
120mM DTT, and a trace amount of bromophenol blue) to
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obtain the final volume of 185pl. Samples were then
rehydrated in IPG strips (11 cm, pH range 3-10 nonlinear,
Bio-Rad), and focused in a Protean IEF cell (Bio-Rad). IPG
strips were rehydrated actively for 10h at 50V, followed by a
stepwise IEF as follows: 250V for 15min, rapid ramp to
8000V for 150min, and finally 8000V for the other
35000 Vh. After focusing, the IPG strips were equilibrated
in the equilibration buffer 1 (112mM Tris-base, 6 M urea,
30%v/v glycerol, 4% w/v SDS, 130 mM DTT, and a trace of
bromophenol blue) for 10 min, and subsequently alkylated
in buffer 2 (112mM Tris-base, 6 M urea, 30% v/v glycerol,
4% w/v SDS, 135mM IAA, and a trace of bromophenol
blue) for 10 min. Each equilibrated IPG strip was placed on
the top of a 12.5% Criterion Tris-HCl gel (Bio-Rad) and
covered with 0.5% agarose. Second-dimension separation
was performed at 200V until the bromophenol blue dye
front reached the bottom of the gel. At the end of each run,
the 2-D gels were stained with Simply Blue stain (Invitro-
gen), and scanned with an Epson Perfection 4990 Photo
scanner (Epson, Long Beach, CA, USA) at 400 dpi resolution
and in 16-bit greyscale.

2.4 2-DE pattern analysis and statistics

Computer-aided analysis of gel images was carried out using
PDQuest 2-D software version 8.1 (Bio-Rad). A synthetic
image was constructed out of the triplicated gels processed
from each sample, using only spots constantly present in at
least two gels. The protein quantity was determined relative
to integrated spot density. For subsequent studies of char-
acteristics in protein distribution, only spots detectable in at
least 50% patients were considered eligible.

The statistical analysis was carried out by means of
Statistica data analysis software (Version 8.0, Statsoft, Tulsa,
OK, USA). PCA based on the correlation matrix of normal-
ized spot intensities was applied on the proteomic data to
reduce their dimensionality before picking spots for identifi-
cation and designing the confirmatory studies. Due to rela-
tively small sample size, data were assumed non-normally
distributed. Therefore, Wilcoxon signed rank test was
employed to compare dependent continuous variables,
whereas Spearman rank order correlations were calculated to
evaluate dependencies between variables. Multivariate analy-
sis was performed using forward stepwise regression. If not
stated otherwise, data are given as medians (inter-quartile
ranges) to comply with nonparametric statistics. Differences
were considered statistically significant if the p-values were
below 0.01 for proteomic data and 0.05 for other data.

2.5 In-gel tryptic digestion
ACN, ammonium bicarbonate, DTT, IAA, TFA, formic acid,

and CHCA were purchased from Sigma. First, selected spots
were excised by EXQuest spot cutter (Bio-Rad). SimplyBlue

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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stain was removed by washing with 50mM ammonium
bicarbonate, and ACN. Proteins in gel were reduced with
10mM DTT/50mM ammonium bicarbonate at 56°C for
45min, and alkylated with 55mM [AA/50mM ammonium
bicarbonate (for 30min, in the dark at room temperature).
Gel plugs were washed with 50 mM ammonium bicarbonate
and ACN, and dried by SpeedVac. Dried gel particles were
rehydrated with digestion buffer containing 12.5ng/uL
sequencing grade trypsin (Roche) in 50mM ammonium
bicarbonate at 4°C. After 45 min, the remaining solution was
removed, and replaced by 50 mM ammonium bicarbonate.
Tryptic digestion was performed overnight (37°C). After
digestion, proteolytic peptides were subsequently extracted
with 50% ACN/25mM ammonium bicarbonate, 5% formic
acid, and 50% ACN/H,0. The three extracts were pooled, and
10mM DTT solution in 50 mM ammonium bicarbonate was
added. The mixture was then dried by SpeedVac, and
resulting tryptic peptides were dissolved in 5% formic acid
solution and desalted using ZipTip nC18 (Millipore, Bedford,
MA, USA).

2.6 Protein identification by MALDI-TOF/TOF MS

Proteolytic peptides were mixed with CHCA matrix solution
(5mg/mL CHCA in 0.1% TFA/50% ACN 1:1, v/v) in 1:1
ratio, and 0.8 puL of this mixture was spotted onto MALDI
target. All mass spectra were acquired at a reflectron mode
with a 4800 MALDI TOF/TOF Analyzer (Applied Biosys-
tems, Framingham, MA, USA). A total of 2000 and 3000
laser shots were acquired, and averaged to MS and MS/MS
spectra, respectively. The MS/MS analyses were performed
using collision energy of 1keV and collision gas pressure of
1.3 10e—6 torr. MS peaks with an S/N above 15 were listed,
and the ten strongest precursors with an S/N above 50
among the MS peaks were automatically selected for MS/
MS acquisition. A mass filter was used to exclude autolytic
peptides of trypsin and peaks of contaminant from poly-
propylene tubes [11].

Resulting data were analyzed with GPS Explorer™ 3.6
(Applied Biosystems) software. Proteins were identified by
searching against human subset of the Swiss-Prot protein
database (release 54.6; December 4, 2007) using MASCOT
2.1.0 search algorithm (Matrix Science, London, UK). The
general parameters for PMF search were considered to allow
maximum two missed cleavages, +50 ppm of peptide mass
tolerance, variable methionine oxidation, and fixed cysteine
carbamidomethylation. Probability-based MOWSE scores
were estimated by comparison of search results against
estimated random match population, and were reported as
—10log;o(p) where p is the absolute probability. MOWSE
scores greater than 55 were considered significant (p <0.05)
for PMF. A peptide charge state of +1 and fragment mass
tolerance of +0.25 Da were used for the MS/MS ion search.
Individual MS/MS ions scores >28 indicated identity or
extensive homology (p<0.05) for MS/MS ion search.

www.clinical.proteomics-journal.com
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2.7 Fluorescence-activated cell sorting (FACS)

Both whole blood and dialyzer elution samples were incu-
bated with purified rabbit immunoglobulin for 10min at
room temperature to decrease nonspecific binding. Samples
were then washed in PBS-BSA and incubated for 15 min at
4°C with FITC-, PE- or PE-CyS-conjugated monoclonal
antibodies against antigens CD15, CD63, CD14, CD62L,
CD11b, CD66b, and CD45 (Exbio, Prague, Czech Republic;
CDG66b Biolegend, San Diego, CA, USA). Following the
PBS-BSA washing, erythrocytes were lysed by adding
NH,Cl-based in-house lysing solution for 10 min at room
temperature.

Stained cells were measured immediately on Coulter
Epics XL flow cytometer (Beckman Coulter, Fullerton, CA,
USA). The instrument was standardized daily for fluores-
cence and light scatter using calibrating fluorospheres
(Beckman Coulter). Neutrophils and monocytes were iden-
tified in the CD45 versus side-scatter plot. Data of minimally
20000 cells were gathered in list mode files and analyzed
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using System II software. Antigen expression was defined as
mean fluorescence intensity.

2.8 ELISA

Ficolin-2 concentrations were determined using human
L-Ficolin kit (Hycult Biotech, Uden, the Netherlands)
at all time points, both before and after the hemodialyzer,
whereas mannan-binding lectin serine protease 2 (MASP-2)
was measured using MASP-2 kit (Hycult Biotech) at all
timepoints before the dialyzer only. C5a plasma levels were
assessed with human C5a kit (DRG Instruments, Marburg,
Germany) at all time points, in blood taken before the
dialyzer only. Thrombin-antithrombin (TAT) plasma
concentrations were quantified by Enzygnost TAT micro kit
(Behring Diagnostics, Marburg, Germany) before and at the
end of the HD procedure, in blood taken from the arterial
line. All ELISA measurements were performed according to
the manufacturer’s directions.

Figure 1. Representative gel images of eluate
and plasma. Representative gel images of
10 eluate (A) and plasma (B). Identified proteins

“ are labeled with spot numbers (identifica-
tions in Table 1). MW, molecular weight.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3 Results
3.1 Proteomics of the hemodialyzer eluate

Dialyzer elution with acetic acid yielded a median of 7.2 mg
proteins with relatively high variation (quartile range,
34.7 mg). Following 2-DE, 217 protein fractions (spots) were
detected in hemodialyzer eluates. Of those, 164 spots were
found in at least 50% patients and 42 spots were present
constantly in all patients. In 112 spots, relative intensities
differed significantly (with p<0.01) between eluate and
plasma — 46 spots prevailed in eluate, whereas 66 were
predominant in plasma. Representative gel images are
shown in Fig. 1.

To reduce data complexity and uncover specific patterns
in protein distribution, the spot intensities derived from
both eluate and plasma were submitted to PCA. Depending
on the two major factors, protein fractions formed three
separate clusters with diverse eluate to plasma ratios of
relative spot intensities (E/P) (Fig. 2). The largest cluster (C)
comprises spots with E/P less than one, whereas the other
two reach average E/P several orders of magnitude higher.
Meaning of this unsupervised classification was subse-
quently validated by MS identification of specific spots
from each group and ensuing biological context analysis
(Table 1).

The proteins’ identity was further verified by a match
between theoretical (calculated from gene-sequence data in
Swiss-Prot database) and measured (as estimated by spot’s
coordinates in gel) molecular weight (MW) and pI. Where
the observed MW showed lower than expected, fragmenta-
tion was suspected and checked by detailed analysis of

1,0 o —
P ~
- 36 N
0,8 .7 31m3830 N
/ 35’ 33 \
1 +30 40+
37 *3 i
0,6 A
R TS
\ + s
04 .., - B S
— D . 19 >~
S _ 749 s® o
go. 0.2 . 8;\ ’ +.+?1A43+ \\
® 24 a2 / +, 50+++ :53 \
~ ’ ! + #
(&Y} 010 ’ A10 l 5+,28\\ ! + .+++: +242 \|
5 111400020, [ O P
5 02 1?189 ! VT 02 iyl
& e +
w |15-1(‘EF25+ + 2.0/’ \\ 4. - v 48 45/
04" 1953‘5" p227, w, + ,
\\ 23i1‘fA4 12 )/ AN ,’
+
0,6+ “2lapg L7 A C - I
-0,8
-1,0

08 -06 04 -02 00 02 04 06 08 10
Factor 1 (39.4%)

e E/Pinlow tercile
Ao E/Pin middle tercile

m E/Pin high tercile
+ unidentified spot

Figure 2. Exploratory data analysis of relative spot intensities.
PCA - projection of individual protein spots onto the factor
plane, three clusters are distinguished with different E/P: A 189.4
(73.9), B 498.1 (97.7), and C 0.5 (64.5); ANOVA p<0.001.
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identification spectra. In this way, we ascertained proteolytic
activation of mannan-binding lectin serine protease 1
(MASP-1), MASP-2, and C3 complement as their proper
cleavage products were detected by PMF and MS/MS.

Concurrent detection of caldesmon with albumin and
transferrin in one spot is a clear example of contamination
from adjacent high-volume spots. Yet in another case,
proteins with rather disparate MW and pI were identified in
one spot: MASP-1 light chain occurred in conjunction with
antithrombin IIT and complement C3g fragment. Moreover,
the actual MW of the spot estimated from its coordinates in
gel is 84kDa, i.e. corresponding to the sum of their weights
(49, 28, and 5kDa, respectively). Thus, the presence of a
SDS-stable (i.e. covalently bound) complex formed by these
three proteins was confirmed.

3.2 Systemic biocompatibility markers

A significant decrease in total leukocyte count was docu-
mented in systemic blood at 15 min which was diminished
yet persistent at the end of HD (Fig. 3A). Similar trend was
demonstrated for leukocyte subpopulations, namely granu-
locytes, monocytes, and lymphocytes (Supporting Informa-
tion file). Leukocyte surface antigens were investigated on
blood granulocytes and monocytes during HD and there-
after in dialyzer eluates. In this way, enhanced adhesivity
(estimated by CD11b, CD14, and CD15 upregulation and
CD62L downregulation) and degranulation (evaluated by
CD63 and CD66b upregulation) were confirmed both in
blood leaving the dialyzer at 15 min and in dialyzer eluates
obtained immediately after dialysis (Supporting Information
file).

The rate of complement activation during HD was
assessed by measuring systemic concentration of CS5a
component (Fig. 3B). Plasma level of TAT complexes rose
significantly from 4.6 (3.5)pg/L to 16.6 (20.2) pg/L
(p<0.001) during the 4-h dialysis session. The initial
thrombocyte count was found to decrease slightly at 15 min
in blood leaving the dialyzer (180 [70] 10e9/L versus 170 [76]
10e9/L, p = 0.04); however, no significant drop in systemic
blood could be documented, and the count recovered
completely before 240 min.

3.3 Plasma ficolin-2 and MASP-2 dynamics and
relationships to biocompatibility parameters

The extent of ficolin-2 extraction inside hemodialyzer was
determined as a difference in serum concentrations between
arterial and venous ports. It was found to be maximum at
the beginning and steadily decreasing afterward, however,
still significant at 15min (Fig. 3C). Concurrently, a
sustained decline in systemic ficolin-2 level was observed
throughout the HD session, such that the procedure resul-
ted in 41 (4.7) % decrement of serum ficolin-2. As much as
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Table 1. Proteins identified in dialyzer eluates

Proteomics Clin. Appl. 2010, 4, 829-838

Spot no.?’  Protein name Acc.no  E/PY p° Mw?  p® PMF® MS/MS®
pep/sco pep/sco
Cluster A"
1 Actin B P60709 366.3 (814.48) <0.001 42 5.3 8/76 NA
Actin y P63261 42 5.3 9/90 NA
2 Antithrombin 3 P01008 4.8 (12.97) <0.001 49 6 14/69 6/523
Mannan-binding lectin serine P48740 28 6 NA 1/78
protease1 light chain
Complement C3g P01024 5 4 NA 1/95
3-4 Apolipoprotein E P02649 3.6 (6.68) 0.002 34 5.5 25/198 6/195
5 Caldesmon 1 Q05682 100.3 (245.26) <0.001 93 5.6 NA 1/35
Albumin P02768 67 5.7
Transferrin P02787 75 6.7
6 Clusterin P10909 6.0 (7.89) <0.001 50 5.9 10/63 5/187
7 Complement C3c a2 P01024 9.1 (128.34) <0.001 24 6.9 29/99 9/555
8/9 Complement C3p P01024 3.6 (3.93) <0.001 71 6.8 27/109 9/449
10 Complement C9 P02748 6.6 (6.94) <0.001 61 5.4 NA 4/133
11 Complement factor H-related Q03591 70.3 (80.92) <0.001 36 7.1 NA 2/28
protein 1
12-19 Ficolin 2 Q15485 119.7 (171.10) <0.001 34 6.3 12/91 5/203
20 Lactotransferrin P02788 161.6 (259.81) <0.001 76 8.5 23/107 4/173
21-23 Mannan-binding lectin serine P48740 3.2 (6.69) <0.001 49 4.9 18/151 8/287
protease 1 heavy chain
24 Mannan-binding lectin serine 000187 10.6 (14.12) <0.001 48 5.4 13/66 8/447
protease 2 chain A
25 Microfibril-associated P55083 41.1 (60.90) <0.001 26 5.2 NA 3/73
glycoprotein 4
26 Properdin P27918 4.3 (12.29) 0.01 51 8.3 12/72 3/30
27 Tropomyosin 3 P06753 185.9 (570.28) <0.001 33 4.7 13/77 4/76
Tropomyosin 4 P67936 29 4.7 18/143 5/103
28 Vinculin P67936 53.7 (159.26) 0.01 124 5.5 18/127 2/32
29 Vitronectin P04004 8.0 (175.45) 0.004 54 5.6 8/6 NA
Cluster B
30-31 Carbonic anhydrase 1 P00915 1568.2 (2482.90) <0.001 29 6.6 10/77 3/43
32 Catalase P04040 170.5 (221.33) <0.001 60 7 NA 2/28
33 Flavin reductase P30043 295.2 (288.90) <0.001 22 7.3 NA 1/60
34 Glyceraldehyde-3-phosphate P04406 137.7 (206.87) <0.001 36 8.6 NA 3/110
dehydrogenase
35-39 Hemoglobin o P69905 849.0 (1999.73) <0.001 15 8.7 NA 2/86
Hemoglobin B P68871 16 6.8 5/57 4/160
40 Peroxiredoxin 2 P32119 399.5 (503.07) <0.001 22 5.7 5/92 2/30
Cluster C
41 a1-Antitrypsin P01009 0.5 (0.24) 0.005 44 5.4 19/226 6/425
42 Albumin P02768 0.6 (0.36) <0.001 67 5.7 31/149 8/490
43 Apolipoprotein A1 P02647 0.7 (0.55) 0.01 28 5.3 11/88 4/180
44 Apolipoprotein A4 P06727 0.7 (0.37) 0.005 43 5.2 23/171 5/84
45-46 Fibrinogen P02675 0.1 (0.20) <0.001 56 8.5 11/77 NA
47-48 Fibrinogen y P02679 0.1 (0.24) <0.001 52 5.4 4/63 1/30
49 Haptoglobin P00738 0.5 (0.34) 0.002 45 6.1 NA 3/47
50 Prothrombin P00734 0.5 (0.54) 0.006 65 5.2 8/78 3/49
51-53 Transferrin P02787 0.5 (0.23) <0.001 75 6.7 26/170 8/561

a) Spot numbers correspond with labels in Fig. 2.
b) Data are given as median (quartile range).

c) Statistical significance of differences between eluate and plasma (E/P) relative spot intensities was confirmed with a signed rank test.

d) Theoretical value calculated from Swiss-Prot sequence data.

e) Peptide sequences and spectra of selected proteins are available as a Supporting Information file.
f) The division into clusters corresponds to Fig. 1B.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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35% of the overall loss of ficolin-2 occurred during the first
15min. This intradialytic loss of serum ficolin-2 did not
correlate with either procedure settings (heparin dose and
ultrafiltration rate) or predialysis laboratory parameters
(blood picture, activated partial thromboplastin time, and
serum calcium) but depended largely on the initial ficolin-2
level (R=0.74, p<0.001). The alterations in MASP-2
plasma concentration were much more discreet — at 15 min,
only a trend to decrease was notable (p = 0.07) followed by a
mild, though statistically significant, elevation at 240 min
(Fig. 3D).

Leukocyte depletion in peripheral blood, both at 15 min
and at the end of dialysis, was found to be clearly propor-
tional to parallel ficolin-2 elimination (r=0.73, p=0.001;
r=0.74, p=0.001, respectively). In a multivariate model,
separate effects of ficolin-2 concentration decrease
(R*=0.62, p=0.01) and CS5a level elevation (R*=0.36,
p=0.01) were shown to predict independently the changes
in leukocyte count (all parameters at 15 min versus baseline).
CDG62L expression in peripheral blood at 15 min was related
to ficolin-2 adsorption (r=0.76, p<0.001) and the down-
regulation of CD62L on granulocytes retrieved from the
dialyzer postdialysis was negatively correlated with ficolin-2
adsorption until 15min (r= —0.64, p = 0.01) and during the
complete procedure (r=—0.61, p=0.02). Similarly in
monocytes — both in peripheral blood leaving the dialyzer
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(r=-0.66, p=0.005) and in the eluates (r=—0.69,
p=10.004), the decrement of CDG62L expression was inver-
sely proportional to ficolin-2 adsorption until 15 min.

Both initial and 15 min ficolin-2 levels correlated with C5a
production expressed as ratio of concentrations at 15 min to
baseline (r=0.68, p=0.004 and r=0.72, p = 0.002, respec-
tively). Moreover, the magnitude of ficolin-2 consumption
during the first 15 min was associated with C5a generation
(r=0.64, p=10.01). No correlation whatsoever was observed
between TAT production or platelet counts and ficolin-2
levels or clearance at any timepoint.

4 Discussion

A recently introduced technique of sequential elution
combined with gel-based proteomics [10] was employed to
study proteins adsorbed to a polysulfone hemodialyzer
during clinical HD. At the same time, basic markers of
dialyzer incompatibility, namely leukocyte counts and
surface antigen expression, thrombogenicity, and comple-
ment activation, were monitored. To the best of our
knowledge, this is the first report describing blood-dialyzer
interactome and connecting it to systemic biocompatibility.

PCA was used to discriminate meaningful structures
among more than 4500 spot intensities generated during

B
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Clinical Relevance

The number of patients receiving HD is still
increasing yet their mortality stays extremely high
(15-20% per year) mainly due to accelerated ather-
osclerosis and disturbed immune defense. Chronic
inflammation elicited by contact of blood with the
dialysis membrane is considered a significant factor
despite the introduction of biocompatible materials,
e.g. polysulfone. The systemic consequences of
dialyzer-induced inflammation have been exten-
sively scrutinized; however, its local triggers remain
unclear. We have adopted a completely novel
approach to biocompatibility and report the first
representative picture of blood-dialyzer interactome

the analysis of eluate proteome. The first principal
component clearly segregated the proteins with low E/P.
Similar occurrence in plasma and eluate indicates this
group as contamination, probably due to the imperfect
wash-out of plasma residues. Indeed, most of the spots were
later identified as abundant plasma proteins (cluster C).
Along the second component, two clusters of proteins
significantly accumulated in eluates were separated. Maxi-
mum eluate enrichment was apparent in ubiquitous intra-
cellular enzymes (cluster B) which undoubtedly arose from
lysis of entrapped blood cells. On the other hand, high E/P
observed in plasma proteins from cluster A can be inter-
preted as an indicator of a specific adsorption to the dialyzer
[9, 10].

Proteins classified into the same group display similar
spot intensity patterns and thus could imply biologically
relevant interactions which, however, need to be validated
either experimentally or by analysis of references. In this way,
several well-established physiological circuits can be distin-
guished within the cluster A. Co-occurrence of ficolin-2 and
MASPs indicates involvement of the lectin pathway [12],
whereas the vicinity of properdin probably reflects coupling to
amplification loop of the alternative pathway [13], or, alter-
natively, properdin could operate as another pattern recog-
nition molecule [14]. The course of complement activation
can be further modulated by clusterin and FHRI.

Cytoskeleton elements, i.e. tropomyosins, actins, caldes-
mon, and vinculin, together with G3P constitute a
morphological and functional complex [15] responsible for
cell-substrate adhesion [16, 17]. Their clear separation from
cluster B suggests they represent rather the process of
adhesion per se than just residual cellular debris. Such
concept is further supported by the association with vitro-
nectin, a soluble mediator of cell adhesion [18]. Spec-
ulatively, lactotransferrin accumulation might also be
related due to actin-dependent exocytosis of neutrophil-
specific granules [19]. Other relationships can be hypothe-
sized with regard to the literature — adsorption of MFAP-4

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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obtained in clinical context. Besides describing the
molecular background of dialysis-associated
inflammatory response, our study provides at least
two messages with potential significance for clinical
practice. First, we suggest lectin-mediated carbohy-
drate recognition pathway plays a central role in
initiating the complement and leukocyte activation.
This knowledge could help to develop better toler-
ated biodevices. Second, we show that extra-
corporeal procedures may result in unwanted and
possibly harmful depletion of individual proteins.
Proteomic tools seem appropriate to characterize
adsorptive properties of new materials.

might reflect its reported affinity for both carbohydrates and
collectins [20], whereas the role of antithrombin 3 as MASP
inhibitor is favored by observed covalent binding with
MASP-1 [21].

Parallel and abundant occurrence of key molecules
involved in lectin pathway implies contribution of this mode
of complement activation to dialyzer-induced inflammatory
response. To test this assumption, we chose two proteins
inherent to the lectin pathway and reaching high E/P,
namely ficolin-2 and MASP-2. Sequential determination
of their plasma levels showed a continuous removal
of ficolin-2 during HD, resulting in its substantial
depletion. With respect to the size of native ficolin-2 [22]
(multimers with MW of 403 and 807kDa), and taking
into account its prevalence in eluate proteome, the major
cause of this elimination seems to be adsorption to the
dialyzer (ultrafiltrate is devoid of ficolin-2, gel image is
available as a Supporting Information file). Any potential
changes in MASP-2 levels were probably outbalanced
by other sources of the protein (MBL and H-ficolin
complexes) [23].

Our results demonstrate for the first time a loss of ficolin-
2 occurring in patients treated with HD on a polysulfone
membrane. Whether this depletion is only transient and the
ficolin-2 level recovers completely or if these patients suffer
from chronic ficolin-2 insufficiency cannot be concluded
from this study. Still, it is pertinent to hypothesize about
potential clinical impact of such condition. Ficolin-2
(L-ficolin) is a pattern recognition molecule which plays an
important role in innate immunity, both cellular and
humoral [24]. It has been shown to bind to a variety of
surface antigen structures found in many Gram-positive
and Gram-negative bacteria including significant pathogens,
e.g. pneumococci, staphylococci, and E. coli, as well as yeasts
[25-29]. Ficolin itself promotes opsonophagocytosis and in
concert with MASP-2 activates complement.

Low levels of MBL, an earlier discovered member of the
lectin family, have been linked to increased risk of infections
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[30, 31] and similar data on ficolin-2 began to emerge
recently [32]. Considering their different substrate specifi-
cities [33], isolated ficolin-2 deficiency might induce
susceptibility to particular pathogens. As the amount of
ficolin-2 removed during dialysis depended largely on its
initial level, the process of adsorption seems to be governed
by direct ficolin—polysulfone affinity. Therefore, we would
expect even higher ficolin-2 consumption with larger dialy-
zer or prolonged exposure (continuous renal replacement
therapy).

Apart from quantifying the loss of ficolin-2, the confir-
matory studies were targeted to elucidate whether binding of
ficolin-MASP complexes can be linked to any accepted
markers of dialyzer incompatibility. The adsorption is
specific for the lectin pathway, yet further downstream
localized steps could significantly modify its impact on
complement activation [13]. Therefore, in addition to
providing direct evidence of ficolin-2 adsorption and MASP-
2 activation by proteomic analysis, we documented, for the
first time, its association with dialysis-induced leukopenia
and C5a generation.

The principal finding derived from FACS analysis was
the correlation of CD62L surface expression with ficolin-2
adsorption discovered in both granulocytes and monocytes.
CDG62L (r-selectin) is an important leukocyte homing
receptor of lectin nature which is required to initiate
leukocyte capture, rolling, and adhesive interactions [34, 35].
The cytoplasmic domain of L-selectin has been reported to
be anchored to actin-tropomyosin cytoskeleton via vinculin
[36, 37], and hence identification of the latter proteins in
eluate supports the role of CD62L. Nevertheless, provided
ficolin-2 mediates the interaction of leukocytes with dialysis
membrane via 1-selectin, we would expect to find an oppo-
site correlation due to receptor shedding. An intriguing
explanation could be that ficolin-2 might occupy putative
lectin ligands on polysulfone membrane and thus prevent
interaction with leukocyte i-selectin and its shedding. Such
competition between ficolin-2 and ti-selectin would
anticipate an overlap of substrate specificity in these two
lectins.

We can conclude that proteomic analysis of dialyzer
eluates provides solid data to consider lectin pathway initi-
ated by ficolin-2 adsorption a significant process involved in
complement activation by polysulfone membrane. It has
been demonstrated that plasma exposure to artificial mate-
rial may cause unwanted elimination of individual proteins
during extracorporeal procedures. The proteomic technique
has been proved effective in identifying the proteins subject
to specific adsorption.
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Republic.
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Citrate-Buffered Dialysis Solution (Citrasate) Allows
Avoidance of Anticoagulation During Intermittent
Hemodiafiltration—At the Cost of Decreased Performance
and Systemic Biocompatibility
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*tJaromir Eiselt, and *tTomas Reischig
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Plzen, Biomedical Center, Charles University in Prague; and fInstitute of Clinical Biochemistry, Charles University
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Reportedly, citrate-based dialysis solution enables heparin
dose tapering or even complete exclusion, particularly in
postdilution hemodiafiltration (HDF). The aim of the study
was to verify this strategy in predilution setting and to assess
its short-term safety, efficacy, and biocompatibility. Ten reg-
ular hemodialysis patients were assigned to predilution
HDF on acetate- and citrate-based dialysis solutions (0.8
mmol/l trisodium citrate) at random order. Acetate HDF
was performed using routine dose of heparin while citrate
HDF was heparin free. Plasma calcium, thrombin-anti-
thrombin complexes (TAT), and citrate levels were mea-
sured at 0, 30, 60, 120, and 240 min. Following each session,
a semiquantitative dialyzer clotting score (DCT 1-5) was
assessed and HDF adequacy was determined as spKt/V.
Statistical relevance was tested by ANOVA with pP < 0.05
held significant, data are given as means * standard devia-
tions. All sessions were accomplished successfully, prema-
ture termination or circuit re-setting was not necessary.
However, DCT was significantly higher in citrate-HDF

compared to acetate-HDF regimen (3.4=*0.65 and
1.8 £ 0.79, respectively, P = 0.002) as well as TAT genera-
tion rate (increase per session by factor 11.0 =843 and
2.1 +£1.26, respectively, P = 0.004 between regimens). Ion-
ized calcium declined only by the end of citrate-HDF (from
1.09 £ 0.086 to 0.99 = 0.030 mmol/l, P = 0.002) yet without
accompanying clinical symptoms. Systemic citrate levels
increased along the citrate-HDF session but stayed an order
of magnitude below concentrations needed to establish cit-
rate anticoagulation (peak at 0.276 = 0.112 mmol/l). Dialysis
adequacy estimated by spKt/V was found lower in citrate-
HDF vs. acetate-HDF (1.48+0.163 and 1.58 = 0.165,
respectively, P = 0.006). Although predilution HDF using
citrate-based dialysate is feasible without heparin, both dial-
ysis adequacy and biocompatibility is significantly compro-
mised. Therefore, this approach can be adopted for a single
procedure but is not acceptable on a regular basis. Key
Words: Adequacy—Citrate—Hemodiafiltration—Hepa-
rin free—Thrombogenicity.

Since the dawn of dialysis, anticoagulation has
accompanied extracorporeal methods, as inevita-
ble as undesired. While this predicate still holds
true, the notion of adequate anticoagulation has
shifted substantially. Today, we not only require it
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to prevent considerable blood loss or circuit
obstruction but seek a much more elusive target,
namely biocompatibility (1). It should be noted
that the connection between the physiological
response to foreign materials and clinical outcome
is rather speculative than straightforward. Howev-
er, taking into account the long-term character of
renal replacement therapy and the cumulative
property of inflammatory signaling, it seems pru-
dent to cause as little harm as possible within each
session (2).
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To achieve this purpose, current guidelines rec-
ommend either unfractionated or low molecular
weight heparin (LMWH), or alternatively, regional
citrate anticoagulation (RCA) whenever systemic
anticoagulation is considered potentially harmful
(3). Thanks to its alleged beyond-the-clotting
effects (4-6), the latter has gained more attention
during the last decade as reflected by recent inclu-
sion of RCA into the KDIGO guidelines (7).
Unfortunately, RCA is still considered demanding
on both instrumental and operational sides—mainly
due to the need for two continuous infusions (cit-
rate pre- and calcium postdialyzer) and repeated
assessments of ionized calcium (iCa). Infusion rates
need to be adjusted accordingly both to eliminate
local clotting (intradialyzer iCa should be kept
within 0.25-0.35 mmol/L) and to avert systemic
hypocalcemia (8). To make the list complete, saline
flushes, another commonly used heparin-free regi-
men, were shown to be clearly inferior to RCA or
heparin, even with regard to circuit patency (9).

The ultimate goal would be an approach to anti-
coagulation as handy as heparin, as safe as citrate,
and as efficient as both. Quite surprisingly, there is
a serious candidate to this position—around for
some time and requiring no technological innova-
tions! Recently, it has been demonstrated that
using sodium citrate as a buffer base in the acidic
component of dialysis solution enables dose restric-
tion or even complete heparin exclusion (10,11).
The latter has been accomplished under specific
conditions of postdilution online hemodiafiltration
(HDF), while standard hemodialysis (HD) may be
less tractable (9). In any case, it is far from obvious
as the citrate concentration was about one fourth
of what would be expected to provide an anticoagu-
lation effect. One possible way out of this contra-
diction would be to claim that the inverted citrate
flux (i.e., from dialysate to blood rather than the
other way round) brings about an enhanced filter
protection.

Anyway, there are at least two good reasons to
apply such approach to the predilution HDF
instead. First, hemoconcentration (a precipitating
factor for clotting) can be avoided and second, it
makes a better sense to infuse the citrate-
containing substitution predialyzer so as to expose
both sides of the membrane. Moreover, the filtrate
conveys the same environment also inside its pores.
Therefore, our primary objective was to ascertain
whether heparin-free HDF using citrate-based solu-
tion could be a viable alternative in terms of effica-
cy, short-term safety, and biocompatibility. As a
secondary target, we monitored citrate and calcium
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local levels to analyze their mass transfer and per-
haps to obtain an explanation for the unexpected
anticoagulation activity.

PATIENTS AND METHODS

Ten patients (six males and four females of medi-
an age 71.5 £ 2.6 years) suffering from chronic kid-
ney dysfunction 5/5 K/DOQI and treated with HD
for at least 3 months were included in this clinical,
prospective, randomized, cross-over study. The oth-
er inclusion criteria were as follows: 18 years of age
or older and a native arteriovenous fistula (AVF)
allowing blood flow (BF) of at least 300 mL/min.
The following exclusion criteria were applied: labo-
ratory indicators of hepatic dysfunction (ALT or
AST levels exceeding the upper limit more than
twice), hemostatic disorder (abnormal prothrombin
time, activated partial thromboplastin time, or
platelet counts below 100 X 10°/L), ongoing antith-
rombotic treatment except acetylsalicylic acid as a
monotherapy, and active malignancy. The primary
cause of renal failure included chronic tubulointer-
stitial nephritis (2), ischemic nephropathy (1), hyper-
tensive nephropathy (2), diabetic nephropathy (3),
obstructive nephropathy (1), and chronic glomerulo-
nephritis (1). The other relevant parameters in the
group were INR 1.2 *= 0.11, aPTT 36.1 = 3.22 s,
platelet count 211 =+ 80.1x10%L, ALT
171 = 129 U/L, and CRP 7 = 3.6 mg/L.

The study has been approved by the local ethics
committee and conducted in compliance with the
Declaration of Helsinki, and all patients have
signed an informed consent. The trial has been reg-
istered at Australian and New Zealand Clinical Tri-
als Registry: ACTRN12613001117707.

All patients were assigned two study sessions
within 2 weeks (the first procedure in that week),
specifically online HDF using dialysis solution con-
taining acetate (acidic HD bicarbonate concen-
trates SW 127 or 286 with respect to the actual
potassium level; B. Braun Avitum AG, Melsungen,
Germany) accompanied by a regular dose of
LMWH and online HDF using dialysis solution
containing citrate (Citrasate; Medites Pharma Ltd.,
Roznov pod Radhostém, Czech Republic) without
additional anticoagulation. The order of both regi-
mens was random. Sequentially numbered sealed
envelopes were used for allocation concealment.
For the sake of conciseness, the two treatments will
be referred to as acetate-HDF and citrate-HDF in
this text. The dialysis monitors used were FMC
5008 and 5008S (Fresenius Medical Care, Bad
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TABLE 1. Compositions of acetate- (SW127/286) and citrate-based (Citrasate) dialysis solutions

Na™ K" Ca™* Mg+t Cl- Bicarbonate Acetate Citrate
Solution* (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
SW127/286 138 2/4 1.25 0.5 109 32 3 0
Citrasate 140 2/4 1.25 0.5 110 33 0.3 0.8

*Electrolyte and organic buffer concentrations within the ready-to-use, online mixed dialysis solutions.

Homburg, Germany) equipped with high-flux dia-
lyzers FX 100.

All sessions were accomplished as online HDF in
predilution setting (80 mL/min), with dialysate flow
500 mL/min, at temperature 36°C, 4 h duration, BF
300 mL/min, via AVF (16 G needles), and using
LifeLine Beta AV sets ONLINEplus BVM 5008-R.
Patients undergoing acetate-HDF received their reg-
ular dose of LMWH (nadroparine 5035 = 1420 IU)
administered into the arterial port immediately after
HDF initiation (Fraxiparine; Glaxo GmbH, Olde-
sloe, UK). In contrast, during citrate-HDF proce-
dures, no systemic anticoagulation was applied.
Ultrafiltration rate was accommodated to individual
patients’ needs, and 10 min before each sampling, it
was set to 10 mL/min (12). The compositions of
both acetate and citrate containing solutions are giv-
en in Table 1. Within the session, no blood or deriv-
atives were administered. Blood sampling was
scheduled at 0 min from AVF (0), at 30, 60, and
120 min from the venous line (denoted as 30v, 60v,
and 120v, respectively). At 30 min, another sample
was taken from the arterial line (30a). At 240 min,
blood was sampled (240a) from the arterial line fol-
lowing 15 s in slow BF mode (70 mL/min) (13). The
same timetable was used for dialysate sampling.
Throughout each session and 10 min after its termi-
nation, patients were monitored for adverse reac-
tions, specifically cramps, paresthesias, symptomatic
arrhythmias, and hypotension.

Plasma concentrations of thrombin—antithrombin
(TAT) complexes were determined (Enzygnost
TAT Micro; Siemens, Marburg, Germany) as well
as plasma and dialysate levels of citrate (Citrate
Assay Kit; Abcam, Cambridge, UK), plasma antiXa
activity (STA-R Evolution coagulometer, Biophen
Heparin LRT; Hyphen Biomed, Neuville-sur-Oise,
France), urea concentrations in plasma (kinetic UV
test, Olympus analyzer AU 2700, Beckman Coul-
ter, Fullerton, CA, USA), total (photometric test
with Arzenazo III, Olympus AU 2700, Beckman
Coulter) and ionized calcium (acid-base analyzer
ABL 800, Radiometr), magnesium (photometric
test, Olympus AU 2700, Beckman Coulter), blood
gases (acid-base analyzer ABL 800, Radiometer),

and blood picture, that is, blood hemoglobin, leuko-
cyte, and platelet counts (LH 1.2 analyzer, Beck-
man Coulter). After the session, visible clotting in
the used dialyzer (dialyzer clotting score) was
assessed by a staff member not involved in the
study directly and blinded with respect to the cur-
rent procedure. The clotting was graded on a semi-
quantitative scale: 1 = up to 30% capillaries filled
with clot, 2 = 30-60% capillaries clotted, 3 = 60—
90% capillaries clotted, 4 = more than 90%
capillaries clotted, dialyzer flush feasible, 5 = as 4
but dialyzer flush not feasible.

The data on citrate concentration in the spent
dialysate together with the known level in the dial-
ysis solution entering dialyzer (and hence concen-
tration in the substitution solution) allowed us to
estimate the (total) citrate balance during citrate-
HDF procedure as the difference between the
amount entering the extracorporeal circuit and the
amount leaving it:

citrate (mmol)=(Vs+Vp)XCp—(Vs+Vp+Vyr) X Cw

Vs is the substitution volume, Vp is the volume of
the dialysis solution entering dialyzer, Vg is the
ultrafiltration volume, Cp is the citrate concentra-
tion in premixed solution, and Cy is the citrate
concentration in the collected spent dialysate; the
intrinsic (metabolic) citrate was considered negligi-
ble and not accounted for

Single pool Kt/V was calculated using Daugirdas’
equation of the second generation. Substance con-
centrations and cell counts were corrected for vol-
ume changes due to ultrafiltration where
appropriate (non-diffusible factors). The data are
given as mean (standard deviation). Statistical sig-
nificance was calculated with general model analy-
sis of variance (ANOVA) (two time-dependent
factors treated as repeated measures for most
parameters, i.e., between procedures and within
procedure) using Statistica 8 software (StatSoft,
Tulsa, OK, USA). Post hoc tests were performed
with the Bonferroni correction. The data normality
has been confirmed by means of Kolmogorov-
Smirnov and Shapiro-Wilk tests.
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FIG. 1. Total (A) and ionized (B) serum calcium during study sessions. Serum levels of total (Ca) and ionized (iCa) calcium at the
beginning and end of HDF session using acetate (acetate-HDF) and citrate-based (citrate-HDF) dialysis solution. Time-dependent
changes were tested separately within each group using paired ttest (pictured above the graphs), while between groups, the time
course was compared by means of factorial ANOVA (interaction effect of time and group presented next to the graphs).

RESULTS

Procedure safety

Both blood pH and bicarbonate levels increased
significantly during citrate-HDF (7.36 * 0.034 to
7.46 = 0.018, P < 0.001 and 20.5 = 1.94 to 25.6
*+ 1.06 mmol/L, P < 0.001, respectively) and acetate-
HDF (7.37 £ 0.034 to 7.47 = 0.036, P < 0.001 and
20.5 =2.101t025.9 = 1.05 mmol/L, P < 0.001, respec-
tively) and the effects were comparable in both arms
(ANOVA P = 0.77 and P = 0.67, respectively).

Neither acetate-HDF nor citrate-HDF was asso-
ciated with significant changes in total serum calci-
um (Fig. 1A). In contrast, ionized calcium, while it
did not change during acetate-HDF, decreased sig-
nificantly until the end of citrate-HDF session (Fig.
1B). Moreover, when the two regimens were com-
pared head to head in a dependent manner, the
opposing time trends translated into significantly
different behavior even in the case of total calcium
(Fig. 1A,B). Similarly, serum magnesium was
shown to decrease significantly during citrate-HDF
(0.79 = 0.090 to 0.67 = 0.036 mmo/L, P < 0.001).

Yet none of these differences, though statistically
significant, have reached a level which would be
considered clinically relevant (i.e., outside accepted
physiological ranges). And indeed, no correspond-
ing clinical manifestation (cramps, paresthesias,
symptomatic arrhythmias, and blood pressure
drops) could have been attributed to these labora-
tory changes. In fact, adverse events were too
scarce to be handled statistically and were analyzed
case by case. One episode of cramps occurred in
each of the two regimens (in two individual
patients) and one symptomatic hypotension in the

Artif Organs, Vol. 00, No. 00, 2016

citrate-HDF cohort. In all cases, patients were
undergoing ultrafiltration above 2000 mL per ses-
sion or more and the symptoms resolved after a
bolus of saline.

Procedure efficacy

From the perspective of clotting prevention, all
procedures were completed successfully, that is, cir-
cuit resetting or premature session termination was
not necessary in either group. The semi-quantitative
dialyzer clotting score describing the degree of dia-
lyzer clotting was however significantly higher after
citrate-HDF than acetate-HDF (3.4 *=0.65 and

70
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T 40 A
o .
2 p
=
= 30
p=0.004
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FIG. 2. TAT complex plasma levels during study sessions. Sys-
temic TAT plasma levels (predialyzer blood sample) at the
beginning and end of HDF session using acetate (acetate-HDF)
and citrate-based (citrate-HDF) dialysis solution. Time-
dependent changes were tested separately within each group
using paired t-test (pictured above the graph) while between
groups, the time course was compared by means of factorial
ANOVA (interaction effect of time and group presented next to
the graph).
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FIG. 3. Plasma citrate levels during hemodiafiltration (HDF)
using a citrate-based dialysis solution. Systemic citrate plasma
levels (blood samples drawn from dialyzer inlet) from the begin-
ning until end of HDF session. Citrate concentration increased
significantly at both time points (repeated measures ANOVA
P <0.001, all post hoc comparisons significant).

1.8 £0.79, respectively, P =0.002). Dialysis perfor-
mance, calculated from Daugirdas’ equation, was
found significantly higher in acetate-HDF than
citrate-HDF regimen (spKtV 1.58=*0.165 and
1.48 £ 0.163, respectively, P = 0.006).

Neither arterial, venous, nor transmembrane
extracorporeal circuit pressure profiles differed sig-
nificantly between acetate-HDF and citrate-HDF
groups (data are presented as supplemental files).

Biocompatibility

Plasma concentrations of TAT complexes (i.e.,
thrombogenicity marker) were found to rise along
both acetate-HDF and citrate-HDF procedures, but

during citrate-HDF, the increase was significantly
steeper (Fig. 2). In both study arms, blood leukocyte
counts declined significantly during the session (about
0.66 + 0.536 X 10°/L, P = 0.004 in acetate-HDF and
0.62 = 0.514x10°L, P = 0.004 in citrate-HDF),
yet the trend was comparable between the groups
(P = 0.8). Blood thrombocytes decreased significantly
along the citrate-HDF sessions only (12.7 = 17.56 X
10°L, P = 0.048), while during acetate-HDF, the trend
was ambiguous (8.6 = 16.7 X 10°/L, P = 0.14). Never-
theless, when compared against each other, the differ-
ence did not reach statistical significance (P = 0.25).

The plasma concentration of citrate in the dialyzer
inlet (i.e., systemic citrate level) increased steadily
since the session start until its end where it peaked at
almost fourfold the initial value (Fig. 3). Although
citrate concentration in the dialysis solution entering
the dialyzer (as well as within the online produced
substitution fluid) stayed close to 800 pmol/L
(809 = 50.6), it was subject to dilution thereafter
(apparently due to ultrafiltration and backward diffu-
sion) yielding a slightly ascending concentration
series in the waste dialysate (649 * 64.2, 666 * 69.8,
690 = 51.1, and 693 = 57.9 umol/L at 30, 60, 120, and
240 min, respectively; P = 0.044). In parallel, citrate
levels at the dialyzer blood outlet also increased
(594 = 108.4, 640 = 61.9, 660 = 61.1 pmol/L at 30,
60, and 120 min, respectively; P = 0.036).

The overall dynamic balance shifting citrate into
the circulation as a net effect of several competing
processes is illustrated in Fig. 4 (as exemplified by
30 min time point). The total citrate gain per one ses-
sion can be estimated from the time-weighted dialy-
sate level (available as the aggregated concentration
in the collected spent dialysate) provided its

circulation (dilution, metabolism)

1)

FIG. 4. Citrate distribution amongst
blood and dialyzer compartments.
A diagram showing processes
responsible for citrate shifts inside
and outside circulation together
with specific local citrate concentra-

tion as determined at 30 min of blood outlet
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concentration within primary solution was stable and
approximating the volume of waste dialysate from
the preset dialysate flow rate raised by the volume of
ultrafiltration and substitution (see formula in the
“Methods” section). Citrate dose calculated in this
way amounts to 19.3 * 833 mmol per session, an
equivalent of a continuous trisodium citrate infusion
at about 35 mL/h.

DISCUSSION AND CONCLUSIONS

Ten long-term HD patients were consequently
treated with HDF using acetate dialysis solution
accompanied by a regular heparin dose and using
citrate-buffered dialysis solution without any addi-
tional systemic or regional anticoagulation to find
out if the latter provides comparable clotting pre-
vention, both from a clinical standpoint and with
regard to biocompatibility markers. To ascertain if
the presumed mechanism, namely local calcium
chelating, could explain lower thrombogenicity of
citrate-based solution reported previously (11,14),
serum calcium and plasma citrate and dialysate
concentrations were determined.

RCA is safer (with respect to bleeding risk) and
induces more efficient clotting prevention (15);
there is compelling evidence for its better biocom-
patibility (4,5), and it is even cheaper than the sys-
temic variant. In contrast, it is substantially more
laborious (granted the close monitoring) and per-
ceived (rather than proven) to bear a risk of serious
metabolic derangement. For these reasons, it has
been largely limited to ICU settings so far (16).
With regular dialysis, attempts have been made
either to automatize or simplify the procedure—the
first by developing an online device monitoring iCa
levels within the circuit and the other by a limited
citrate dose as a complement to (reduced) heparin
infusion (i.e., without iCa monitoring and even Ca
reinfusion). The latter can be achieved by means of
prefilter infusion, replacement of dialysate acetate
by citrate, or some combination of both (10,17,18).
Among these, predilution online HDF using
citrate-based dialysate, arguably the most rational
alternative, has not been assessed so far.

In compliance with previous trials investigating
diverse implementations of citrate-based solutions,
we did not observe an increased incidence of
cramps, symptomatic hypotension episodes, or any
other clinical adverse effects (19,20). Neither did
any of the followed parameters (total or ionized
calcium, magnesemia, pH, or bicarbonate levels)
approach a level generally considered dangerous. A
switch to citrate-based dialysate under ongoing
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systemic anticoagulation may slightly improve dial-
ysis adequacy (estimated as spKt/V) (21-23), yet in
our study, noninferiority of the heparin-free regi-
men would be satisfying. However, unlike the study
of Aniort et al. (10) we showed a statistically signif-
icant decline in spKt/V after heparin withdrawal.
This discrepancy is not necessarily due to the predi-
lution setting. Provided it is a consequence of mem-
brane clotting, it could be explained also by center-
dependent differences in heparin dosing between
the control regimens. Clearly, the decrease was not
large enough to corrupt a single session, and it is
questionable on which time scale it could become
clinically relevant.

As a gross marker of circuit clotting, resetting or
premature termination due to filter or lines
obstruction was not required during any session in
either group (all procedures were completed suc-
cessfully). In contrast, both the semiquantitative
clotting score and TAT levels revealed more subtle
differences between both regimens indicating sig-
nificantly less clot formation under heparin anticoa-
gulation. TAT plasma concentrations showed since
60 min a sustained rate of fibrin generation during
citrate-HDF reaching half an order of magnitude
above that during acetate-HDF. These results are
in line with findings of Aniort et al. from postdilu-
tion HDF and show that (judged from higher clot-
ting scores after heparin-free procedures) even
predilution setting does not perform better in this
respect. Particularly, the degree of TAT generation
demonstrates that a substantial clotting is going
on—virtually unnoticed.

It is difficult if not impossible to accurately deter-
mine the amount of citrate passing (either way)
through the dialysis membrane. Still, we can get a
glimpse from the cross-sectional list of local concen-
trations (Fig. 4). By exclusively mixing blood and
substitution fluid at the specified citrate levels and
flow rate ratio 300:77 mL/min, the output might be
estimated to 285 umol/L, which is only half of what
we really observed. Thus, inevitably, a considerable
proportion of circulating citrate must have penetrat-
ed from the dialysate by diffusion. Conventional
RCA, though it can induce temporary hypocalcemia,
puts the patient at risk of calcium overload in the
long term, as it is released from citrate complexes
upon its metabolism (17). In contrast, citrate-based
dialysate increases the diffusible calcium fraction
and thus shifting the equilibrium promotes its disso-
ciation from albumin. As a consequence, without
parallel substitution, more calcium could be drained
into dialysate. The relative decline in total calcium
that we report seems to support this concept. Even
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if it could be offset by higher dialysate calcium, such
arrangement would probably undermine the anticoa-
gulation effect.

From this study, both citrate plasma concentra-
tions and the estimated total dose administered
kept an order of magnitude below the levels met in
RCA whereas ionized calcium stayed well outside
the interval recommended for reliable anticoagula-
tion (17,24). While even such hopelessly ineffective
conditions clearly protect the circuit from massive
clotting, one would be tempted to speculate that
the iCa targets transferred from blood preservation
protocols and continuous replacement techniques
might be too stringent for intermittent regimens,
simply because our requirements on filter lifespan
are much less strict in the latter setting (leaving
aside the question of membrane hydraulic perme-
ability and clearing properties). With respect to our
data, we might accept this reasoning as far as spo-
radic application is concerned, yet for regular
replacement therapy, we have good grounds to
reject it. The combined burden of decreased perfor-
mance and biocompatibility would probably outbal-
ance any potential advantage obtained from citrate
use.

Acknowledged drawbacks of the study include
limited number of cases (counterbalanced by the
crossover design and its “pharmacokinetic” nature,
i.e., strictly defined conditions and relatively sim-
plistic mechanisms), limited time scope (not allow-
ing other than indirect inferences about long-term
effects, which however were not among primary
goals), and limited opportunity to investigate local
citrate and iCa concentrations directly. Thus, we
can only speculate if exposing both sides of dialysis
membrane to citrate provides a benefit compared
with conventional RCA or whether even much
weaker target iCa than generally accepted does
provide some anticoagulation. As well, it is difficult
to define whether calcium is in fact streaming out
(or how strong such a torrent could be).

Anyway, irrespective of the above-stated uncer-
tainties, we can conclude that predilution HDF
using citrate-buffered dialysis solution is feasible,
even completely without heparin—the immediate
risk of gross clotting, ionic disturbances, and
impaired adequacy being acceptably low. In con-
trast, it should be recognized that there is a sub-
stantial portion of the iceberg stretching under the
clinical waterline, and it is not clear if such seem-
ingly negligible factors could with time further
erode the weathered structure of inflammatory
balance.
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Background: The study aim was to compare
molecular-level effects (blood-dialyzer interactpn
of heparin and citrate anticoagulation using a new
technique.

Methods: Ten patients receiving maintenance
hemodialysis were examined in a crossover design
under three different anticoagulation regimens,
namely citrate, heparin, and anticoagulation-free
(control). Following a regular hemodialysis session
(4h, polysulfone membrane), dialyzers were flushed
and the surface biofilm eluted by acetic acid.
Protein composition of the eluates was determined
by 2-dimensional gel electrophoresis and resulting
patterns compared between regimens. Proteins
responsible for the difference were identified by
mass spectrometry.

ResultsThe anticoagulation-free setting was
clearly inferior to citrate and heparin in terms of
visible clotting and thrombin-antithrombin
production while in the latter two regimens,
equivalent degree of anticoagulation was reached.
Even then, however, citrate was associated with
significantly less protein adsorption to the
membrane (2.2 [1.1 - 2.9l mg vs. 6.5[2.9 — 11.6]
mg, p = 0.009). Among the proteins identified as
major discriminators between citrate and the other
regimens, fibrinu-chain fragments of molecular
weight below 40kDa prevailed. With respect to
fibrinolysis physiology, these fragments indicate
low degree of fibrin polymerization. On the other
hand, heparin prevented adsorption and cleavage of
several heparin-binding proteins; especially
complement factor H-related protein 3, insulin-like
growth factor binding proteins (2, 4, and 5), and
chemerin.

Conclusions Compared to heparin, citrate is
associated with imperfect fibrin clot formation and
less protein adsorption with potential impact on
dialyzer performance. Membrane adsorptive
properties are significantly modified by used
anticoagulation which may induce unexpected
substance removal.

BACKGROUND:

Hemodialysis and related techniques have
dramatically changed virtually all fields of

medicine allowing patients to survive conditions
that had been formerly lethal. However, despite all
technical innovations, dialysis per se would be
inconceivable if we could not deal with blood
clotting. Indeed, extracorporeal methods stand and
fall with anticoagulation and the current dilemma
lies between systemic or regional, heparin or w@tra
Whenever bleeding is the issue, there is littleldou
citrate should be preferred. The court is now to
consider arguments regarding optimal day-to-day
anticoagulation, yet here the burden of proof stays
on citrate’s side. Unfortunately, given the obstacl
arising from medical heterogeneity and legal
aspects of clinical trials in intensive care, wedd
not expect the case to be decided soon. Meanwhile,
both regimens are applicable and latest K-DIGO
guidelines even favor citrate over heparin for
continuous renal replacement therapy (CRRT) [1].

Hence, it seems prudent to gather more indirect
evidence by analyzing the molecular level of blood-
dialyzer interactions under different

anticoagulation. Fortunately, there are lessons to
learn from intermittent hemodialysis (IHD): in the
beginning, plasma proteins form a thin biofilm on
the dialyzer surface, called secondary membrane
[2]. Its composition is extremely complex; proteins
are adsorbed through hydrophobic forces or more
specific interactions, some activated, others golel
depleted. Resulting interplay involves several
pathways and extends far beyond blood clotting and
complement activation [3]. Moreover, the
secondary membrane can also affect elimination
efficacy; both enhance by adsorption (distinct
proteins are selectively removed) and reduce due to
decreased filter permeability (especially the clafss
middle molecules) [4].

As the clinical experience with citrate
anticoagulation (CA) accumulated, it turned out to
be more than a somewhat clumsy substitute for



heparin (HA). At present, the available data are fa
from conclusive with respect to patients’ survival
[5], though other outcomes, e.g. circuit patencg, a
better substantiated and in a good accordance with
daily clinical practice [6]. On the mechanistic ébv
CA unlike HA has been shown to suppress
leukocyte and platelet activation by dialyzer, an
effect attributed to calcium chelating [7, 8]. Glga
the pertinence of IHD as a model for CRRT is
limited, particularly due to different cumulative
dose and pattern of exposure. On the other hand,
even slight effects may be harmful in patients with
disrupted pro/anti-inflammatory balance as seen in
sepsis. Furthermore, with respect to the markedly
longer filter lifespan achieved during CRRT, the
issue of membrane permeability gains additional
significance [9].

Recently, we have described a novel approach to
assess hemodialyzer biocompatibility in vivo [10].
A proteome-wide analysis of biofilm adsorbed to
dialysis membrane was accomplished and showed
that innate rather then adaptive immunity was
involved in foreign material recognition. Now, we
employed this technique to elucidate mechanisms
of blood-dialyzer interaction under different
anticoagulation regimens.

METHODS

Patients and treatment

Patients were recruited at the Hemodialysis Center
of Charles University Teaching Hospital in Plzen;
study protocol has been approved by Institutional
Ethics Committee. Inclusion criteria were as
follows: regular IHD for more than 3 months,
established 4-hour dialysis three times a week,
native arterio-venous fistula allowing blood flow
250ml/min or more, stable hematocrit 30-35% and
heparin anticoagulation with total dose (bolus +
continuous) 4000-6000 U per procedure. Patients
meeting following criteria were excluded from the
study: current or past anticoagulation treatment
(oral or parenteral) other than during dialysis
session, history of thrombotic complication or
known coagulation disorder, diabetes mellitus,
active inflammation, malignancy or liver disease.

Within a 3-week screening period, heparin dose
was maintained, and proportion of the dialyzer
filled with coagulum was assessed visually at the
end of every procedure. A semi-quantitative
dialyzer clotting score (DCS) commonly used in the
center was applied (1 = no visible clot, 2 = up to
50% capillaries in the dialyzer filled with clot,=3
more than 50% capillaries filled with clot, 4 =
macroscopic coagulum in the lines, outside the
dialyzer, 5 = complete obstruction of extracorpbrea
circuit [ECC]). The evaluation was performed

independently by two staff members and only
patients with a score 1 or 2 were considered
eligible.

Finally, 10 patients aged 59-78 years, on dialysis
for 19—64 months were included and examined in a
prospective, crossover design. Study dialysis
sessions were performed routinely: polysulfone
dialyzer F60S (Fresenius Medical Care, Bad
Homburg, Germany), blood flow 250 ml/min,
dialysate flow 500 ml/min, ultrafiltration rate 250
500 ml/h. Dialyzer elution was performed three
times, each at midweek, two weeks apart, and under
different anticoagulation regimen. In the meantime,
HA was applied as a “wash-out”, with heparin dose
maintained at the level established during the
screening period. HA was studied at the end of
screening period, CA and anticoagulation-free (AF)
regimens thereafter, in random order.

For regional anticoagulation, 2.2% trisodium cirat
was infused pre-dialyzer at a rate adjusted tolreac
ionized calcium concentration of 0.25-0.35 mmol/L
and its effect reversed post-dialyzer by calcium
gluconate infusion (additional details available in
supplement 1). For anticoagulation-free dialysis,
ECC was flushed with 250 ml balanced solution
(Plasmalyte™, Baxter, Deerfield, IL, USA) in 20
min intervals. Whenever ECC obstruction required
re-setting (in AF only), the new dialyzer was
analyzed, unless it was employed for less than 2
hours. At the end of the IHD session, blood
residuum left in the lines was retrieved by medns o
250 ml rinse (Plasmalyte). Then, the patient was
disconnected from the system, and dialyser flushed
immediately with another 1000 ml Plasmalyte
solution.

Elution protocol and sample preparation

The F60S dialyser has a declared priming volume
of 82 ml. First, it was emptied, and directly fdle
with 80 ml of 3 mM EDTA (EDTA/PBS, pH =

7.4), then re-circulated with the peristaltic pump
(flow rate 80 ml/min) at 24°C for 30 min to detach
and wash out adhering leukocytes. Thereafter, the
dialyser was drained and immediately loaded with
80 ml of 40% acetic acid, re-circulated again veith
flow rate of 80 ml/min at 24 °C for 30 min,
emptied, and resulting eluate was centrifuged at
4000 g/4°C for 10 min to remove cellular detritus,
and stored at -80°C.

To minimize salt contamination, eluates were
dialyzed against ultra-high quality water at 4°O (1
exchanges, 1.5L each) using a semi-permeable
membrane with a molecular mass cut-off at 7kDa
(Serva-Electrophoresis, Heidelburg, Germany) for



five days. Dialyzed samples were concentrated by
vacuum evaporation (SpeedVac), and proteins were
dissolved in a lysis buffer (7M urea, 4% CHAPS,
40mM Tris base, 2M Thiourea, 2% IPG buffer pH
3-10, 120mM DTT). Protein concentrations in all
samples were assessed using Bradford’s dye-
binding assay (Bio-Rad Protein Assay, Bio-Rad
Laboratories, Hercules, CA, USA).

2-dimensional electrophoresis

All chemicals were purchased from Sigma (Sigma-
Aldrich, Steinheim, Germany); immobilized pH
gradient IPG buffer (ZOOM carrier Ampholytes 3 —
10) was purchased from Invitrogen (Invitrogen
Corporation, Carlsbad, CA, USA). The method was
described in detail previously [10]. Briefly, 20Q u
proteins were applied onto IPG strips (7 cm, pH
range 3-10 nonlinear, Bio-Rad), rehydrated, and
focused. The second-dimension separation was
performed on precast polyacrylamide gels (12.5 %
Criterion TRIS-HCI gel, Bio-Rad). Next, the gels
were stained with Simply Blue and the spots of
interest excised using a spot-cutter (Bio-Rad).

Matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) tandem mass
spectrometry (MS) and protein identification.

The method was described in detail previously [10].
Briefly, proteolytic peptides obtained by tryptic
digestion of the excised proteins were analyzed
using a 4800 MALDI TOF/TOF Analyzer (Applied
Biosystems, Framingham, MA, USA). Protein
identification was achieved by searching against th
human subset of the SwissProt protein database
(Swiss Institute of Bioinformatics, Basel,
Switzerland) (release 2010_09; 10 Aug 20d€ing
the MASCOT 2.1.0 search algorithm (Matrix
Science, London, UK). Probability-based MOWSE
scores were estimated by comparison of search
results against estimated random match population,
and reported as -10lggp) where p is the absolute
probability. MOWSE scores greater than 55 were
considered significant (p<0.05) for peptide mass
fingerprinting (MS). A peptide charge state of +1
and fragment mass tolerance of + 0.25 Da were
used for the MS/MS ion search. Individual MS/MS
ions scores >28 indicated identity or extensive
homology (p<0.05) for MS/MS ion search.

Enzyme-linked immunosorbent assays (ELISA)

Thrombin-antithrombin complex (TAT) plasma
concentrations were determined by means of
Enzygnost TAT micro kit (Behring Diagnostics
GmbH, Marburg, Germany) before and at the end
of the hemodialysis procedure, in blood taken from
the arterial line. Systemic C5a plasma levels were
assessed with human C5a kit (DRG Instruments

GmbH, Marburg, Germany) at dialysis start and
after 10 min. The ELISA tests were conducted
according to manufacturer’s directions. All
measurements taken during dialysis were corrected
for hemoconcentration by a factor derived from the
ratio of actual to pre-procedural blood hemoglobin.

2-DE pattern analysis and statistics

Computer aided analysis of 2-DE gel images was
carried out using PDQuest 2-D software version 8.1
(Bio-Rad). Unless there was too little protein

eluted, a synthetic image was constructed outef th
triplicated gels processed from each eluate sample,
using only spots constantly present in at least two
replicates. Spots detected in at least 90% eluates
from either regimen were considered representative
and included into multivariate model. The protein
guantity was determined relative to integrated spot
density excluding saturated spots. Intensity levels
of corresponding (matched) protein spots among
the three anticoagulation regimens were compared
with repeated measures ANOVA on ranks
(Friedman) and using Wilcoxon signed rank test
with Bonferroni correction for post hoc pairwise
comparisons.

Multivariate exploratory techniques were applied to
reduce data complexity and detect meaningful
structures among high-dimensional collinear data.
Unsupervised Principal component analysis was
used to screen outliers, visualize clusters otedla
treatments and to extract significant factors
differentiating between them. Only variables with
factor loading above 0.6 (absolute value) were
considered, i.e. corresponding spots were selected
for identification. The statistical analysis was
performed using Statistica software (version 8.0,
StatSoft Inc., Tulsa, OK, USA). Unless otherwise
declared, data are given as medians (interquartile
ranges), differences were considered statistically
significant if the p-values were below 0.01 in case
of spot densities and 0.05 for other data.

RESULTS:

Blood coagulation, both assessed visually as DCS
and estimated from TAT production per dialysis
session, was similar for CA and HA but markedly
higher in AF regimen (Fig. 1a and 1b). On the other
hand, total amount of protein bound to the dialyzer
and eluted after dialysis, differentiated even CA
from HA (2.2 [1.1 — 2.9 mg vs. 6.5 [2.9 — 11.6]

mg, respectively; Fig 1c). Here, only a borderline
significant difference between these two regimens
and AF dialysis (62.2 [49.5-120.2] mg) could be



confirmed with post hoc test. However, it should be
noted that only 7 AF procedures were included,
because extensive coagulation and complete
dialyzer obstruction in 3 AF sessions made elution
unfeasible. The CA, HA, and AF regimens did not
vary with respect to dialysis-induced leukopenia (-
1.2[-1.9,-0.7]18L; -2.1[-2.5, -1.2] 18L; -1.0 [-

1.4, -0.7] 18/L drop in leukocyte counts between
min 0 and 10, respectively; p=0.15) or C5a
generation (0.57 [0.35-0.84] ng/mL; 0.69 [0.43-
0.95] ng/mL; 1.0 [0.53-1.12] ng/mL increase in C5a
concentrations between min 0 and 10, respectively;
p=0.15).

When resolved by gel electrophoresis, 439 distinct
protein fractions were detected in at least one
sample, with 24 found constantly in all patients
under all three coagulation regimens. The broadest
spectrum of proteins was present in eluates from
CA (435 spots), while eluates from HA and AF
contained 370 and 348 spots, respectively. Fig 2
shows representative gel images from each group.
Spots detected in at least 90% eluates of either
regimen (n = 209) were considered characteristic
and therefore included into the multivariate model.

Given the aforementioned numbers of variables
describing each dialysis session, it would be
difficult to handle corresponding treatments
modalities in a univariate fashion. Principal
component analysis (PCA) applied as an
unsupervised exploratory technique allows us to
project all treatments into a factor plane depemdin
on their interrelatedness. In this way, the cotieta
(relative to the major sources of variability
[factors]) would be transformed into the distanoe o
the factor plane. By this approach, it could be
demonstrated that not only there were no clear
outliers but also that between-treatment varigpilit
markedly exceeds the inter-individual variability
(Fig. 3). While factor 1 separated unambiguously
procedures in CA from the other two regimens,
factor 2 distinguished HA from AF. Therefore,
spots with factor loading above 0.6 on any of these
two factors (n = 121) were chosen for MS
identification. Positively identified spots (n =)74
are listed in Table 1.

In gels obtained from CA set, one of the most
prevalent proteins was identified as fibrinogen A.
Its specific amino acid pattern was discovered3n 3
spots spreading over an interval of MW 22 to 40
kDa and comprising 7% (3-14%) of the overall spot
intensity. By comparison with intact fibrinogen
alpha chain MW (69.7 kDa) it follows, this fraction
represents various proteolytic fragments. Combined
amino acid sequence covered by MS/MS analyses
is shown in Figure 4. Observed fragment ends
(cleaved by a trypsin-like protease) are marked by
arrows. With regard to similar site specificity of

plasmin and trypsin, it could not have been
discerned which cleavages are due to fibrinolysis
inside the dialyzer and which occurred during the
sample preparation. Equivalent data for insulir-lik
growth factor binding proteins, including identdie
fragments and cleavage sites are available in
supplement 2 and detailed MS report in supplement
3.

DISCUSSION:

A recently introduced technique allowing analysis
of the biofilm formed on the dialyzer blood surface
in the course of clinical hemodialysis was used to
elucidate differences between three commonly used
anticoagulation regimens. A group of 10 patients
were examined consecutively during hemodialysis
under routine heparin anticoagulation, regional
citrate anticoagulation and without any
anticoagulation (ECC clotting controlled with
saline flushes). Besides monitoring systemic
biocompatibility markers, the biofilm was released
by serial flushes at the end of session and swdgect
to proteomic analysis.

Our primary motivation was to evaluate potential
advantages of regional over systemic
anticoagulation. CA and HA seem
incommensurable, yet even when comparing
“apples and oranges”, we should strive to establish
a common standard basis. Therefore, the adequate
heparin dose was verified during screening period,
while for CA widely accepted targets and rate
adjustment schemes were adopted [11]. The AF
setting was included as a presumably less
biocompatible alternative to give the observed
parameters a frame of reference. As anticipated,
standard CA as well as adequate doses of heparin
provided comparable degree of anticoagulation,
clearly superior to AF dialysis — at least in terofis
basic clinical and laboratory characteristics. s t
other hand, the difference between CA and HA
turned out to be more elusive. Studies comparing
trombogenicity of CA and HA are scarce and
ambiguous [12]; Hofbauer et al. [13] were able to
demonstrate superiority of CA by scanning
microscopy. In our sample, it became evident only
after introducing eluate total protein as a paramet
of blood-dialyzer interaction. From this standpgpint
the three regimens form a geometric series (CA-
HA-AF) of increasing protein deposition.

When it comes to qualitative biofilm analysis, the
first question to ask is whether its protein
composition varies substantially with different
anticoagulation. The answer is clearly positive as
both multivariate model and univariate tests show
pronounced differences among all three regimens.



The major contrast between CA and HA (or AF)
lies in the prevalence of fibrinogenchain
fragments in the former. Fibrin coagulation occurs
in two steps: first, fibrinogen monomers activated
by thrombin (fibrinopeptide A cleavage) self-
aggregate into strands, which are directly cross-
linked into a mesh [14]. Since at this stage each
chain cross-links through a single covalent bond,
resultingy-y pairs are readily released (as a
component of D-dimers) upon fibrin cleavage by
plasmin [15]. In the second step however, fibrin
clot exposed to f. XIIl + Ca ions organizes into a
complex spatial network through multiple
glutamine-lysine bonds betweerchains [14, 16].
This final adjustment renders coagulum resistant to
both enzymatic and mechanical degradation, also
giving a reason why no solubdechain fragments
(except the N-terminal contained in D-dimers, see
Fig. 4) are traceable in eluates of plasmin-treated
mature fibrin [15, 17].

In vitro experiments showed there are as many as
12 potential lysine donor residues within fibrinage
a-chain and cross-linking protects them from
trypsin digestion [18, 19]. As evidenced by MS
spectra, some of the fragments detected in CA
eluates were cleaved exactly at these sites
(including Lys580 and Lys556, responsible for 50%
cross-linking capacity) which excludes their
involvement in f. Xlll-induced polymerization.
Hence, we argue that massive elution of degraded
fibrin a-chains from CA dialyzers indicates
generation of imperfect fibrin due to calcium-free
environment [20]. Such fibrin has been shown
susceptible to blood flow-related forces and
fibrinolysis - a likely reason for finding less pem
stuck inside dialyzer after CA dialysis [21, 22].
Perhaps not relevant in 4h dialysis, this mechanism
might explain longer ECC patency achieved in
CRRT with CA (over HA) despite comparable
levels of coagulation in both regimens [12, 23].
Moreover, the experience from dialyzer re-use
teaches us that even partial obstruction signiflgan
restricts both convective and diffusive transports
and hence dialysis efficacy [24-26]. Finally, wanca
assume that among the multiple steps of the
coagulation and fibrinolysis cascade, f. Xlll seems
the one most sensitive to calcium, at least in this
specific in vivo setting.

Among other factors making the between-regimen
difference we can trace an association with applied
anticoagulants (i.e. heparin) at least in threeemor
cases: complement factor H-related protein 3
(FHR3), insulin-like growth factor (IGF) binding
proteins, and chemerin. All were markedly more
abundant in CA compared to HA and AF eluates;
although in the latter two we cannot fully exclude
that in some gels the spots were obscured by poorly
focused hemoglobin. Certainly, there are more

proteins on the list, some might provide deeper
insight into pathophysiology of blood-membrane
interactions (e.g. decysin, vitronectin, clusterin,
MASP1 etc.), other simply reflect varying degree of
clotting (e.g. hemoglobin, carboanhydrase,
peroxiredoxin etc.). Still, we choose to comment in
detail on the three as they refer to rapidly evaivi
topics with potential impact on management of
patients with kidney disorders, especially critigal

ill.

Complement factor H (CFH) is a central inhibitor
of alternative complement pathway; it binds to
polyanionic structures on host cells and prevents
their damage from inappropriate complement
activation by hampering the interactions between
C3b and factor B. The role of its related proteis
to date unclear and mostly derived from structural
homology — specifically, FHR3 has been shown to
bind heparin and inhibit C3b similar to CFH [27-
29]. There are two classes of pathologies assatiate
with CFH family: recurrent infections, as various
microbes express receptors for CFH using it as a
camouflage, and several immune-mediated
diseases. Genetic studies suggest that disrupted
equilibrium of CFH family members, especially
FHR1 and FHR3, may predispose to but also
protect from serious conditions such as systemic
lupus erythematosus, C3 glomerulopathy, IgA
nephropathy, age-related macular degeneration,
atypical hemolytic-uremic syndrome, or
meningococcal sepsis [30-34].

IGF binding proteins (IBPs) not only control
activity, half life and tissue delivery (distribati)

of IGF, but also exert a wide spectrum of biologica
effects independently, extending over virtually all
areas of medicine [35]. Moreover, the group is
divergent with respect to their cell surface bidin
affinity and degradation to active metabolites vhhic
further complicates their fine interplay [36, 37].
Both IBP-2, 4, and 5 identified in CA eluates have
been shown to bind heparin and the same binding
sites serve as targets for proteases (e.g. plasmin)
and recognize polysaccharides on cell surface [38-
40]. Therefore, it is plausible to hypothesize that
occupation of the binding site by heparin could
protect IBPs from proteolytic fragmentation and
adsorption to the dialyzer membrane. As with
FHR3, there is a wide spectrum of processes
affected by IGF axis which have particular
importance to patients receiving CRRT, e.g.
catabolism/wasting, immunocompetence, or
recovery from ischemic injury, trauma, and surgery
[41-43].

Chemerin (retinoic acid receptor responder protein
2) is a recently recognized protein with dual
function - as a chemoattractant and adipokine, thus
representing a potential link between inflammation



and metabolic syndrome, diabetes, and obesity [44].

Via a specific G protein-coupled receptor, chemerin
recruits macrophages and dendritic cells, and
promotes phagocytosis, however, by unclear
mechanisms it can also exert anti-inflammatory
effects, such as in experimental models of viral
pneumonia or acute lung injury [45, 46]. Itis
suspected to play a role in autoimmune disorders
including rheumatoid arthritis, lupus nepbhritis, or
inflammatory bowel diseases [47]. Similar to IBPs,
chemerin binds heparin and undergoes cleavage by
plasmin to an active metabolite [48].

Our study provides new and deeper insight into
mechanisms underlying blood-dialyzer interactions
during citrate anticoagulation. On the other hand,

we can only speculate how these processes translate

into clinical outcomes. Less protein layer could
improve dialyzer clearance (especially for middle
molecules, e.g. cytokines) both by filtration and
adsorption, yet the secondary membrane might be
even protective (i.e. mask foreign structures).
Moreover, our findings demonstrate that
anticoagulation has unanticipated effects in teofns
selective substance removal (FHR3, IBPs). Again,
it is difficult to predict what consequences thiaym
have and presumably it would depend on the
condition. Anyway, such collateral impact of
anticoagulation is conceivable (e.g. in
meningococcal sepsis or HUS with respect to the
assumed pathogenetic role of FHR3) and should be
addressed in future research.

CONCLUSIONS:

We may conclude that even with clinically
equivalent degree of anticoagulation achieved,
citrate anticoagulation provides lower protein
adsorption and less stable coagulum than heparin,
with possible impact on dialyzer permeability and
hydraulic characteristics (circuit patency). At the
same time, heparin can prevent adsorption-
dependent elimination of various plasmatic factors
whether desired or unwanted.
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Figure 1: Blood clotting and protein adsorption witin dialyzer

Dialyzer clotting score assessed on a semi-quéiméitacale (1 to 5) at the end of dialysis ses§&&NTAT
generation (b), and adsorbed protein eluted fraardihlyzer (c) — all parameters were compared pgated
measures ANOVA on ranks (p<0.001; p<0.001; p=0:1@3pectively). Post hoc pairwise testing was peréat
using Wilcoxon signed-rank test with Bonferroniremtion (i.e. significant p = 0.05/3 = 0.017). Date
presented as median (small squares), quartile idage boxes) and non-outlier range (whiskers).

CA = citrate anticoagulation; HA = heparin anticakgion; AF = anticoagulation-free; TAT = thrombin-
antithrombin complex
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Figure 2: Principal component analysis of protein got distribution among anticoagulation regimens.
Projection of individual dialysis procedures inbe tfactor plane defined by the first two principamponents
which comprise 61.3% total variability of gel spatensities. Naturally occurring clusters are dedited by
dotted ellipses and separated from each other slyedbaxes.

CA = citrate anticoagulation; HA = heparin anticakgion; AF = anticoagulation-free; PC = principal
component
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Figure 3: Representative electrophoresis gel images dialyzer eluates

Typical protein patterns of the biofilm forming tre dialysis membrane during citrate (a), hepd)jngnd
anticoagulation-free (c) dialysis. Spot numbersespond to protein list in table 1.

1 MFSMRIVCLV LSVVGTAWTA DSGEGDFLAE GGGVRGPRVV ERHQSACKDS
51 DWPFCSDEDW NYKCPSGCRM KGLIDEVNQD FTNRINKLKN SLFEYQKNNK
101 DSHSLTTNIM EILRGDFSSA NNRDNTYNRV SEDLRSRIEV LKRKVIEKVQ
151 HIQLLQKNVR AQLVDMKRLE VDIDIKIRSC RGSCSRALAR EVDLKDYEDQ

201 QKQLEQVIAK DLLPSRDRQH LPLIKMKPVP DLVPGNFKSQ LOKVPPEWKA

251 LTDMPQMRVME LERPGGNEIT R’GGSTSYGTG SETESPR:NPS SAGSWNSGSS
301 GPGSTGNR’NP GSSGTGGTAT WKPGSSGPGS TGSWNSGSSG TGSTGNQONPG
351 SPRPGSTGTW NPGSSERGSA GHWTSESSVS GSTGQWHSES GSFRPDSPGS
401 GNARPNNPDW GTFEEVSGNV SPGTRREYHT EKVLVTSKGDK ELR‘TGKEKVT
451 SGSTTTTRRS CSKTVT!ETVI GPDGHKEVTK‘EVVTSEDGSD CPEAMDLGTL
501 SGIGTLDGFRv HRHPDEAAFF DTASTGKvTFP GFFSPMLGEF VSETESRVGSE

v

551 SGIFTNTKES SSHHPGIAEF PSRGKSSSYS KQFTSSTSYN RGDSTFESKS
601 YKMADEAGSE ADHEGTHSTK RGHAKSRPVR DCDDVLQTHP SGTQSGIFNI
651 KLPGSSKIFS VYCDQETSLG GWLLIQQRMD GSLNFNRTWQ DYKRGFGSLN

701 DEGEGEFWLG NDYLHLLTQR GSVLRVELED WAGNEAYAEY HFRVGSEAEG
751 YALQVSSYEG TAGDALIEGS VEEGAEYTSH NNMQFSTFDR DADQWEENCA
801 EVYGGGWWYN NCQAANLNGI YYPGGSYDPR NNSPYEIENG VVWVSEFRGAD
851 YSLRAVRMKI RPLVTQ

Figure 4: Fibrinogen a-chain amino acid sequence coverage by fragmentsrieed from dialyzer eluates.

Amino acid sequence covered by MSMS analyses déjrspots containing fibrinogenchain is represented
by underscore, split sites (fragment ends) are ethwkith arrows, and lysine residues availablexfghain
cross-linking are in bold type. Amino acids areagivn one-letter code. The N-terminal 19 amino sicid
represent a signal peptide not included in thd finatein, 20-35 amino acids constitute fibrinopeetA cleaved
by thrombin. Fragments (36-238),a' (124-238), andx’(36-124) are not cross-linked and therefore corad

in soluble E and D fragments (D-dimers) where@sragment (239-610) is not released due to criogsil.
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Spot Protein Name UniProt MW pl PCl1 PC2 ANOVA p post-hoc test

1 ADAM DEC1 015204 53 7.0 -0.724 0.128 0.005 C-h, C-f

2 ADAM DEC1 015204 7.0 -0.780 -0.186 0.012 C-h, C-f
Alpha-1-acid glycoprotein 1 P02763 23 4.9

3 Alpha-1-acid glycoprotein 2 P02763 24 50 °0°74 0654 0018 C-h, -
Apolipoprotein C-llI P02656 11 5.2

4 o 04004 4 e 0222 0819 0012  cH, CH,fH
Apolipoprotein C-llI P02656 11 5.2

®  Vitronectin P04004 54 56 0004 0726 0.156

6 Apolipoprotein A-I P02647 31 56 0.758 0.449 0.002 c-H, ¢c-F, F-h
Apolipoprotein A-1IV P06727 45 5.3

" Haptoglobin Po0738 45 6.1 0-062 0368 0006 cH

8 Beta-2-microglobulin P61769 14 6.1 0.357 0.676 0.004 C-h, F-h

9 Carbonic anhydrase 1 PO0915 29 6.6 0.871 0.135 0.004 c-H, c-F

10  Carbonic anhydrase 2 P0O0918 29 6.9 0.889 0.096 0.004 c-H, c-F

11  Clusterin P10909 52 5.9 -0.178 -0.738 0.004 c-H, f-H

12 Complement C3 P01024 187 6.0 -0.722 0.517 0.002 C-h, C-f, F-h

13  Complement C6 P13671 105 6.4 -0.716 -0.196 0.018 C-h

14  Complement factor H-related protein 3 Q02985 37 7.7 -0.735 0.031 0.018 C-h, Cf

15  Complement factor H-related protein 3 Q02985 37 7.7 -0.892 0.236 0.004 C-h, Cf

16  Complement factor H-related protein 3 Q02985 37 7.7 -0.865 0.159 0.005 C-h, Cf

17  Complement factor H-related protein 3 Q02985 37 7.7 -0.647 0.590 0.002 C-h, C-, F-h

18  Fibrinogen alpha chain P02671 95 5.7 -0.308 0.837 0.012 C-h, c-F, F-h

19  Fibrinogen alpha chain P02671 95 5.7 -0.861 0.107 0.004 C-h, Cf

20  Fibrinogen alpha chain P02671 95 5.7 -0.852 0.017 0.005 C-h, Cf

21  Fibrinogen alpha chain P02671 95 5.7 -0.837 0.070 0.066

22  Fibrinogen alpha chain P02671 95 5.7 -0.647 -0.200 0.004 C-h

23  Fibrinogen alpha chain P02671 95 5.7 -0.658 0.586 0.002 C-f, F-h

24 Fibrinogen alpha chain P02671 95 5.7 -0.939 0.138 0.005 C-h, Cf

25  Fibrinogen alpha chain P02671 95 5.7 -0.366 0.763 0.050 C-h, c-F, F-h

26  Fibrinogen alpha chain P02671 95 5.7 -0.787 0.085 0.066

27  Fibrinogen alpha chain P02671 95 5.7 -0.960 0.022 0.004 C-h, Cf

28  Fibrinogen alpha chain P02671 95 57 -0.787 0.408 0.018 C-h, Cf

29  Fibrinogen alpha chain P02671 95 57 -0.792 -0.051 0.156

30  Fibrinogen alpha chain P02671 95 57 -0.706 -0.468 0.018 C-h, f-H

31  Fibrinogen alpha chain P02671 95 5.7 -0.749 0.145 0.180

32  Fibrinogen alpha chain P02671 95 5.7 -0.763 0.000 0.066

33  Fibrinogen alpha chain P02671 95 5.7 -0.612 0.120 0.180

34  Fibrinogen alpha chain P02671 95 5.7 -0.764 0.368 0.006 C-h, Cf

35  Fibrinogen alpha chain P02671 95 5.7 -0.869 -0.112 0.004 C-h, Cf

36  Fibrinogen alpha chain P02671 95 5.7 -0.600 0.557 0.004 C-f, F-h

37  Fibrinogen alpha chain P02671 95 57 -0.932 0.173 0.005 C-h, Cf

38  Fibrinogen alpha chain P02671 95 5.7 -0.983 0.032 0.005 C-h, Cf

39  Fibrinogen alpha chain P02671 95 5.7 -0.606 -0.098 0.050 C-h

40  Fibrinogen alpha chain P02671 95 5.7 -0.865 0.050 0.018 C-h, Cf

41  Fibrinogen alpha chain P02671 95 5.7 -0.923 0.162 0.005 C-h, Cf
Fibrinogen alpha chain P02671 95 5.7

42 Complement C2 Poeesl g3 7. 0-963 0086 0005 C-h, C

43  Ficolin-2 Q15485 34 6.3 0.092 -0.762 0.102

44  Ficolin-2 Q15485 34 6.3 0.131 -0.854 0.001 c-H, C, f-H

45  Ficolin-2 Q15485 34 6.3 -0.050 -0.896 0.001 c-H, C, f-H

46  Ficolin-2 Q15485 34 6.3 0.008 -0.779 0.002 c-H, C-, f-H

47  Ficolin-2 Q15485 34 6.3 0.002 -0.876 0.001 c-H, C-, f-H
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48
49

50

51
52
53
54

55
56

57

58

59
60
61
62
63

64

65

66

67
68
69

70

71
72
73
74

Glyceraldehyde-3-phosphate
dehydrogenase

Haptoglobin

Hemoglobin subunit alpha

Hemoglobin subunit beta

Hemoglobin subunit alpha

Hemoglobin subunit beta

Hemoglobin subunit alpha

Hemoglobin subunit alpha

Hemoglobin subunit alpha

Hemoglobin subunit beta

Hemoglobin subunit alpha

Ig kappa chain C region

Ig kappa chain V-II

region TEW

Ig gamma-1 chain C region

Ig gamma-3 chain C region

Ig gamma-1 chain C region
Immunoglobulin J

Insulin-like 3

Insulin-like 3

Insulin-like growth factor-binding protein 4
Insulin-like growth factor-binding protein 2
Fibrinogen alpha chain

Insulin-like growth factor-binding protein 2
Insulin-like growth factor-binding protein 4
Complement C2

Insulin-like growth factor-binding protein 2
Insulin-like growth factor-binding protein 4
Complement C2

Insulin-like growth factor-binding protein 2
Retinoic acid receptor responder protein 2
Insulin-like growth factor-binding protein 5
Ribonuclease 4

Peroxiredoxin-2

Peroxiredoxin-2

Phosphoglycerate kinase 1
Q6MZL2/MASP1

Vitamin D-binding protein

P04406

P0O0738
P69905
P68871
P69905
P68871
P69905
P69905
P69905
P68871
P69905
P01834

P01617

P01857
P01860
P01857
P01591
P51460
P51460
P22692
P18065
P02671
P18065
P22692
P06681
P18065
P22692
P06681
P18065
Q99969
P24593
P34096
P32119
P32119
P00558
P48740
P0O2774

36

45
15
16
15
16
15
15
15
16
15
12

12

36
41
36
18
14
14
28
35
95
35
28
83
35
28
83
35
19
31
17
22
22
45
35
53

8.6

6.1
8.7
6.8
8.7
6.8
8.7
8.7
8.7
6.8
8.7
5.6

5.7

8.5
8.2
8.5
5.1
9.2
9.2
6.8
7.5
5.7
7.5
6.8
7.2
7.5
6.8
7.2
7.5
9.3
8.6
9.3
5.7
5.7
8.3
5.6
5.4

Table 1: Characteristics of proteins identified indialyzer eluates

-0.177
0.626
0.671

0.674
0.410
0.437
0.743

0.894
-0.059

0.275

0.304

0.480

-0.665
-0.847
-0.937
-0.892

-0.801

-0.986

-0.981

-0.929
-0.904
-0.852

0.768
-0.854
-0.082
-0.561
0.134

0.592
0.100
0.340

0.506
0.610
0.754
0.249

-0.195
0.858

0.764

0.814

0.614
0.001
-0.066
0.018
0.271

0.354

0.055

0.048

0.134
0.110
0.071

0.067
-0.081
0.596
-0.602
0.677

0.368
0.180
0.004

0.012
0.012
0.004
0.006

0.001
0.018

0.004

0.004

0.004
0.018
0.066
0.005
0.004

0.001

0.005

0.005

0.005
0.004
0.005

0.005
0.066
0.050
0.004
0.156

c-H,
c-H,

C-h

c-H,
c-H,

c-H,

C-h

c-H,

C-h,
C-h,
C-h,
C-h,
C-h,
C-h,

C-h,

C-h,

C-h,
C-h,
C-h,

c-H,

F-h

C-h,

c-F
c-F

F-h

c-F, F-h
c-F, f-H

F-h

F-h
F-h
C-f

C-f
C-f

C-f, F-h

C-f

C-f
C-f
C-f
C-f
c-F

f-H

Proteins are presented in alphabetical order aarhcterized by their UniProt accession numbersthegevith
molecular weight (MW) and pl calculated from tha@mino acid sequence. Factor loadings for thetfivet
principal components (PC) are given, followed bigéman repeated measures ANOVA on ranks statistical
significance of the differences among the thre&aagulation regimens. Post-hoc analysis was peddrusing
Wilcoxon signed rank test; pairs significant alBamferroni correction are listed (C, ¢ = citratg;H= heparin;
F, f = anticoagulation-free; upper and lower cadentify respectively higher and lower abundanceinithe

pair).
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