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SOUHRN

Sepse a septicky Sok se syndromem multiorganové dysfunkce jsou ¢astym Zzivot ohrozZujicim stavem a
hrozbou sougasné mediciny. Jejich patofyziologie a z ni plynouci moZnosti cilené 1éEby a prevence
zustava i pfes dlouholeté snahy stale nejasna. Svoji roli vtomto komplexnim procesu sehrava
mnozstvi mediator(i a elementd (napf. leukocyty, trombocyty, endotel, mikrocirkulace aj.). Cilem této
dizertatni prace je pokusit se blize popsat vybrané celularni imunitni mechanizmy v patofyziologii
sepse, septického Soku a syndromu multiorganové dysfunkce pomoci fady analytickych metod,
zahrnujicich mimo jiné postupy zobrazeni mikrocirkulace, prutokové cytometrie a proteomické

analyzy.

Za pouziti intravitalni videomikroskopie bylo v prvni originalni praci studovano postaveni a role
neutrofilll v procesu poskozeni mikrocirkulace u septickych nemocnych jako jednoho z centralnich
patofyziologickych mechanizmi systémové infekce. Tato studie historicky poprvé dokumentuje
charakter zmén mikrocirkulace v septickém Soku u nemocnych s postchemoterapeutickou cytopenii.
Postizeni mikrocirkulace bylo identické u septickych nemocnych s neutropenii (resp. cytopenii) i bez
ni. Z uvedeného lze usuzovat, Zze neutrofily nejspisSe nejsou t€mi determinujicimi celularnimi elementy
vtomto patofyziologickém procesu. Dosud nepublikovanym a prekvapujicim zjisténim bylo
zaznamenané postizeni mikrocirkulace jedincl s neutropenii bez znamek sepse. Tato alterace

mikrovaskulatury dosahovala stejné tize jako u nemocnych s tézkou sepsi i septickym Sokem.

Cilem dalsi originalni studie, tvorici tuto dizertacni praci, byl popis stavu a dynamiky zmén trombocyt(
v septickém Soku. Multifaktorialni analyza destiCek prokazala jejich vyznamnou aktivaci se sou¢asnou
poruchou agregace a poruchu sekrece jiz v inicialni fazi septického Soku. Zjisténa alterace obsahu a-
granul desti¢ek muze vypovidat o zménach indukovanych jiz na Grovni megakaryocytl v kostni dfeni a
soucasné nevylucéuje extranuklearni cesty syntézy novych funkénich proteind s naslednymi zménami

fenotypu trombocytl v sepsi.

Dale tato dizertacni prace komentuje klinicky relevantni experimentalni studii na velkych savcich
(selatech) zamérenou na identifikaci proteinl krevni plazmy v ¢asné fazi septického Soku. Literarné
poprvé zde bylo pomoci srovnavaci proteomické analyzy identifikovano mnozstvi unikatnich

plazmatickych proteini a popsana dynamika zmén jejich koncentraci v tomto patofyziologickém stavu.

Posledni z komentovanych studii popisuje pouziti proteomické analyzy v identifikaci spektra proteint
selektivné navazanych na obé adsorpCni jednotky extrakorporalniho systému nahrady funkce jater
(Prometheus™) pfi jeho uziti v Ié€bé nemocného s akutni dekompenzaci chronického onemocnéni

jater.

Aktualni stav problematiky imunitni odpovédi v sepsi, jejich mechanizmi a komponent, ulohy
trombocytll a postaveni proteomickych analytickych metod v jejich studiu prezentuji tfi pavodni

prehledové ¢lanky, které jsou soucasti této dizertacni prace.
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SUMMARY

Sepsis and septic shock with multiple organ dysfunction syndrome are frequent life-threatening
conditions. Despite long-time scientific effort, their exact pathophysiology, causal treatment, and
prevention remain obscure. The numbers of mediators and elements (e.g. leukocytes, thrombocytes,
endothelium/microcirculation etc.) have been suggested as key mediators in the process of initiation
and modulation of this dreadful disease. The aim of the thesis is to better describe and document the
cellular mechanisms in the pathophysiology of sepsis, septic shock and multiple organ dysfunction
syndrome using different analytic methods including microcirculation assessment, flowcytometry, and

proteomics.

The first original manuscript studied the role of neutrophils in the process of microcirculation
impairment in septic shock patients, as a central pathophysiological mechanism of systemic
inflammation. The real-time intravital videomicroscopy technique was used. This is the first clinical
study reporting microvascular changes in septic shock patients with chemotherapy-induced cytopenia.
The microcirculation injury was identical in cytopenic compared to non-cytopenic septic patients,
suggesting neutrophils — the pivotal elements of immune response — might not be the determining
elements alone in this pathophysiological process. Moreover, association of chemotherapy-induced
cytopenia without sepsis with significant alteration of sublingual microcirculation was surprising and yet

unpublished as well.

The next study was aimed to characterize the role of platelets and dynamics of their phenotype
changes in septic shock patients. Multifactorial analysis revealed their significant activation together
with alteration of their aggregation and secretion very early in the septic shock. The complex
evaluation of the thrombocytes in such clinical setting was applied. The alteration of a-granules
content was detected. These changes could reflect alterations at the level of megakaryocytes in the
bone marrow. Simultaneously, extranuclear pathways of the synthesis of new functional proteins with

consequent phenotype changes of platelets could not be excluded.

Next, clinically relevant experimental study in large animals (piglets) was aimed to analyze dynamic
changes in plasma proteome during an early phase of septic shock. Differential proteomic analysis
identified a number of unique peptides, and described the dynamics of their plasmatic concentrations.

To the best of our knowledge, such findings were published for the first time.

The last original study utilized proteomic analysis to assess proteins bound on both adsorption units of
the extracorporeal liver replacement (support) method (Prometheus™). For the first time, surprisingly

broad spectrum of such proteins was identified.

Three review articles are integral parts of this thesis. They describe current knowledge of immune
response, its mechanisms, and components including neutrophils and platelets, and role of proteomics

in the study of these issues.



Keywords
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PREHLED POUZITYCH ZKRATEK

2-DE — 2-rozmérna elektroforéza (2-D electrophoresis)

ADAMTS 13 — disintegrin a metaloproteinaza s trombospondinovym motivem (a disintegrin and

metalloproteinase with a thrombospondin type 1 motif member 13 (VWF cleaving protease))
ADP — adenosin difosfat (adenosine diphosphate)

APACHE I — klasifikacni systém/skére tize onemocnéni (acute physiology and chronic health
evaluation II)

APC — antigen prezentujici burika(-y) (antigen presenting cell(s))
AU — agregacni jednotka (aggregation unit)

AUC - plocha pod kfivkou (area under curve)

aPTT — aktivovany parcialni tromboplastinovy ¢as

ATB — antibiotikum(-a)

BC — B-lymfocyt(-y) (B-cell(s))

CARS - syndrom kompenzacni protizanétlivé odpovédi (compensatory anti-inflammatory response
syndrome)

CD - diferenciacni skupina (cluster of differentiation/designation)
CRP — C-reaktivni protein (C-reactive protein)

DAMP — molekuly uvolfiované pfi tkanovém poskozeni (damage(danger)-associated molecular
pattern(s))

DC — dendriticka(-é) bunka(-ky) (dendritic cell(s))

DF — dechové frekvence

DIC — disseminovana intravaskularni koagulace (disseminated intravascular coagulation)
DO, — dodavka kysliku (O,)

EC — endotelialni bunka(-y) (endothelial cell(s))

ET — endotelin (endothelin)

FCM — prutokova cytometrie (flow cytometry)

FcR-lg — receptor pro Fc fragment imunoglobulinu



FHI —index funkéni heterogenity (functional heterogeneity index)
FPSA — frakéni separace plazmy a adsorpce (fractionated plasma separation and adsorption)
G-CSF — faktor stimulujici kolonie — granulocyty (granulocytes-colony stimulating factor)

GOLD - klasifikaéni systém chronické obstrukéni plicni nemoci (global initiative for chronic obstructive

lung disease)

GP — glykoprotein

HR — srdecni frekvence (heart rate)

CHOPN - chronicka obstrukéni plicni nemoc

ICAM — intercelularni adhezni molekula (intercellular adhesion molecule)

IL — interleukin

JIP — jednotka intenzivni péce

KDIGO — mezinarodni iniciativa pro onemocnéni ledvin (Kidney Disease Improving Global Outcomes)
LFA-1 — antigen asociovany s lymfocyty — 1 (lymfocyte function-associated antigen-1)
LMWH — nizkomolekularni heparin (low-molecular weight heparin)

LTA — spektrofotometricka agregometrie (light-transmittance aggregometry)

LPS - lipopolysacharid (lipopolysacharide)

MAP — stfedni arterialni tlak (mean arterial pressure)

MEA - impedan¢ni multielektrodova agregometrie (multiple electrode aggregometry)
MFI — stfedni pratokovy index (mean flow index)

MHC — hlavni histokompatibilitni komplex (major histocompatibility complex)

MLADI — technologie proteomické analyzy (matrix-assisted laser desorption/ionization)
MODS - syndrom multiorganové dysfunkce (multiple organ dysfunction syndrome)
MS — hmotnostni spektrometrie (mass spectrometry)

NET — neutrofilni extracelularni past(i) (neutrophil extracellular trap(s))

NKC - NK-bunka(-y) (natural killer cell(s))

NO — oxid dusnaty (nitric oxide)



NOS — NO syntaza (NO synthase)

NYHA — klasifikacni systém dusnosti (New York Heart Association)

OPS - ortogonalni polarizacni spektralni zobrazeni (orthogonal polarization spectral imaging)
PAF — desti¢kovy aktivacni faktor (platelet activation factor)

PAMP - unikatni molekuly patogenu (antigenni determinanty) (pathogen-associated molecular

pattern)
PCT — prokalcitonin
PF4 — destickovy faktor 4 (platelet factor 4)

PICS — syndrom pfetrvavajiciho zanétu, imunosuprese a katabolizmu (persistent inflammation

immunosuppression and catabolism syndrome)

PMN — polymorfonukleary

PMP-1 — destiCkovy mikrobicidni protein-1 (platelet microbicidal protein-1)
PPV — proporce perfundovanych cév (proportion of perfused vessels)

PRP — koncentrat trombocytl v krevni plazmé (platelet-rich plasma)

PRR — motivy rozpoznavajici receptor(y) (pattern recognition receptor(s))
PSGL-1 - ligand pro glykoprotein P-selektin (P-selectin glycoprotein ligand-1)
PT — protrombinovy Cas

PVD - denzita perfundovanych cév (perfused vessel density)

RANTES - chemokin C-C motiv ligand 5 (CCL5) (regulated on activation, normal T-cells expressed

and secreted)

RRT — nahrada funkce ledvin (renal replacement therapy)

SDF — zobrazovaci technika v temném poli (sidestream dark-field imaging)

SIRS — syndrom systémoveé zanétlivé odpovédi (systemic inflammatory response syndrome)
SOFA - skoére determinujici rozsah organového poskozeni (sequential organ failure assessment)
TC — T-lymfocyt(y) (T-cell(s))

TF — tepova frekvence

TLR — Toll-like receptor(y) (Toll-like receptor(s))



TOF — technologie proteomické analyzy (time-of-flight)

TP — €asovy bod (timepoint)

TPO - trombopoetin (thrombopoietin)

TRALI — potransfuzni poskozeni plic (transfusion-related acute lung injury)
Tregs — regulacéni T-lymfocyty (regulatory T-cells)

TVD - celkova denzita cév (total vessel density)

TXA2 — tromboxan A2 (thromboxan A2)

UFH — nefrakcionovany heparin (unfractionated heparin)

U — jednotka (unit)

UPV — umél4 plicni ventilace

VCAM - vaskularni adhezivni molekula (vascular cell adhesion molecule)
VO, — konzumpce kysliku (O,)

VWF — von Willebranduv faktor (von Willebrand factor)



1. UVOD

Sepse je jednim z nejstarSich a nejméné objasnénych syndromd v humanni mediciné. Sepsi obecné
oznacujeme Zzivot ohroZzujici stav, ktery vznika, pokud odezva organizmu na infekci poskozuje vlastni
tkané a organy [Vincent et al. Lancet 2013]. TéZka sepse je charakterizovana pfFitomnosti
(multi)organové dysfunkce (multiple organ dysfunction syndrome, MODS), septicky 3ok navic jesté
hypotenzi refrakterni k tekutinové resuscitaci a/nebo hyperlaktatémii [Delinger et al. Crit Care Med
2013, Angus et al., NEJM 2013] (tab. 1).

Kontinuum sepse — téZzka sepse — septicky 3ok je desatou nejCastgjsi prfi¢inou smrti vdeobecné a
nejCastéjsi pficinou smrti na nekoronarnich jednotkach intenzivni péce. Incidence sepse je 50-95
pfipadl na 100000 obyvatel a zvySuje se pfiblizné o 10% rocné [Martin et al., NEJM 2003, Annane et
al., Lancet 2005]. Septi¢ti nemocni tvofi vice nez 10% jedincd hospitalizovanych na jednotkach
intenzivni péce [Angus et al., CCM 2001]. Extrapolaci poctu lééenych pacientl z provedenych
epidemiologickych studii [Martin et al., NEJM 2003, Vincent et al., JAMA 2009] Ize odhadnout
celosvétovou rocni incidenci dosahujici vice nez 19 miliont septickych nemocnych [Adhikari et al.,
Lancet 2010]. Odpovidajici ekonomické naklady spojené s lécbou téchto jedincl dosahuji také
astronomickych hodnot (13000 az 30000%/pacient [Eber et al. Arch Intern Med 2010; Dick et al., BMC
Health Serv Res 2012]).

Sepse, tézka sepse a septicky Sok mohou byt disledkem komunitni & nozokomidlni infekce.
Nejcastéjsi pFicinou je pneumonie tvofici az polovinu pfipadl, nasleduji intaabdominalni infekce a
infekce mocového traktu [Vincent et al., JAMA 2009, Ranieri et al., NEJM 2012]. Velké
epidemiologické studie ukazaly zmény dominance kauzalnich mikroorganizmu v prabéhu poslednich
3-4 dekad [Martin et al., NEJM 2003, Vincent et al., JAMA 2009]. Zatimco v letech 1979 — 1987
gram-pozitivnimi patogeny. NovéjSi multicentricka prace na populaci 14000 nemocnych ze 75 zemi
pak doklada opét vyssi frekvenci gram-negativnich mikroorganizm( (62%) [Vincent et al., JAMA
2009]. Dulezitou roli také sehravaji systémové mykotické infekce, jejichZ incidence ve zmifiovaném
obdobi prudce vzrlsta (o >200%) a spolu s vy$S8i incidenci gram-negativnich infekci doklada soucasny

vyznam nozokomialnich nakaz [Martin et al., Expert Rev Anti Infect Ther 2012].

Rizikové faktory vzniku a rozvoje sepse se vztahuji jednak k samotné predispozici jedince
k infekénimu onemocnéni, tak i kriziku/pravdépodobnosti rozvoje organového postizeni pfi
systémovém zanétu. VétSi nachylnost kinfekcim je dobfe popsana u imunodeficitnich stavi
(vrozenych i ziskanych v&. imunosupresivni 1€€by), chronickych organovych dysfunkci (chronicka
obstrukéni plicni nemoc, chronické onemocnéni srdce, chronické onemocnéni ledvin, chronicka
hepatopatie aj.) a nadorovych onemocnéni. Rovnéz vék, pohlavi, rasa a etnicita ovliviuji incidenci
sepse, ktera je vysSi u malych déti a starych jedinc, u muzi a afroameri¢ant [Angus et al., CCM
2001; Mayr et al., JAMA 2010]. Rizika rozvoje (multi)organové dysfunkce u jedincu se systémovou

infekci jsou méné pfimocCara a objasnéna. Mohou zahrnovat virulenci invadujiciho mikroorganizmu,



genetickou predispozici hostitele, aktualni zdravotni stav a preexistujici organovou dysfunkci spolu
s naasovanim terapeutickych intervenci [Angus et al., CCM 2001]. Polymorfizmem genu kédujicich
nejriznéjSi prozanétlivé i protizanétlivé cytokiny a jiné mediatory vrozené a/nebo ziskané imunity
podilejici se na zanétlivé odpovédi organizmu a vzniku a rozvoji organového poskozeni se zabyvala jiz
celd fada studii. | pfesto jsou zatim vysledky nekonzistentni, mimo jiné i diky vyrazné heterogenité
testovanych populaci septickych nemocnych [Chung LP et al., Crit Rev Clin Lab Sci 2011; Namath et
al., Crit Care Nurs Clin North Am 2011]. Také asociace genové exprese a vlastnich patofyziologickych
mechanizml sepse, multiorganového selhani ¢i terapeutické odpovédi je vice nez otazna.
Sekvenovani lidské DNA vedlo k identifikaci >30000 gen( [Venter et al., Science 2001; Lander et al.,
Nature 2001]. Pocet jimi kddovanych proteini je vS8ak mnohem vétsi (>1000000) diky mnozZstvi
moznych posttranslaénich modifikaci a/nebo vzajemnych interakci proteint [Hoehn et al., CCM 2005].
Urcité nadéje byly vkladany do transkriptomiky — analyzy (m)RNA — s o néco pfesnéjsi kvantitativni i
kvalitativni identifikaci genové exprese. Ale i zde byla korelace se skute¢nou produkci protein( a jejich
funkcemi velmi slaba [MacBeath et al., Nat Genet 2002]. Genomika a transkriptomika maji tedy pouze
velmi omezeny potencial v predikci vysledné struktury, dynamiky a funkce proteini a odvozené i
v moznostech detailniho studia systémové inflamace a organového postizeni. Ve svétle téchto
poznatkll se pfima analyza proteind, jejich dynamiky, funkce a vzajemnych vztahd v jednotlivych
kompartmentech jevi jako nejvhodnéjSi k pochopeni patofyziologie sepse. Blize bude tato modalita —

proteomika — diskutovana nize, jiz v ramci komentare pavodnich praci.

Bez moznosti moderni intenzivni péfe s v&asnou diagnostikou, antibiotickou Ié¢bou a prostiedky
podpory nékterych organovych funkci je tézka sepse a septicky Sok letalnim onemocnénim. Ale i pfes
znacné pokroky v diagnostice a Ié¢bé, dodrZzovani véeobecné akceptovanych terapeutickych algoritmt
a témér dvacetilety vyzkum je mortalita sepse viceméné stacionarni v zavislosti na tizi onemocnéni
(30-40%) a koreluje s po¢tem dysfunkénich organud/systému a s délkou trvani téchto stavi [Martin et
al., NEJM 2003; Annane et al., Lancet 2005; Vincent et al. — SOAP, CCM 2006]. Neuspokojiva
mortalita sepse a negativni vysledky recentnich studii vedou k zamysSleni nad spravnosti hypotéz
tykajicich se patofyziologie téchto stavl, zejména na subcelularni drovni. Vzhledem k mimoradné
heterogenité, charakteristické pro populaci septickych nemocnych, muze snaha o uniformni Iécbu
téchto nemocnych jako jednolité skupiny vysvétlit tyto terapeutické neuspéchy. llustrativnim pfikladem
je selhani drtivé vétSiny protizanétlivych strategii [Riedemann et al., Nat Med 2003; Boomer et al.,
JAMA 2011}, jejichz uziti bylo zalozeno na predpokladu prehnané prozanétlivé imunitni reakce
organizmu v odpovédi na invazivni infekci. Zjevné nelze oCekavat terapeuticky uspéch pfi snaze o
izolované ovlivnéni jediného mediatoru nebo funkce v celé Ffadé deregulovanych a dysfunk&nich
patofyziologickych dé&ji a mechanizmd. V souCasné dobé lze tedy spiSe uvazovat o ,imunitni
deregulaci“ jako o velmi heterogennim stavu, ktery vede k progresi a udrzovani systémového zanétu,

organovému poskozeni, nozokomialnim infekcim a v fadé pfipadd az k umrti nemocnych.

Mechanizmy vedouci k umrti nemocnych v septickém Soku se v prabéhu vlastniho onemocnéni lisi.
Od refrakterniho cirkulacniho Soku v disledku extenzivni aktivace imunitniho systému s masivnim

uvolnénim prozanétlivych mediatorll v Uvodni Casné fazi — systémova zanétliva odpovéd (systemic
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inflammatory response syndrome, SIRS), az po MODS, ,syndrom pretrvavajiciho zanétu,
imunosuprese a katabolizmu® (persistent inflammation immunosuppression and catabolism syndrome,
PICS) a komplikujici nozokomialni ¢i oportunni/endogenni infekce pfi exhausci [Gentile et al., J
Trauma Acute Care Surg 2012]. Z klinické praxe vSak vime, Ze vétSina nepfezivSich (>80%) umira az
mnohem pozdéji po inicialni resuscitaci a Ié¢bé primarniho septického Soku s charakteristickymi znaky
imunosuprese, zatimco skupina pfezivSich je zfejmé tvofena jedinci, ktefi byli schopni spontanné
upravit a balancovat imunitni funkce bez specifické imunomodulacni 1éEby [Monneret et al., Intensive
Care Med 2006; Xiao et al., J Exp Med 2011].

Tézistém této dizertalni prace je snaha o detailngjdi popis a porozuméni celularni patofyziologii
kontinua sepse. Tyto poznatky mohou napomoci nejenom vlastnimu odhalovani mechanizmd,
interakci a orchestrace imunitni odpovédi hostitele, ale i identifikaci potencialnich terapeutickych cill a

také biomarker( k v€asné detekci, diagnostice a stratifikaci zmifiovanych patologickych stav.
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2. SOUCASNY STAV PROBLEMATIKY

2.1. OBECNA PATOFYZIOLOGIE SEPSE A (MULT)ORGANOVE DYSFUNKCE

Pohled na patofyziologii sepse prodélava v poslednich dvou dekadach velmi dynamicky vyvo.
Pavodni pojeti charakterizujici sepsi jako pfemrsténou zanétlivou odpovéd organizmu, zodpovédnou
za jeji projevy a pfipadnou (multi)organovou dysfunkci, byl v €ase nahrazen konceptem dvoufazového
prabéhu [Bone et al., Chest 1997; Hotchkiss et al., NEJM 2003]. Zde inicialni systémova zanétliva
odpovéd hostitele (systemic inflammatory response syndrom — SIRS, sepse) pfechazi v ase do
syndromu kompenzacni protizanétlivé odpovédi organizmu (compensatory anti-inflammatory response
syndrome — CARS). Dal8i studium v8ak ukazalo, Ze infek&ni stimuly spousti mnohem komplexné;jsi,
velmi individualni, variabilni a prolongovanou reakci hostitele, pfi které jsou jiz od samotného Uvodu
simultdnné zapojeny prozanétlivé a protizanétlivé mechanizmy, jenz se podili jak na kontrole infekce,
eliminaci invadujiciho patogenu, reparaci tkariového poskozeni, tak i na druhé stran& na organovém
postizeni a imunoparalyze se sekundarnimi infekénimi komplikacemi [van der Poll et al., Lancet Infect
Dis 2008; Xiao et al., J Exp Med 2011; Hotchkis et al. Nat Rev Immunol 2013; Karvunidis et al., Anest
Intenziv Med 2013].

K zachovani integrity a homeostazy lidského organizmu je nezbytné zabranit invazi patogenut do jeho
tkani a organt a naslednému rozsifeni do celého organizmu. Zakladnim prostfedkem branicim
priniku mikrobl jsou neporusené fyziologické epiteliaini bariéry. PFi jejich naruSeni slouzi slozky
vrozeného imunitniho systému (tab. 2) jako druha linie obrany [Littman et al., Cell 2010]. Tato vrozena
imunitni odpovéd je spoleéna vSem vicebunécnym organizmim. Je viceméné bezprostiedni,
nespecificka a je primarné uréena k rychlé eradikaci patogenll a prevenci poskozeni tkani. Aktivace
imunitni odpovédi se deéje cestou tzv. motivy-rozpoznavajicich receptort (pattern-recognition
receptors, PRRs). Vzhledem ke komplexnosti a relativni dlouhovékosti savcl véetné ¢lovéka je vSak
potfeba dalSi obranné linie organizmu s imunologickou paméti, mimofadnou specificitou a ucinnosti a
vyvoj ziskané (adaptivni) imunity byl tedy logickym evoluénim krokem umozhujicim preziti a vyvoj
vySSich zivocisnych forem. Jeji plné aktivace a funkce je dosazeno az po nékolika desitkach hodin az
dnu. Systém ziskané imunity zahrnuje komponenty bunééné imunitni odpovédi (T-lymfocyty), primarné
urené k reakci na intracelularni patogeny, a soucasti humoralni (protilatkové) imunitni odpovédi (B-
lymfocyty a imunoglobuliny), primarné cilené na extracelularni mikroorganizmy a toxiny (tab. 2).
K interakcim T-lymfocytd s ostatnimi slozkami imunitniho systému a patogeny slouzi tzv. T-bunécny
receptor (T-cell receptor, TCR) exprimovany na jejich povrchu. B-lymfocyty k témto ucelim uzivaji
monoklonalni imunoglobuliny vazané v bunécné membrané (B-cell receptor, BCR).

Povrchové struktury vSech patogenu obsahuji limitovany pocet unikatnich a u vysSich zivocichl se
nevyskytujicich molekul — tzv. patogen-associated molecular patterns (PAMP) (tab. 3). Tyto struktury
jsou rozpoznavany specifickymi receptory bunécnych elementl vrozené imunity (antigen-prezentujici
buriky, antigen-presenting cells, APC) a jinymi burikami (nékteré populace lymfocytl, endotelialni a

epitelialni bunky) pomoci jiz zminénych tzv. motivy-rozpoznavajicich receptort (pattern recognition
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receptors, PRR). V sou€asné dobé je popsano celkem pét zakladnich skupin PRR (tab. 3) [Cinel et al.,
Crit Care Med 2009; Opal et al., Int J Antimicrom Agents 2010; Netea et al., NEJM 2011; Larosa et al.,
Curr Infect Dis Rep 2012]. Obdobnymi ,alarminy” aktivujicimi imunitni systém jsou skupiny
.endogennich® specifickych molekul uvolfiovanych pfi tkaniovém poskozeni — tzv. damage-associated
molecular patterns (DAMP) (tab. 3). Uvolnéni vyznamného mnoZstvi DAMP do cirkulace vede
k zanétlivé odpovédi klinicky neodliSitelné od reakce na infekéni agens [Cinel et al., Crit Care Med
2009]. DAMP jsou ziejmé také schopny udrzovat systémovou zanétlivou odpovéd a tedy i MODS i

v dobé&, kdy jiz doslo k uplné eliminaci primarniho infekéniho agens [Sursal et al., Shock 2013].

Rozpoznanim specifickych antigennich domén invadujiciho patogenu (PAMP) povrchovymi receptory
je zahajena intracelularni signalizace cestou Siroké skupiny tzv. sekundarnich posll (second
messengers) vedouci k aktivaci intranuklearnich proteinovych komplext kontrolujicich transkripci DNA
(napf. nuklearni faktor-kappa B, NF-kB) a tedy dal$i kaskadé déju — produkce prozanétlivych a
protizanétlivych plsobku, adhezivnich molekul, strukturalnich molekul aj. — v ramci komplexni

zanétlivé odpovédi organizmu.

Inicialni imunitni odpovéd organizmu na mikrobialni infekci, ale i na sterilni stimuly (trauma,
popaleniny, hemorrhagicky Sok) je fenotypicky vysoce stereotypni a uniformni a v ramci zminénych
stavll navzajem v podstaté klinicky neodliSitelna. Studie genovych expresi a transkripénich profild
cirkulujicich leukocytl nemocnych s tupymi traumaty, popaleninami a infekci (resp. zdravych
dobrovolnikl po aplikaci malé davky endotoxinu - lipopolysacharidu, LPS — PAMP) dokladaiji globalni
zmeény v intracelularnich funkcich a signalizacich zaujimajicich >80% gen( [Calvano et al., Nature
2005; Xiao et al., J Exp Med 2011; Larosa et al., Infect Dis Rep 2012]. Detekce téchto zmén genovych
expresi umozriuje ¢asné odliSeni sepse od neinfekéniho SIRS [Prlicha et al., Shock 2004; Johnson et
al., Ann Surg 2007; Tang et al., Crit Care Med 2009; Xiao et al., J Exp Med 2011]. Tato moznost
v€asného rozpoznani infekéni etiologie neni samoucelna, jelikoz smrtnost sepse je v porovnani
s neinfekénim systémovym zanétem témér dvojnasobna [Sprung et al., Intensive Care Med 2006].
Dosavadni paradigma dvoufazového priibéhu zanétlivé odpovédi organizmu striktné ¢asové oddélujici
inicialni prozanétlivou fazi (SIRS) a nasledujici kompenzaéni protizanétlivou fazi (CARS) Ize na
zakladé téchto poznatkl chapat odlisné [Xiao et al., J Exp Med 2011]. Uvedené prace ukazuji, ze
alterace prozanétlivych a protizanétlivych genu je simultanni jiz v samotném uvodu onemocnéni a ze
rozdily v expresich gend mezi pfezivSimi a neprezivS§imi nemocnymi jsou kvantitativni, nikoliv
kvalitativni. Pravé mira a délka zmény exprese pfisluSnych genu, odpovidajici imunitni deregulaci,
zifejmé sehrava roli pfi morbidité a mortalité v akutni fazi systémového zanétu, ale i v rozvaji
sekundarnich komplikaci, jakymi jsou nozokomialni infekce &i protrahované organové postizeni [Xiao
et al.,, J Exp Med 2011; Gentile et al., Shock 2013]. Uvedené ukazuje, Zze nejen vlastni spontanni
Uprava, jak je zminéno vySe, ale také vcasnost a rychlost normalizace adaptivni genové exprese
v odpovédi na inflamatorni stimuly (,genomic storm®) a tedy funkci imunitniho systému jsou dulezité
pro nekomplikovany prabéh sepse.
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2.2.  NEUTROFILY V PATOFYZIOLOGII SEPSE A (MULTI)ORGANOVE DYSFUNKCE

Neutrofilni granulocyty jsou nejpocetnéjSi populaci bunék periferni krve zdravych jedincu (>50%
bunécnosti) a byly vzdy oznaCovany jako klicové elementy vrozené imunity. Jsou vyslednym
produktem proliferace a diferenciace myeloidni bunééné fady v kostni dfeni, kde parcialné maturuji a
jsou nasledné vyplavovany do periferni krve. Zde Ize odliSit dvé velmi dynamicky se ménici a
navzajem prolinajici populace — populaci cirkulujici v krevnim proudu a populaci marginujici na
endotelu cév. Zanik neutrofill probiha v retikuloendotelialnim systému a také opét v kostni dreni.
Tradi¢né jsou tyto elementy povaZovany za esencialni efektorové buriky v patofyziologii vzniku a
progresi sepse a MODS [Brown et al., Lancet 2006; Kovach et al., Curr Opin Infect Dis 2012]. Mezi
zakladni diagnosticka kritéria systémového zanétu a sepse patfi i pocet leukocytl resp. neutrofilt a
zastoupeni jejich nezralych forem (tab. 1). Jejich zvySeny pocet je dan excesivnim uvolnénim z kostni

dfené a/nebo uvolnénim populace marginujicich elementt do krevniho proudu.

Jak jiz bylo zminéno vys$e, v pribéhu sepse se stfetavaji protichidné stimuly - prozanétlivé a
protizanétlivé; mechanizmy imunopotenciace a imunoparalyzy. Svoji roli v tomto maji i neutrofily, a to
jak kvantitativni — svym poctem, tak i kvalitativni — svymi funkcemi. V porovnani s jinymi buné&nymi
elementy imunitniho systému, jejichz po¢et muzZe klesat v disledku centralni suprese v kostni dreni,
apoptozy &i sekvestrace mimo krevni proud, poc¢et polymorfonukleartl byva vétSinou zvysen, stejné
jako jsou potencovany jejich syntetické a fagocytarni funkce. Méné Casto se setkame s neutropenii
definovanou jako absolutni pocet neutrofilti <0,5x10%/1, jez byva zpravidla spojovana s vy&si incidenci
infekénich komplikaci, komplikovanym a protrahovanym prabéhem stonani a hors$i prognézou
kontinua sepse — septicky Sok [Klastersky et al., Clin Infect Dis 2004; Caggiano et al., Cancer 2005;
Penack et al., Ann Hematol 2006; Kuderer et al., Cancer 2006; Ramzi et al., Hematology 2007]. Ale
ani terapeutické snahy o korekci neutropenie u septickych nemocnych aplikaci rekombinantniho
ristového faktoru granulocytll (colony stimulating factor — granulocytes, G-CSF) nevedly ke snizeni
mortality i pfes dokumentované zkraceni doby neutropenie [Nelson et al., J Infect Dis 1998; Root et
al., Crit Care Med 2003].

Neutrofily exprimuji mnozstvi PRR — Toll-like receptord (TLR), které rozpoznavaji PAMP ¢&i endogenni
alarminy (DAMP). Aktivace PRR/TLR spousti kaskadu intracelularnich pochodd vedouci k alteraci
genoveé exprese cestou NK-kB a mitogeny aktivované proteinkinazy (mitogen-activated protein kinase,
MAPK) s produkci cytokint, chemokint, antimikrobialnich peptidd a reaktivnich kyslikovych radikalt
(reactive oxygen species — ROS). Soucasné dochazi k migraci do mista infekce, adhezi neutrofild k
endotelu, jeho aktivaci, chemotaxi dalSich bunénych komponent zanétlivé odpovédi. Jakozto
profesionalni fagocyty jsou neutrofilni granulocyty schopny internalizace patogend, jejich destrukce,
zpracovani a prezentace jejich epitopl (PAMP) dalSim burfikam imunitniho systému. Destrukce
pohlcenych mikroorganizm( probiha fuzi vakuoly obsahujici patogen (fagozomu) se specifickymi
intracelularnimi granuly za vzniku tzv. fagolysozému [Urban et al., Cell Microbiol 2006; Stearns-
Kurosawa et al., Annu Rev Pathol 2011]. Primarni (azurofilni) granula obsahuji katepsin G, elastazy,
myeloperoxidazy a protein zvySujici permeabilitu baktérii (bacteria permeability increasing protein,

BPIP). Sekundarni granula pfispivaji obsahem lysozymu, laktoferinu a fady metaloproteaz. DalSim
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mechanizmem eliminace invadujicich mikroorganizmu je tvorba neutrofilnich extracelularnich pasti
(neutrophil extracellular traps, NET). NET jsou extracelularni intravaskularni komplexni struktury
tvofené nuklearnim chromatinem, histony, cytoplazmatickymi proteiny neutrofild a samotnymi
neutrofily. Usnadnuji lokalizaci, izolaci a znieni infekénich agens, ale mohou také protrahovat a
prohlubovat proces inflamace a podkozeni tkani [Urban et al., PLoS Pathol 2009; Mantovani et al., Nat
Rev Immunol 2011; Stearns-Kurosawa et al., Annu Rav Pathol 2011; Kovach et al., Curr Opin Infect
Dis 2012; Kaplan et al., J Immunol 2012]. Za idedlni situace tato potentni kombinace produkce
prozanétlivych mediatord atrahujici a aktivujici dostateény pocet imunokompetentnich element a
intracelularni destrukce mikroorganizm vede k jejich kompletni a rychlé eradikaci. Pokud v$ak dojde
k Uniku a preziti patogenl (extrémni naloZ nebo vyznamna virulence) akceleruje i zapojeni neutrofil(i
(a dalsich antigen prezentujicich i efektorovych bunék) s excesivni produkci prozanétlivych mediatora,
poskozenim a aktivaci endotelu, progresi do Soku a MODS (,collateral damage®) [O’Neil et al., Nat
Rev Drug Discov 2006; Weighardt et al., Immunobiology 2007; Stearns-Kurosawa et al., Annu Rav
Pathol 2011].

Podstatnym jevem v kontrole infekce je kumulace imunokompetentnich (imunomodulujicich i
efektorovych) bunék v misté zanétu. Vazba neutrofill k vaskularnimu endotelu je zprostfedkovana a
kontrolovana sekvencni aktivitou dvou skupin adhezivnich molekul, které jsou v excesivni mife
exprimovany na jejich povrchu po jejich aktivaci prozanétlivymi signaly (tab. 4). Prvni skupinou jsou
selektiny, které zajituji inicialni vazbu a tzv. rolling neutrofild. Druha skupina — integrind — slouZzi
k pevné adhezi [Gonzales-Amaro et al., Crit Rev Immunol 1999]. Tyto adhezivni molekuly interaguiji se
svymi specifickymi protéjSky — ligandy — na povrchu endotelialnich bunék, umoziuji intercelularni
signalizaci a aktivaci endotelidlnich bunék. V plicni vaskulatufe mohou neutrofily v disledku lokalniho,
ale i vzdaleného zanétu nasledné pronikat endotelem, migrovat a sekvestrovat v plicnim intersticiu
a/nebo alveolech a pusobit pfimé poskozeni tkané. Mimo plicni cévy zplsobujici adherujici neutrofily
nepfimé poskozeni okolnich tkani (vySe zminovany ,collateral damage®) okluzi mikrovaskulatury
s hypoperfuzi/hypoxii pfislusné oblasti a sou€asné indukci endotelialni dysfunkce s porusenim tésné
integrity endotelu, zvySenim kapilarni permeability, dalSim uvolnénim prozanétlivych a vazoaktivnich
mediatorl a navozenim typické heterogenity krevniho toku (maldistribuce/“shunting“) v mikrocirkulaci.
Tuto zasadni Ulohu neutrofild v iniciaci a potenciaci ischemicko-reperfuzni dysfunkce mikrocirkulace a
poskozeni tkani doklada rfada studii [Fondevila et al., Exp Mol Pathol 2003; Buras et al., Neurol Res
2007; Yilmaz et al., Neuromolecular Med 2010]. VSechny mechanizmy jako interakce a intercelularni
signalizace neutrofil-endotelialni burika, neutrofil-trombocyt a neutrofil-erytrocyt vedou k agregaci
krevnich elementd v mikrocirkulaci, jeji obturaci a uvolnéni Sirokého spektra mediatord a nasledné k
popisovanému selhani mikrocirkulace. Na podkladé téchto poznatk(l by se mohla zdat (terapeuticka)
deplece leukocyti/neutrofill vyhodna ve smyslu prevence rozvoje a progrese téchto
patofyziologickych procesu vedoucich az k Soku a MODS. Nékolik experimentalnich studii skute¢né
prokazalo absenci alterace mikrocirkulace na zvifecich subjektech s depleci neutrofild [Hernandez et
al., Am J Physiol 1987; Korthuis et al., Am J Physiol 1988; Carden et al., Circ Res 1990; Suematsu et
al., Lab Invest 1994; Turnage et al., Ann Surg 1995; Dawson et al., Keio J Med 1996; Bertuglia et al.,
Am J Physiol Heart Circ Physiol 2000; Hoesel et al., Shock 2005].
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Data popisujici stav a chovani mikrocirkulace/endotelialni dysfunkce u septickych nemocnych
svyznamnou leukocytopenii v8ak dosud chybéla. Pravé snaha o objasnéni téchto interakci byla
podnétem k uskute€néni prvni z originalnich praci komentovanych niZze [Karvunidis et al., Intensive
Care Med 2012].
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2.3.  POSTAVENiI TROMBOCYTU V PATOFYZIOLOGII SEPSE A (MULTI)ORGANOVE
DYSFUNKCE

Trombocyty jsou bezjaderné nejmensi krevni elementy vznikajici odstépenim z megakaryocytd
v kostni dfeni. Jsou vysoce diferencovanymi burikami sehravajicimi esencialni ulohu v procesu
primarni zastavy krvaceni tvorbou trombu. Soucasné, jako sou€ast pfirozenych obrannych
mechanizmUl hostitele, produkci cytokinG, expresi adhezivnich molekul s naslednou pfimou
intercelularni interakci a signalizaci (trombocyt-endotelialni burika, trombocyt-neutrofil) iniciuji a
moduluji imunitni odpovéd [Vincent et al., Crit Care Med 2002; Levi et al., Hematology 2005; Zarbock
et al., Blood Rev 2007; Hundelshausen et al., Circ Res 2007; Smyth et al., J Thromb Haemost 2009;
Semple et al., Cell Mol. Life Sci., 2010]. U&astni se také procesu hojeni ran a patogeneze
hematogennich metastaz [Jurk et al., Semin Thromb Hemost 2005]. Jsou vyznamnym zdrojem
velkého mnozstvi bioaktivnich mediator(i, které produkuji, skladuji a secernuji [Smyth et al., J Thromb
Haemost 2009].

Funkce desticek muze byt arbitrarné rozdélena do &tyf fazi (aktivace, adheze, agregace a
degranulace), které jsou ve skuteCnosti velmi dynamické a vzajemné provazané a prolinajici se:
adheze, aktivace, agregace a sekrece [Jurk et al., Semin Thromb Haemost 2005]. Tyto funkce a
interakce trombocytl jsou podminény intaktni kaskadou zmén, kterymi prochazeji v pribéhu jejich
aktivace. Konsekvenci aktivace destiCek je sekrece obsahu granul - degranulace. Dochazi k uvolnéni
nékolika agonistll desti¢ek, koagula¢nich faktorl, heparin-vazajicich proteinu, rlstovych faktora,
vazoaktivnich latek a expresi membranovych receptorli zprostfedkovavajicich interakce s leukocyty ¢i
endotelidlnimi burikami. Rada z takto uvoln&nych molekul (ADP, serotonin atd.) potencuiji stimulaci a
aktivaci dalSich trombocytl a atrahuji je do mista poSkozeni cévni stény &i infekce (tab. 5). Krevni
desti¢ky vSak nejsou jen pasivni zasobarnou bioaktivnich latek. V pribéhu jejich aktivace je fadou
enzymatickych pochodl produkovano mnozstvi lipidovych derivatl - eikosanoidd, jako tromboxan A2
(TXA2) a prostaglandiny. SoucCasné v transcelularnim metabolismu produkuji prozanétlivé i
protizanétlivé cytokiny. Trombocyty maji navic nékolik jedineénych extranuklearnich cest translace
mMRNA na proteiny tzv. signal-dependentnim mechanizmem, na jejichz konci je sekrece mimo jiné i IL-
1B ¢i TF a tedy i propojeni hemostazy a inflamace [Weyrich et al., J Thromb Haemost 2009].

Vedle klicové role trombocytl v procesu hemostazy a hojeni poSkozeni vaskularniho endotelu je Ize
ve svétle recentnich poznatkll povazovat za nedilnou soucast pfirozené imunity. Dokonce je mozno o
nich mluvit nejen jako o neimunitnich bunkach vykazujicich nékteré imunitni funkce, ale pfimo jako o
imunokompetentnich elementech, které jsou schopny iniciace, potenciace a modulace zanétlivé
odpovédi organizmu. Tato tvrzeni podporuje jejich spole¢ny plvod v kostni dfeni s bufkami myeloidni
krevni fady. Stejné jako napfiklad neutrofily a/nebo monocyty/makrofagy, desti¢ky exprimuji PRR pro
PAMP a DAMP, jsou schopny ingesce a destrukce invadujicich patogend, produkuji a secernuji celou
fadu plsobkt umoznujici intercelularni signalizaci. Funkéni povrchové PRR (TLR, FcR-Ig, CR a jiné)
umoznuji vazbu trombocytd na invadujici patogeny, jejich €asti €i produkty [Semple et al., Nat Rev
Immunol 2011]. Literatura dokumentuje pfitomnost nékterych subtypt TLR (TLR 1, 2, 4 a 9) na
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neaktivovanych trombocytech [Shiraki et al., Thromb Res 2004; Andonegui et al., Blood 2005]. Jejich
aktivace vazbou specifickych PAMP (lipopolysacharidy, lipoproteiny aj.) spousti kaskadu dobfe
popsanych déju, které vedou k aktivaci desticek, produkci prozanétlivych i protizanétlivych mediatord,
sekvestraci trombocytl v mikrocirkulaci zejména plic a jater (TLR-dependentni trombocytopenie) a
aktivaci imunitniho systému cestou prezentace PAMP klasickym burikdm imunitniho systému
[Hundelshausen et al., Circ Res 2007; Beaulieu et al., Thromb Res 2010; Ishii et al., Curr Infect Dis
Rep 2004; Aslam et al., Blood 2006; Alves-Filho et al., Thromb Res 2005]. TLR jsou pfitomny rovnéz
na megakaryocytech v kostni dfeni [Stohlawetz et al., Thromb Haemost 1999] a existuje fada dukaz(
experimentalnich studii o jejich roli v trombopoeze [Jayachandran et al., J. Appl. Physiol, 2007]. Vazby
PAMP nejsou pouze pasivni, ale vedou ke konformaénim zménam dalSich povrchovych molekul,
mobilizaci a expresi dalSich receptorll z cytosolu jako napf. CD40-ligandu (CD40L). CD40L je
prominentni molekulou secernovanou trombocyty ve velkém mnoZstvi po jejich aktivaci exogennimi
stimuly. Objem produkce CD40L se navic zda zavisly na velikosti a typu stimulace, coz ukazuje na
adaptivitu odpovédi desticek [Berthet et al., Clin Immunol 2012]. Nékteré studie ukazuji na kvalitativné
odliSnou aktivaci trombocytl vyjadienou rozdilnymi profily produkovanych cytokinli v zavislosti na
konkrétnim PAMP [Semple et al., Nat Rev Immunol 2011; Yeaman et al., Cell Mol Life Sci 2010; Cox
et al., J Thromb Haemostat 2011; McNicol et al, J Thromb Haemost 2011; Chen et al., Haematologica
2013].

Aktivované trombocyty exprimuji na svém povrchu fadu adhezivnich molekul slouzicich
k mezibunéénému kontaktu a signalizaci (tab. 4). Jednou z nich je i P-selektin (CD62p), integralni
membranovy glykoprotein patfici do rodiny selektinovych adhezivnich receptorl. Nachazi se na
povrchu nejen desti¢ek, ale i makrofagid/monocytt a aktivovanych endotelidlnich bunék. DalSimi
selektiny jsou E-selektin exprimovany na membrané aktivovanych endotelialnich bunék a L-selektin na
povrchu leukocytl. P-selektin hraje esencidlni roli v interakci trombocytd s leukocyty. Jeho vazebnym
protéjSkem s velkou afinitou je tzv. P-selektin glycoprotein ligand-1 (PSGL-1), ktery se nachazi na
povrchu leukocytll i samotnych desti¢ek. Vazba P-selektin — PSGL-1 (event. sou¢asné GP Ib/V/IX —
vWEF ¢i GP la/lla — kolagen pfi poruseni integrity endotelu) a nasledna silna vazba komplexu GPIIb/llla
v membrané trombocytl pres fibrinogenovy mustek na intercellular adhesion molekule-1 (ICAM-1) na
povrchu endotelu umoznuje adhezi destiCek v misté invaze patogen(i &i poruSeni cévni stény.
Soucasné dochazi obdobnymi mechanismy (selektin, ICAM-1) na stejném misté i k adhezi leukocytl
(polymorfonukleart, monocytd/makrofagu). K zachyceni, adhezi a aktivaci leukocytl muze dojit i
mechanizmem tzv. second capture, kdy k endotelu pevné adherujici trombocyty zachytavaji cirkulujici
(wresting®) leukocyty, dochazi k interakci trombocyt-leukocyt (polymorfonukleary, PMN), aktivaci PMN
a nasledné k ,rollingu® téchto PMN po vrstvé destiCek a postupnému priiniku pres cévni sténu
[Zarbock et al., Blood Rev 2007].

Jak jiz bylo diskutovano vyse, sepse je provazena signifikantni aktivaci neutrofild. PAMP jako
lipopolysacharid (LPS) spousti kaskadu zmén vedouci k strukturalnim zménam neutrofild, zvySeni
jejich rigidity, expresi adhezivnich molekul, jejich cilenou migraci (,homing“) do mikrocirkulace plic a

jater, coz maze byt jednim z mechanizm nasledné dysfunkce téchto organd. Na druhou stranu maze
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byt migrace neutrofild do plic i aktivnim mechanizmem imunitniho systému v pribéhu systémové
inflamace. Sekvestraci PMN do téchto organi zahy nasleduje i akumulace trombocytl v takto
postizené mikrocirkulaci. Uloha neutrofilil se v tomto procesu jevi jako esencialni, jak dokumentuji
nékteré experimentalni prace [Andonegui et al., Blood, 2005]. Patofyziologické pochody tohoto
fenoménu nejsou zcela objasnény. Existuje nékolik moznosti: i) pfima interakce trombocyti
s imobilizovanymi PMN a aktivovanymi endotelidlnimi burfikami (EC) v cilové oblasti, ii) atrakce
destiek jejich agonisty (ADP, trombin) secernovanymi v téchto cilovych tkanich aktivovanymi PMN a
EC [Peters et al., J. Immunol. Methods 1997; Zarbock et al., Blood Rev 2007] a iii) zvySena vazba
trombocytl exponovanych LPS na imobilizované neutrofily [Clark et al., Nat. Med., 2007]. Aktivované
neutrofily navazané na trombocyty uvolfiuji do cirkulace fadu biologicky aktivnich molekul a navic i
DNA a dohromady vytvaii NET [Brinkmann et al., Science 2004; Ma et al., J Thromb Haemost 2008].
Tato vazba neutrofild/NET a desti¢ek, propojujici procesy inflamace a trombézy/hemostazy se je velmi
dalezita k efektivni fagocytéze, destrukci a eliminaci patogent [Manfredi et al., Curr Opin Hematol
2010; Semeraro et al., Blood 2011; Fuchs et al., Arterioscler Thromb Vasc Biol 2012]. Aktivované
trombocyty indukuji tvorbu NET [Clark et al., Nat Med 2007]. Jako vétSina patofyziologickych pochodu
pfi systémové inflamaci mUze popisovana interakce PMN/NET a trombocytl vést k zac¢arovanému
kruhu dalsiho formovani NET a aktivace dalSich desti¢ek a tak k propagaci zanétu, poSkozeni a

aktivaci endotelu, poruSe mikrocirkulace a dalSimu tkarfiovému/organovému poSkozeni.

Dalsi cestou intercelularni komunikace trombocytl s burikami pfirozené imunity je interakce receptoru
CD40 a jeho ligandu CD40L. Exprese transmembranového proteinu CD40L (CD154) na povrchu
destiCek se po jejich aktivaci zvysuje [Inwald et al., Circ Res 2003]. Vazba na jiz zminény CD40 na
povrchu endotelialnich bunék, monocytll, dendritickych bunék, B-lymfocytl ale také trombocytl vede
k zvy$eni exprese adhezivnich molekul (ICAM-1, VCAM-1), produkci cytokinG a tim dal$i aktivaci
imunitniho systému [Henn et al.,, Nature, 1998; Inwald et al., Circ Res 2003; Pignatelli et al.,
Circulation 2004; Inwald et al., Circ Res 2003]. Trombocyty interakci CD40L-CD40 indukuji maturaci
dendritickych bunék, coz je centralnim mechanizmem v rozvoji ziskané imunity proti invadujicim
patogentim [Elzey et al., Immunity 2003]. Stejnym mechanismem mohou desti¢ky indukovat zménu
izotypl B-lymfocytll a augmentaci odpovédi CD8+ T-lymfocytl, coz vede k lepSi obrané proti virovym

infekcim [Elzey et al., Immunity 2003].

Funkce trombocytl jsou Uzce spojeny s velkym mnozstvim molekul, z nichz vice nez 300 je
destickami secernovano. Cast znich je spoleénych granulocytarni-megakaryocytarni vyvojové
bunéCné fadé a zastava v granulach destiCek v pribéhu jejich maturace od odstépeni
z megakaryocytu v kostni dfeni az do finalniho funk&niho stavu trombocytd cirkulujicich v krevnim
feCisti. DalSi skupina je tvofena molekulami absorbovanymi z okoli. Posledni a z pohledu puvodu
nejzajimavéjsi skupinou jsou plsobky syntetizované v maturovanych trombocytech de novo, ackoliv
jedinymi zdroji nukleovych kyselin v desti¢kach a tedy cestami syntézy novych proteinl jsou/mohou
byt pouze mitochondrialni DNA a RNA pohicenych a destruovanych bunék organizmu (napf.
nadorovych bunék) [Semple et al., Nat Rev Immunol 2011; Garraud et al., Thromb Res 2011].

Dynamika molekularniho fenotypu trombocytd je po jejich aktivaci extrémni. Mnozstvi molekul
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z bunécného povrchu je internalizovano do cytosolu, skryto do mikrostruktur (mikropartikuli)
odvozenych z bunéfné membrany &i liberovdano do krevniho proudu. Toto proteolytické uvolnéni
proteind/glykoprotein z povrchu desticek je zcela odliSnym procesem nez vlastni sekrece latek ze
zasobnich granul s/bez pfechodné exprese na bunééném povrchu (sCD40L, sCD62P aj.) [Whiteheart
et al., Blood 2011].

V procesech regulace a modulace imunitni odpovédi organizmu je dulezita cela fada pusobkl
secernovanych a/nebo uvolfiovanych trombocyty. Jednim z mnoha je i vaskularni endotelialni ristovy
faktor (vascular endothelial growth factor — VEGF). VEGF je klicova molekula v kontrole cévni
permeability. Jeji pusobeni je zprostfedkovano vazbou s povrchovym VEGF receptorem 2 (VEGF-
receptor-2 — VEGFR-2) v membrané endotelidlnich bunék. Kromé& toho ma vyznamnou roli
v angiogenezi a hojeni ran. VEGF je produkovan fadou bunék, mimo jiné monocyty periferni krve a
trombocyty. MnozZstvi stimul( asociovanych s inflamace/sepsi (jako LPS, TNF-a) a hypoxii (cestou
hypoxia-inducible factor-la-transcription factor — HIF-1a-TF) zvySuje produkci a sekreci VEGF [van
der Flier et al., Shock 2005]. Rada studii prokazuje asociaci mezi zvy$enou plazmatickou hladinou
VEGF a sepsi [van der Flier et al., Shock 2005; Yano et al., J Exp Med 2006]. Navic néktera data
ukazuji na moznou souvislost mezi plazmatickou hladinou VEGF a tizi sepse/organové dysfunkce a
mortalitou [van der Flier et al., Shock 2005].

Trombocytopenie, arbitrarné definovana jako pocet trombocytt <150x10%/, je Eastym jevem v sepsi &i
septickém Soku. Jeji incidence je pfiblizné 35-44%. U 20-25% téchto nemocnych zjiStujeme pocet
desti¢ek <100x10%/1 a 12-15% pacientl ma t&zkou trombocytopenii (<50x10%1) [Vanderschueren et al.,
Crit Care Med 2000; Strauss et al., Crit Care Med 2002; Vincent et al., Crit Care Med 2002; Levi et al.,
Crit Care Med 2004]. Frekventni asociace trombocytopenie a systémové infekce a kontinua sepse-
septicky Sok sveédci pro aktivni roli desti¢ek v patofyziologii téchto stavl [Vincent et al., Crit Care Med
2002; Yaguchi et al., J Thromb Haemost 2004]. Pocet desti¢ek typicky vyznamné klesa v prvnich
¢tyfech dnech rozvoje systémové infekce [Akca et al., Crit Care Med 2002].

Primarnim dusledkem trombocytopenie u kriticky nemocnych je zvySeni rizika krvaceni. U pacientd
s tézkou trombocytopenii (<50x10%/1) je toto riziko &tyfikrat az pétkrat vys$si [Vanderschueren et al., Crit
Care Med 2000; Strauss et al., Crit Care Med 2002] a obecné se zvySuje pfi systémoveé inflamaci [Levi
et al., Semin Thromb Hemost 2008]. Riziko intracerebralniho krvaceni nemocnych pfijatych na JIP je
relativné nizké (0,3-0,5%), ale az 88% téchto nemocnych ma soucasné pocet krevnich destiCek
<100x10°%/ [Oppenheim-Eden et al., Intensive Care Med 1999]. Bez ohledu na pficinu je
trombocytopenie nezavislym prediktorem mortality na JIP s relativnim rizikem 1,9-4,2 dle
multivariantnich analyz [Vanderschueren et al., Crit Care Med 2000; Strauss et al., Crit Care Med
2002]. Trombocytopenie perzistujici déle nez 4 dny po pfijeti na JIP €i pokles poctu krevnich desticek
0 >50% vychozich hodnot v pribéhu pobytu na JIP jsou spojeny se ¢tyfnasobnym az Sestinasobnym
zvySenim mortality [Vanderschueren et al., Crit Care Med 2000; Akca et al., Crit Care Med 2002].
Pocet trombocytll se ukazuje byt silngjSim nezavislym ukazatelem mortality na JIP nez nékteré
skorovaci systémy (APACHE I, MODS). Sepse je jasnym nezavislym rizikovym faktorem pro rozvoj

trombocytopenie a sou€asné tize sepse/septického Soku koreluje i s jeji zavaznosti [Vanderschueren
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et al., Crit Care Med 2000; Mavrommatis et al., Crit Care Med 2000; Strauss et al., Crit Care Med
2002; Russwurm et al., Shock 2002].

Mechanizmus vzniku a progrese trombocytopenie v sepsi/septickém Soku neni v soucasnosti zcela
jasny. Vysvétleni snizenou produkci trombocytl v kostni dfeni je v logickém rozporu s vysokymi
hladinami produkci desti¢ek stimulujicimi prozanétlivymi cytokiny (TNF-a, IL-6 atd.) a trombopoetinu u
nemocnych v sepsi [Stohlawetz et al., Thromb Haemost 1999; Folman et al., Thromb Haemost 2000].
Konzumpce trombocytt hraje také dilezitou roli v rozvoji trombocytopenie v sepsi a to v disledku
vysoké produkce trombinu, ktery je nejvice potentnim aktivatorem desti¢ek in vivo. Pfikladem miize
byt disseminovand intravaskularni koagulace (DIC). Trombocyty mohou byt také aktivovany pfimo
endotoxinem a dalSimi proinflamatornimi mediatory (PAF atd.) [Zimmerman et al., Crit Care Med
2002; Weyrich et al., Trends Immunol 2004]. Vy3e diskutovana pfima interakce/vazba desticek
s invadujicimi patogeny s naslednou ingesci a destrukci téchto komplext profesionalnimi makrofagy i
sekvestrace trombocytl v mikrocirkulaci jejich vazbou s neutrofily (destickové TLR4) a endotelem
(destiCkové adhezivni molekuly — selektiny, integriny, GPIIb/llla aj.) rovnéz vedou k trombocytopenii
[Andonegui et al., Blood 2005; Antczak et al., Clin Vaccine Immunol 2011; Jenne et al., PLoS One
2011; Gawaz et al., Intensive Care Med 1997; Secor et al., Intensive Care Med 2010]. MnozZstvi
publikovanych studii dokladuje roli celé Fady molekul v patogenezi trombocytopenie pfi systémové
inflamaci [DeJoy et al., J Infect Dis 1994; Suputtamongkol et al., Antimicrob Agens Chemother 2000;
Cavaillon et al.,, Scand J Infect Dis 2003; Panes et al., Blood 2004; Muller et al., FASEB J 2003;
McMaken et al., PLoS One 2011; Brunetti et al., Thromb Haemost 2000].

VS8e uvedené doklada extrémni zmény fenotypu trombocyt v procesu jejich aktivace at jiz cestou
PAMP ¢i DAMP. Zmény ve sloZeni proteind/glykoproteini v trombocytech a jejich kompartmentech
jsou natolik dynamické a pro jejich funkce a role v procesech hemostazy a imunomodulace natolik
klicové, ze se snaha o jejich blizSi poznani a pochopeni stala cilem vyzkumu a studii. Jen nékolik
malo kvalitnich studii se vSak dosud zabyvalo vlastni problematikou alterace funkce desti¢ek v sepsi
[Yaguchi et al., J Thromb Haemost 2004]. Odmyslime-li si slabinu vétSiny klinickych studii septickych
nemocnych, kterou je extrémni heterogenita souboru nemocnych dana samotnou povahou kontinua
systémova inflamace — sepse — septicky Sok — MODS, stoji za diskuzi a kritiku i volba metod analyzy
desti¢kovych funkci. Pouzité globalni metody k vySetfeni funkci destiCek (napf. agregometrie) a/nebo
stanoveni plazmatickych hladin pisobkd uvolnénych z membran a/nebo granul trombocytt (ELISA)
jsou jen velmi hrubym odhadem aktualniho stavu trombocytl €i jejich interakci. Pritokova cytometrie
(flow cytometry, FCM) jiz sice umoznuje detailngjSi pohled na roli trombocytl v sepsi, stale se vSak
jedna o metodu nepfimé identifikace nékterych klicovych membranovych znaku s limitovanou citlivosti
a reproducibilitou. Vzhledem k absenci bunéfného jadra a jen malému obsahu mRNA, jsou
trombocyty vybornym cilem pro proteomické studie. Proteomika muze byt dostatecné senzitivni
v pfimé detekci slozeni proteind jednotlivych kompartmentu desticek a to v jednotlivych stavech jejich
aktivace a funkce. Existuje fada praci popisujicich proteom desti¢ek v riznych stavech aktivace a
charakterizujicich razné skupiny proteint trombocytl — proteiny cytoskeletu, proteiny uplatiujici se

v prenosu signall, proteiny syntetizované destiCkami v neaktivnim stavu a proteiny syntetizovanymi a
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secernovanymi aktivovanymi trombocyty [Maguire et al., J Thromb Haemost 2003; Maguire et al.,
Trends Cardiovas 2004; Gnatenko et al., Blood 2006; Garcia et al., Mass Spectrom Rev 2005]. Popis,
charakteristiky a diskuze o jednotlivych metodach analyzy funkéniho stavu trombocytl jsou uvedeny
nize (kap. 3).

V8echny uvedené a mnohé dal$i skutecnosti a podrobnéjsi poznatky z oblasti ulohy trombocytl pfi
systémovém zanétu a organové dysfunkci v€etné aktualniho pfehledu vysetfovacich metod vhodnych
k jejich studiu shrnuje a diskutuje originalni pfehledova prace, ktera je soucasti této dizertaéni prace
[Karvunidis et al., Anest Intenziv Med 2012].

Se snahou o detailnéjSi pohled na nehemostatické funkce trombocytd a popis jejich dynamickych
zmén v Casné fazi sepse se zapojenim fady analytickych metod byla na reprezentativni populaci
nemocnych provedena originalni studie, ktera je jako soucast této dizertaéni prace komentovana nize
[Karvunidis et al., manuskript v pfipravé].
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2.4. ENDOTEL V PATOFYZIOLOGII SEPSE A (MULTI)ORGANOVE DYSFUNKCE

Diky uzké vazbé celularnich patofyziologickych procest endotelialni dysfunkce s poruchou
mikrocirkulace a jiz komentovanym intercelularnim interakcim endotelu s neutrofily a trombocyty (Ci
obecné s imunokompetentnimi elementy) je i tato problematika nedilnou sou&asti této dizertacni prace

a zaslouzi si alespon stru¢ny prehledovy komentar.

Endotel je velmi dynamicka bunécna vrstva tvofici vnitini vystelku cév vSech kalibri od aorty az po
nejmensi kapilary — mikrocirkulaci. Svou masou bunék (okolo 10™) s povrchem 5000-7000m2 a
celkovou hmotnosti az 1,5kg patfi mezi nejvétsi tkariové/organové systémy lidského téla [Ait-Oufella
et al., Intensive Care Med 2010]. Endotelialni buriky (EC) v jedné vrstvé vytvareji komplexni rozhrani
oddélujici cirkulujici krev od subendotelialni tkané a dalSich tkani v okoli cév. Intercelularni prostory
endotelu jsou zcela nepropustné (,tight junctions®) & omezené a fizené propustné (,gap junctions®) pro
ionty, metabolity, jiné plsobky a jejich vehikulum — intravaskularni a/nebo intersticialni tekutinu. EC
jsou pevné spojeny s bazalni membranou bohatou na kolagen a jiné glykoproteiny a jejich
intravaskularni povrch je kryt velmi tenkou a fragilni vrstvou zvanou glykokalyx. Glykokalyx zajistuje
antikoagulaéni/antiagregacni vlastnosti intaktniho endotelu svym negativnim elektrickym nabojem
proteoglykani a glykoproteind a biochemickymi vlastnostmi pFitomnych glykosaminoglykan(
(heparansulfat, dermatansulfat aj.) [Luft et al., Fed Proc 1966; Sugahara et al., Curr Opin Struct Biol
2003; Reitsma et al., Pflugers Arch 2007; Ait-Oufella et al., Intensive Care Med 2010]. Endotel
zajistuje mnoho fyziologickych funkci: cévni tonus, hydrodynamiku/fluiditu krevniho proudéni, pohyb
nutrientd a bunék a rast novych cév. Pfi poruseni morfologické ¢&i funkéni integrity endotelialni vrstvy
jako je tomu pfi systémovém zanétu/sepsi dochazi k alteraci vazomotorické regulace, endotel
vykazuje proadhezivni, prokoagulaéni, antifibrinolytické vlastnosti a je nedilnou souéasti mechanizm

imunitni odpovédi hostitele. Zakladni funkce a vlastnosti endotelu jsou shrnuty v tab. 6.

Endotel se zasadni mérou podili na regulaci vazomotorického tonu cév za aktualnich fyzikalnich a
chemickych podminek. EC produkuji a uvolfiuji fadu vazodilataénich substanci (oxid dusnaty — NO,
prostacyklin aj.) a vazokonstrikénich mediatort (endotelin, desticky aktivujici faktor — platelet activating
factor - PAF aj.). Zatimco je produkce NO konstitutivni a modulovana fadou rozliénych stimuld,
vazodilatatorem [Furchgott et al., Nature 1980]. Vznika z L-argininu pomoci konstitutivni endotelialni
NO syntazy (eNOS) [Stamler et al., Science 1992]. Cela fada pusobk( stimuluje eNOS cestou
specifickych receptort: ADP, bradykinin, substance P, agonisté muskarinovych receptorti. Pozitivné
pusobi také fyzikalni sily jako tfeni krevniho proudu (,shear stress®) a pulzatilni napéti cévni stény
[Loscalzo et al., Circulation 1994]. DalSimi izoformami NOS jsou kalcium-dependentni neuronalni NOS
(nNOS) a kalcium-independentni inducibilni NOS (iNOS). Posledni jmenovana je aktivovana zejména
prozanétlivymi cytokiny [Moncada et al., Pharmacol Rev 1991; Hauser et al., Anesth Analg 2005;
Pacher et al., Physiol Rev 2007] a produkce NO je tisicinasobné vétsi nez bazalni syntéza pomoci
eNOS. NO v takové kvantité navozuje vyznamnou vazodilataci mikrocirkulace, coz vede k hypotenzi,
maldistribuci krevniho proudu/srdec¢niho vydeje a projeviim Soku. NO je kromé vazodilatacniho efektu

potentnim inhibitorem aktivace trombocytl a jejich adheze k endotelu a narusuje tvorbu primarni
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hemostatické trombocytarni zatky [Pacher et al., Physiol Rev 2007]. Endotelin (ET) je produkovan
endotelialnimi burfikami pouze v odpovédi na stimuly a to napfiklad v podobé hypoxie a/nebo tfecich
sil krevniho proudu (,shear stress) aj. a navozuje dlouhotrvajici vazodilataci [Levin et al., N Engl J
Med 1995]. Prostacyklin je eikosanoid, derivat arachidonové Kkyseliny, jenZ navozuje lokalni
vazodilataci a inhibici agregace trombocytl. Fosfolipid PAF, rovnéz derivat kyseliny arachidonové,
naopak zplsobuje vazokonstrikci a stimuluje a potencuje adhezi leukocytu k endotelu [Imaizumi et al.,
J Intern Med 1995; Lorant et al., Semin Cell Biol 1995].

Endotelialni buriky exprimuji proménlivé mnozstvi adhezivnich molekul (selektiny, integriny aj.)
slouzicich kintercelularnimu kontaktu s leukocyty a trombocyty v procesech vrozené imunitni
odpovédi — lokalizace, kontroly a eliminace invadujicich patogend, jak bylo diskutovano vyse (viz
kapitola 2.2. a kapitola 2.3. a tab. 4). Endotel ma rovnéz svoji roli v mechanizmech adaptivni imunity.
Expresi MHC | a MHC Il interaguji s CD8+ a CD4+ TC [Pober et al., Transplantation 1996; Marelli-
Berg et al., J Exp Med 1996]. Dale je na povrchu EC dokladovana pfitomnost kostimulaénich molekul
bé&Zznych na buné€nych membranach ,klasickych* APC (dendritické buriky, makrofagy, BC) [Ait-Oufella
et al., Nat Med 2006].

Endotel se aktivné podili na obrané organizmu adaptivni schopnosti imobilizovat patogeny a/nebo
PAMP, aktivaci, atrakci a celého spektra imunokompetentnich elementl véetné trombocytd,
uvoliovanim prozanétlivych mediatord a indukci a modulaci (lokalniho) prokoagulaéniho a
antifibrinolytického fenotypu a stavu k prevenci Sifeni infekce krevnim proudem. Obdobné jako u
jinych/dal§ich mechanizm( imunitni odpovédi hostitele, dochazi pfi deregulaci téchto primarné
lokalizovanych a fokusovanych adaptivnich obrannych pochodli ke generalizaci a amplifikaci
uvedenych zmén — endotelialni dysfunkci — vedouci k progresi zanétu a k vzdalenému tkanovému
poskozeni [Ait-Oufella et al., Intensive Care Med 2010; Lee et al., Curr Opin Hematol 2011]. V sepsi
dochazi k morfologickym zménam v endotelialni vrstvé — rozvolnéni pevného spojeni endotelu
s bazalni membranou a subendotelialnimu prosaknuti/edému [Leclerc et al., Crit Care Med 2000; Ait-
Oufella et al., Intensive Care Med 2010; Lee et al., Curr Opin Hematol 2011]. Sou¢asné dochazi
k zaniku/apoptéze endotelialnich bunék cestou aktivace kaspaz [Hu et al., Microvasc Res 2009], i
prestoze jsou EC diky mechanizmu aktivniho uvolfiovani aktivované kaspazy-3 z cytozolu (coz je
povazovano za Unikovy manévr bunky z procesu programované bunééné smrti) vice odolné k procesu
apoptozy [Shioiri et al., Biochem Biophys Acta 2009]. DalSimi zménami jsou fragmentace cytoplazmy
a vakuolizace buné&ného jadra. Tyto procesy jsou pozorovatelné jiz po nékolika minutach od aktivace
endotelu PAMP &i prozanétlivymi cytokiny [Mutunga et al., Am J Resp Crit Care Med 2001]. VSechny
tyto zmény vedouci k poruSeni integrity souvislé vrstvy glykokalyxu a endotelu umozniuji pranik
imunokompetentnich bunék, zanétlivych cytokini a plazmy do intersticiu. Rychlé zvySeni permeability
pro albumin, které se objevuje jiz v prvnich Sesti hodinach po inicialnim inzultu, postihuje systémovou i

plicni cirkulaci zna¢né heterogenné [Heckel et al., Am J Physiol Lung Cell Mol Physiol 2004].

Diskutované alterace morfologického a funk&niho stavu endotelu v sepsi — endotelialni dysfunkce —
sehravaji jednu z centralnich roli v modulaci a progresi a tedy v patofyziologii systémové infekce,

kontinua sepse-septického Soku a rozvoji tkafovych a organovych dysfunkci. Endotelidlni dysfunkce

24



se zda byt velmi dobrym prediktorem tiZe a prognézy sepse [Shapiro et al., Crit Care 2010]. Dostupna
literarni data dokumentuji celou Ffadu moznych plazmatickych markerl endotelidini dysfunkce.
Nadéjnymi a recentni studii validovanymi se zdaji napfiklad solubilni VCAM-1, (sVCAM-1), solubilni
ICAM-1 (sICAM-1), solubilni E-selektin (SE-selektin), solubilni fms-like tyrozinkinaza-1 (sFLT-1), PAI-1,
angiopoetin-1 (Ang-1), angiopoetin-2 (Ang-2), von Willebrandlv faktor (vWF), ADAMTS-13 aj. [Paulus
et al., Biomarkers 2011; Skibsted et al., Shock 2013]. Skibstedova studie popisuje dobrou korelaci
zvy8ené plazmatické hladiny nékterych z téchto molekul s tizi sepse, rozvojem organové dysfunkce a

nemocni¢ni moralitou.
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2.5.  ULOHA MIKROCIRKULACE V SEPSI A (MULTI)ORGANOVE DYSFUNKCI

Aktivace imunokompetentnich bunécnych elementl véetné trombocytll a jejich interakce s endotelem
s naslednym rozvojem endotelialni dysfunkce jsou povazovany za klicové patofyziologické pochody
vedouci k sepsi indukované alteraci mikrocirkulace. Za mikrocirkulaci arbitrarné oznacujeme vSechny
cévy a jejich vétveni o priméru <100um; sklada se z arteriol, kapilarni sité a postkapilarnich venul. Je
to misto, kde dochazi k prestupu transportovaného kysliku do okolnich tkani. NejdulezitéjSimi
determinantami krevniho prutoku jsou zde obecné krevni tlak, tonus arteriol, hemorheologie a
prachodnost kapilar. Struktura a funkce mikrocirkulace je vysoce heterogenni v riiznych tkanich a

organovych systémech.

Selhani cirkulace vedouci k neadekvatni dodavce a distribuci O, je podstatou a definici Sokového
stavu. Pokud je vyvolavajici pFicinou systémova infekce, jedna se o Sok septicky. Terapeutické snahy
a opatfeni cilené dle vSeobecné akceptovanych aktualizovanych doporuceni [Rivers et al., N Engl J
Med 2001; Lin et al., Shock 2006; Dellinger et al., Crit Care Med 2012] pouze na normalizaci
makrohemodynamickych parametrl (klinicky stav, perfuzni krevni tlak, globalni markery oxygenace,
laktatémie aj.) jsou v fadé pFipadl neuspésné, nezabranuji rozvoji a progresi Sokového stavu a MODS
a nevedou ke zlepSeni postiZzeni na urovni mikrocirkulace [De Backer et al., Crit Care Med 2013].
Pravé dysfunkce mikrocirkulace, jez je spolu s endotelialni dysfunkci a deregulaci celularnich i
humoralnich imunitnich funkci soucasti bludného kruhu (,circulus vitiosus®), je jednim z centralnich
patofyziologickych mechanizmu sepse [De Baker et al., Am J Resp Crit Care Med 2002; Sakr et al.,
Crit Care Med 2004; Spronk et al., Crit Care 2004, Ince et al., Crit Care 2005]. Popisované zmény jsou
dokumentovany také u jinych stavi — traumat, popalenin, ischemicko-reperfuzniho poskozeni i
srdeCniho selhani/kardiogenniho Soku [Harris et al.,, Semin Pediatr Surg 1995; Boros et al., Acta
Physiol Hung 2003; De Backer et al., Am Heart J 2004; Lenz et al., Injury 2007; Tenenhaus et al., Clin
Plast Surg 2012].

Regulaéni mechanizmy kontrolujici perfizi mikrocirkulace Ize hrubé rozdélit na myogenni (reagujici na
mechanické stimuly — tlak, tah, ,shear stress‘), metabolické (reagujici na O, CO,, laktat a H') a
neurohumoralni. Tento kontrolni systém uziva autokrinni a parakrinni interakce a signalizace k fizeni
krevniho pritoku mikrocirkulaci cilenému k zajisténi adekvatni/optimalni oxygenaci tkani [Lehr et al., J
Pathol 2000]. Endotel v tomto systému sehrava roli senzorickou a hladka svalovina roli efektorovou
[Vallet et al., Crit Care Med 2002]. Informace o aktualnim lokalnim stavu mikrohemodynamiky je
Sifena dale intercelularni signalizaci v ramci endotelialnich bunék [Lidington et al., J Cell Physiol
2002]. Soucasné se endotel podili na kontrole a modulaci koagulace a imunitnich funkci, které pfimo

ovliviuji funkce mikrocirkulace.

Autoregulacni mechanizmy, a tedy funkce mikrocirkulace, jsou vyznamné naruSeny v patologickych
stavech zminovanych vySe. Tato alterace je zapfiCinéna snizenou deformabilitou erytrocytd a
leukocytl [Astiz et al., Crit Care Med 1995], zvySenim poctu aktivovanych neutrofill a trombocytt a
jejich adhezi k endotelu [Linderkamp et al., Pediatr Res 1998], protrombogennim fenotypem endotelu

a aktivaci koagulacni kaskady s tvorbou mikrotrombu [Diaz et al., Histol Histopathol 1998], zménou
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reologickych vlastnosti krve (deformabilita krevnich elementl, zvySena viskozita — proteiny akutni
faze, fibrin), dysfunkci cévnich autoregulacnich mechanizmu [Avontuur et al., Cardiovasc Res 1997],
otevienim arterio-vendznich spojek [Cronenwett et al., Surgery 1997]. Uvedené zmény vedou
ke zvySeni permeability cév, heterogenité distribuce krevniho toku/srdeéniho vydeje [Spronk et al., Crit
Care 2004; Ince et al., Crit Care 2005; Trzeciak et al., Acad Emerg Med 2008] a v disledku
k nepoméru dodavky O, (DO;) a metabolitd k pozadavkim pfislusnych tkani (VO,). Pravé tato
heterogenita perfuze cév na urovni mikrocirkulace je typickym nalezem v sepsi. V tésné blizkosti
muzeme pozorovat kapilary zcela neperfundované a cévy s normalnim a dokonce abnormalné
zvySenym pratokem krve [Bateman et al., Crit Care 2003; De Backer et al., Am J Respir Crit Care Med
2002; Lam et al., J Clin Invest 1994; Nakijima et al., Am J Resp Crit Care Med 2001; Ince et al., Crit
Care 2005; Spronk et al., Crit Care 2004; Trzeciak et al., Acad Emerg Med 2008]. Tato nekonzistence
vede k tomu, Ze v urCitych regionech mikrocirkulace je pO, (UpOy) niz8i nez Zilni pO,. Tento fenomén
(tzv. ,pO2 gap”) je kvantitativnim odrazem miry a zavaznosti heterogenity pritoku krve mikrocirkulaci —
zkratovani (,shunting“) a jasné odliSuje sepsi/septicky Sok od 3Soku hypovolemického i
hemoragického [Ince et al., Crit Care Med 1999; Sinaasappel et al., J Physiol (Lond) 1999; Schwarte
et al., J Appl Physiol 2005]. Existence mist s poruchou krevniho pratoku diky heterogenité krevniho
pratoku a tedy i zasobeni O2 - tkanova dysoxie - s navazujici mitochondrialni dysfunkci a poruchou
extrakce O2 [Fink et al., Acta Anestesiol Scand Suppl 1997; Ince et al., Crit Care Med 2000] usti v
poSkozeni tkani. Dochazi k nému i navzdory zvySenému srdeCnimu vydeji a DO2, které zpravidla ve
vétsiné pripadl provazi sepsi/septicky Sok [Spronk et al., Crit Care 2004; Donati et al., Crit Care Res
Pract 2013]. Heterogenni krevni perfize zplisobuje mnohem vyznamnéjsi alteraci tkafiové oxygenace
nez homogenné/globalné snizena [Walley et al., J Appl Physiol 1996; Goldman et al., Am J Physiol
Heart Circ Physiol 2006].

Zmény/poskozeni mikrocirkulace zfejmé nejsou jen prostym (epi)fenoménem provazejicim systémovy
zanét a/nebo septicky Sok. Vedle svého patofyziologického vyznamu maji bezpochyby i vyznam
prognosticky, coz prokazuje cela fada studii [De Backer et. al., Am J Respir Crit Care Med 2002; Sakr
et al., Crit Care Med 2004; Trzeciak et al., Ann Emerg Med 2007; Trzeciak et al., Intensive Care Med
2008; Top et al., Crit Care Med 2011; De Backer et al., Crit Care Med 2013]. Tyto prace dokladuji
vyznamné zlepSeni perfuze mikrovaskulatury u prezivSich nemocnych [De Backer et al., Am J Resp
Crit Care Med 2002; Trzeciak et al., Ann Emerg Med 2007] v porovnani s neprezivSimi [Sakr et al.,
Crit Care Med 2004; Top et al., Crit Care Med 2011] a to ani v pfipadech UspésSné lécby Sokového
stavu [Sakr et al., Crit Care Med 2004].

Spolu s poznanim vyznamu dysfunkce mikrocirkulace se vyvijely vySetfovaci metody, které umozniuji
jeji detailni zobrazeni s kvalitativnim a (semi)kvantitativnim zhodnocenim perfuze. Jejich prehled je
diskutovan nize (kap. 5.4.) a také v komentované puvodni praci, ktera je soucasti této dizertani prace

[Karvunidis et al., Intensive Care Med 2012].
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2.6. HETEROGENITA A LIMITACE DOSTUPNYCH STUDIi V PROBLEMATICCE
SYSTEMOVE INFEKCE A KONTINUA SEPSE-SEPTICKY SOK

Ze vSech uvedenych informaci o bunécnych elementech a mikrocirkulaci/endotelialni dysfunkci
vyplyva ambivalentnost jejich roli v sepsi a MODS. Vedle jejich pfirozenych funkci a postaveni v ramci
imunitniho dohledu, imunitni odpovédi a patofyziologie sepse a organového poSkozeni mohou hrat roli
i konfliktni data plynouci z dosavadnich experimentalnich i humannich studii.

Pro vyvoj a pfeZiti kazdého rostlinného i Zivo€idného druhu je vyhodna maximalni diverzita v genetické
vybavé jedincd v mezich fylogeneticky vyhodnych a ovéfenych genotypd. Odpovéd imunitniho
systému je i prfes uniformitu zakladnich patofyziologickych mechanizm( vzdy zcela unikatni
v zavislosti na genetické predispozici (genotypu), chronickém zdravotnim stavu — chronickych
organovych dysfunkcich a komorbiditach (diabetes mellitus aj.), stavu imunitniho systému
(primarni/sekundarni imunodeficity, imunosupresivni 1é¢ba), nutri¢nim stavu, biologickych atributech
invadujiciho patogenu (virulence, rezistence, konkrétni kmen/druh patogenu, naloz patogenu), misté
vstupu infekce do organizmu, Casové prodlevé mezi rozvojem infekce a zahajenim lécby a
v neposledni fadé také na zvolenych IéCebnych postupech (katecholaminy, UPV, ATB, RRT,
krystaloidy/koloidy, sedace, inzulin aj.) [Janols et al., Eur J Clin Microbiol Infect Dis 2013].

Snaha o jednotnou diagnostiku a uniformni 1é€bu septickych nemocnych jako jednolité skupiny muze
Nat Med 2003; Boomer et al., JAMA 2011], jejichz uziti bylo zalozeno na pfedpokladu ,pouhé*
prfehnané imunitni reakce organizmu v odpovédi na invazivni infekci u tak heterogenni populace.
Zjevné nelze oCekavat terapeuticky uspéch pfi snaze o izolované ovlivnéni jediného mediatoru nebo
funkce v celé Ffadé deregulovanych a dysfunkénich patofyziologickych déji a mechanizmu.
V souCasné dobé Ize tedy spiSe uvazovat o ,imunitni deregulaci“ jako o velmi heterogennim stavu,
ktery vede k progresi a udrzovani systémového zanétu, organovému poskozeni (multiple organ
dysfunction syndrome, MODS), nozokomialnim infekcim a v fadé pfipadd az k umrti nemocnych.

Ve svétle soucasnych poznatkll Ize systémovy zanét v pfitomnosti infekéniho agens povazovat za
pfisné individualni a patogen- a hostitel-specificky proces imunitni deregulace. V souladu s témito
poznatky byly vSechny puvodni studie zafazené do této dizertacni prace koncipovany se snahou o
maximalni homogenitu studovanych populaci a subpopulaci, uniformni a rigorézni preanalytické a
vlastni analytické postupy a uziti vnitfnich a vnéjSich kontrol kvality ziskanych dat. Samozfejmé
svédomim, ze i populace vysoce selektovanych septickych nemocnych je stale vyznamné
heterogenni. Pavodni prehledova prace [Karvunidis et al. Anest. Intenziv Med 2013] také mimo jiné
poukazuje na vhodnost individualizovaného pfistupu (diagnostického i terapeutického) ke kazdému

konkrétnimu septickému nemocnému a znalosti jejich aktualniho imunologického profilu nemocnych.
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3. TEORETICKY ZAKLAD A VYBRANE TECHNOLOGICKE ASPEKTY
UZITYCH ANALYTICKYCH METOD

3.1. VYSETROVANI A ANALYZA MIKROCIRKULACE

Existuje celda fada metod vySetfovani stavu mikrocirkulace. Lze analyzovat pfimo perfuzi
mikrocirkulace (zobrazovaci metody) a/nebo nepfimo stanovovat proménné tkarové oxygenace
(parcialni tlak O, ¢i CO, ve tkanich — tpO, &i tpCO,, saturace tkani O, — near-infrared spectroscopy -
NIRS). VS8echny metody hodnoti stav mikrocirkulace v daném €asovém okamZiku a v dané lokalité.
Generalizovat takto ziskana data Ize nasledné vzdy s urcitou mirou chyb a opatrnosti s ohledem na
podminky, stav a lokalizaci mista méfeni [De Backer et al., Intensive Care Med 2010; De Backer et al.,
J Clin Monitor Comput 2013].

Jednou z metod pouzivanou k vySetfovani stavu mikrocirkulace je laser-dopplerometrické vysetieni.
Analyzou zpétné odrazeného svétla (,back-scattered light”) je mozné stanovit celkovy pratok krve
v uréitém objemu tkané (0,5 — 1,0mm®). Nelze posoudit heterogenitu pritoku, ktera vsak je
charakteristickd pro mikrocirkulaci v sepsi. V souCasné dobé Ize tuto metodu klinicky pouzit ke
stanovovani perfuze v kdzi, regionu, ktery je extrémné citlivy k arteficialni vazokonstrikci a zménam
danym pulsobenim vnéjsi teploty a katecholamin( [De Backer et al., J Clin Monitor Comput 2013].
Z téchto divodd neni tato metoda ke studiu mikrocirkulace septickych nemocnych vhodna.
V experimentalnich studiich byla tato metoda s Uspéchem uZita k vySetfeni perfuze i kdry ledvin
[Chvojka et al., Crit Care 2008; Benes et al., Crit Care 2011].

Videomikroskopie nehtového IUZka zobrazuje pomoci prosviceni této oblasti svétlem bézného
viditelného spektra za soucasného svételné mikroskopického vysSetfeni mikrovaskulatury této oblasti,
ovSsem se vS8emi artefakty, které pfinasi tato periferni lokalizace a jeji charakter. Tedy vyznamné
ovlivnéni perfuze v dusledku okolni teploty, télesné teploty, stavu volémie, srde¢niho vydeje a

v neposledni fadé i pouZiti katecholamint a/nebo vazodilatator(.

Dalsi metodou zobrazeni mikrocirkulace je ortogonalni polarizacni spektralni zobrazeni (orthogonal
polarization spectral imaging — OPS) vylepSené technologii ,sidestream dark-field* (SDF) [Goedhart et
al., Opt Express 2007]. Principem této zobrazovaci metody (intravitalni videomikroskopie) je
prosviceni tenké povrchové vrstvy sliznice polarizovanym svétlem o vinové délce cca 530nm
emitovanym LED zdroji po obvodu objektivu pfistroje, které je pohlcovano hemoglobinem bez ohledu
na stav jeho oxygenace [Slaaf et al., Int J Microcirc Clin Exp 1995; Groner et al., Nat Med 1999].
Odrazené depolarizované svétlo je zachyceno optikou pfistroje a pfivedeno na CCD zobrazovaci €ip
(videomikroskop). Touto metodou Ize v realném Case zobrazit sit kapilar a venuly, arterioly jsou
zpravidla umistény v hlubSich vrstvach a nejsou dosaZitelné. Erytrocyty jsou zobrazovany jako tmavé
objekty (pohlcuji svétlo pfistroje — viz vySe), okolni tkané/cévy pak ve Skale Sedi. Ziskana data
umoznuji semikvantitativni hodnoceni stavu/zmén mikrocirkulace v&. tolik dalezité informace o jeji
heterogenité. | pfes znacnou €asovou naroénost v analyze a hodnoceni se jedna v sou¢asné dobé o

nejlepsi dostupnou metodu vysSetfeni mikrocirkulace v klinickych podminkach u Iizka nemocného [De

29



Backer et al., Am J Resp Crit Care Med 2002; De Backer et al., Am Heart J 2004; Sakr et al., Crit Care
Med 2004; Boerma et al., Crit Care 2005; De Backer et al., Crit Care 2007; Ospina-Tascon et al.,
Intensive Care Med 2010; De Backer et al., Crit Care Med 2010; Karvunidis et al., Intensive Care Med
2012]. K ziskani videosekvenci adekvatni kvality pro zajisténi dostatec¢né reprodukovatelnost je
nezbytné vzdy dodrZovat doporu€eny pracovni postup a fadu opatfeni [De Backer et al., Crit Care
2007].

3.2. PRUTOKOVA CYTOMETRIE

VSechny bunéfné elementy jsou a mohou byt charakterizovany, stejné jako jejich zmény v Case,
analyzou exprimovanych membranovych &i intracelularnich antigend/molekul. S ohledem na logistiku
vySetieni, flexibilitu, asovou naro€nost a reproducibilitu je k tomuto ucelu jednoznaéné nejvhodné;jsi
metodou pritokova cytometrie (flow cytometry — FCM). Tato analyticka modalita ma velky potencial v

Casné diagnostice infekce a posouzeni imunitniho stavu.

Technologie FCM umoziiuje velmi snadno kvantifikovat jednotlivé z&kladni (nejen) bunééné elementy
analyzovaného vzorku (,cell counting®, ,cell sorting“) na zakladé jejich velikosti (forward scatter — FS)
a komplexnosti povrchové a vnitfni struktury (side scatter — SS). Nejriznéjsi antigeny sledovanych
bunék (receptory, adhezivni molekuly, strukturalni proteiny atd.) mohou byt zpravidla oznaceny
monoklonalnimi protilatkami konjugovanymi s rliznymi fluorochromy, které jsou excitovany laserem a
jejichz emisni signaly jsou snimany a nasledné digitalné zpracovany. Jedna se o rychlou a pfesnou
metodu umoznujici soucasné méfeni nékolika parametrd az na 10000 burikdch za sekundu.
Umoznuje identifikaci rGznych bunéénych typl uvnitf smiSené populace i analyzu jednotlivych
subpopulaci v ramci jedné definované bunééné populace. K nevyhodam FCM patfi nedostateéna mira
mezilaboratorni standardizace, z &ehoz prameni v fadé pripadu diskutabilni reprodukovatelnost
vysledkl, slozitd preanalytika v&. nutnosti dodani biologického materidlu (napf. vzorku krve)
k vySetieni bezprostfedné po odbéru a to zejména v pfipadé analyzy trombocytu, které jsou extrémné
dynamickymi elementy s promé&nlivou expresi povrchovych molekul [Priicha et al. Cas Lek Cesk 2009;
Venet et al. Crit Care 2011; Karvunidis et al., Anest Intenziv Med 2012].

3.3. AGREGOMETRIE

Standardem v monitoraci funkce trombocytl je agregometrie. Technologie spektrofotometrické
agregometrie (light-transmittance aggregometry — LTA) je zalozena na principu absorpce svétla
v agregatech trombocytl po jejich stimulaci agonisty [Shah et al. Curr Oppin Haematol 2007].
Impedanéni agregometrie (multiple electrode aggregometry — MEA) [Toth et al., Thromb Haemost
2006; Shah et al. Curr Opin Haematol 2007; Williams et al., Thromb Haemost 2010] ze vzorku plné

krve je v porovnani se star$i metodou LTA, uzivajici pro vySetfeni pouze plazmu bohatou na desticky
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naroCna a zejména vysledky jsou konsolidovanéjSi a reprodukovateln&jdi [Rechner et al.,
Hamostaseologie 2011; Seidel et al., Hamostaseologie 2011]. Principem metody je zména resp.
zvySeni impedance v dlsledku adheze aktivovanych desti€ek na elektrody pfistroje. Vysledky analyzy
jsou vyjadfeny magnitudou, dynamikou a celkovou agregacni schopnosti trombocytd (plocha pod
kfivkou zavislosti miry agregace v Case, area under the curve — AUC) ve vzorku v tzv. agregaénich

jednotkach (aggregation units — AU) (obr. 1).

3.4. PROTEOMICKA ANALYZA

Uceleny obraz zmén pfi systémovém zanétu mlze podat posouzeni exprese jednotlivych gend
bunéénych elementl GEastnicich se téchto procesl analyzou mRNA pomoci Cipovych metodik (gene-
chip analysis, micro-arrays, transkriptomika) [Bauer et al., Int J Med Microbiol 2010; Xiao et al., J Exp
Med 2011; Wong et al., Crit Care 2012]. DalSi arovni exprese genl je jejich translace do protein(.
Vzhledem k tomu, Zze v tomto procesu dochazi k mnozstvi zmén podstatnych pro konecnou funkci
proteinll - potransla¢nich modifikaci, muze stanoveni skute¢né produkovanych bilkovin a jejich funkce
poskytnout pfesnéjSi obraz zmén v odpovédi na systémovou infekci. Strukturalni i funkéni analyzou
proteint v konkrétnim kompartmentu (plazma, leukocyty, trombocyty atd.) se zabyva proteomika
[Bauer et al., Int J Med Microbiol 2010; Karvunidis et al., Shock 2009]. Pfes velky potencial a
robustnost uvedenych metod, jsou tyto vyhrazeny pouze experimentalnim &i univerzitnim pracovistim
a také interpretace a klinické pouziti velkého objemu dat, které produkuiji, jsou problematické a Siroce

diskutované.

Vzhledem k absenci buné¢ného jadra a jen malému obsahu mRNA, jsou trombocyty vybornym cilem
pro proteomické studie. Existuje fada praci popisujicich proteom desti¢ek v riznych stavech aktivace.
Mnozstvi proteomickych technik (2-DE &i chromatografie nasledovana rlznymi variantami hmotnostni
spektrometrie) umoznujicich charakterizaci riznych skupin protein( trombocytl — proteiny cytoskeletu,
proteiny uplatiiujici se v pfenosu signall, proteiny syntetizované destiCkami v neaktivnim stavu a
proteiny syntetizovanymi a secernovanymi aktivovanymi trombocyty. Technologie a metodika
proteomické analyzy trombocytl je shrnuta v prehledné praci Angela Garcii [Garcia et al., Mass
Spectrom Rev 2005]. Tentyz autor pomoci 2-DE nasledované analyzou tandemovou hmotnostni
spektrometrii (MS/MS) identifikoval 311 genovych produktl trombocytl [Garcia et al., Proteomics
2004]. Nejvétsi cast z téchto proteinl tvofi signalni molekuly (24%), proteiny ucastnici se zpracovani
bilkovin (22%) a regulacni proteiny cytoskeletu trombocytd (15%).

Metody proteomické analyzy jsou vhodné rovnéz ke kvantitativnimu a kvalitativnimu vysSetfovani
proteind krevni plazmy a jejich pfipadnych dynamickych zmén v pribéhu riznych (pato)fyziologickych
stavl jakymi jsou napfiklad systémova infekce, sepse, septicky Sok ¢i uziti nejriznéjSich

extrakorporalnich arteficialnich nahrad organda.
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4. PUVODNI PRACE

Tato dizertaéni prace vychazi z komentovaného souboru plvodnich klinickych praci, jedné

experimentalni studie a pfehledovych ¢lankd, jejichz seznam je uveden nize.

4.1. PATOFYZIOLOGIE SEPSE - IMUNITNi ODPOVED A JEJi KOMPONENTY

Karvunidis, Thomas; Chvojka, Jifi; Lysak, Daniel; Krouzecky, Ale$; Radéj, Jaroslav; Novak, Ilvan a
Matéjovi¢, Martin. Trombocyty v sepsi. Anest Intenziv Med. 2010; 21:342-350.

Karvunidis, Thomas; Chvojka, Jifi; Lysak, Daniel; Sykora, Roman; Krouzecky, Ale§; Radgj, Jaroslav;
Novak, Ivan a Matéjovi¢, Martin. Septic shock and chemotherapy-induced cytopenia: effect on
microcirculation. Intensive Care Med. 2012; 38:1336-1344. IF 5,258 (STUDIE I).

Karvunidis, Thomas; Lysak, Daniel; Chvojka, Jifi; Ledvinova, Lenka; Radéj, Jaroslav; Novak, lvan a
Matéjovi¢, Martin. Imunitni homeostaza (deregulace?) v sepsi a septickém Soku. Anest Intenziv Med.
2013; 24:250-263.

Karvunidis, Thomas; Lysak, Daniel, Moravec, Jifi; Mare$, Jan a Matéjovi¢, Martin. Nonhemostatic

role of thrombocytes in sepsis. (manuskript v pfipravé) (STUDIE II).

4.2. PROTEOMIKA V INTENZIVNI PECI

Karvunidis, Thomas; Mares, Jan; Thongboonkerd, Visith a Matéjovi¢, Martin. Recent progress of
proteomics in critical illness. Shock. 2009; 31:545-552. IF 2,612

Thongboonkerd, Visith; Chiangjong, Wararat; Mare$, Jan; Moravec, Jifi; Tuma, Zdenék; Karvunidis,
Thomas; Sinchaikul, Supachok; Chen, Shui-Tein; Opatrny, Karel a Matéjovi¢, Martin. Altered plasma
proteome during an early phase of peritonitis induced sepsis. Clin Sci (Lond). 2009;116:721-730. IF
4,859 (STUDIE III)

Mare$§, Jan; Thongboonkerd, Visith; Tima, Zdenék; Moravec, Jifi; Karvunidis, Thomas a Matgjovic,
Martin. Proteomic analysis of proteins bound to adsorption units of extracorporeal liver support system
under clinical conditions. J Proteome Res, 2009; 8:1756-1764. |IF 5,056 (STUDIE V)
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5. CILE DIZERTACNI PRACE

Cilem této dizertacni prace je:

1. popis a analyza zmén perfuze mikrocirkulace u  septickych  nemocnych
s postchemoterapeutickou neutropenii, resp. cytopenii, porovnani s nalezy u populace jedinct
se septickym Sokem a normalnim poctem krevnich elementll a posouzeni paradigmatu

centralni role neutrofild v procesu poSkozeni mikrocirkulace;

2. multifaktorialni analyza nehemostatickych charakteristik trombocytll v ¢asné fazi rozvoje

septického Soku;
3. analyza a kvantifikace zmén v profilu plazmatickych proteint v ¢asné fazi sepse v klinicky
relevantnim experimentalnim zvifecim modelu sepse pfi sterkoralni peritonitidé pomoci

proteomické analyzy;

4. kvalitativni a kvantitativni analyza vazby plazmatickych proteind na adsorpéni jednotky

systému pro extrakorporalni nahradu funkce jater u nemocného s jejich selhanim.
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6. ETICKE A LEGALNI ASPEKTY STUDII

V8echny nasSe klinické studie byly vzdy fadné schvaleny Etickou komisi pfi Lékarské fakulté a Fakultni
nemocnici v Plzni, Univerzity Karlovy v Praze. Od vSech participantl v klinickych studiich byl ziskan
informovany souhlas s UC€asti ve studii. Bez ohledu na zafazeni do studii byli vSichni nemocni vZdy

[é€eni dle nejnovéjsich a ovéfenych medicinskych poznatki (lege artis).

Experimentalni studie na zvifatech byla provedena v souladu se zavaznymi doporu¢enimi pro praci
s laboratornimi zvifaty a studijni protokol byl schvalen Komisi pro praci s pokusnymi zvifaty Univerzity
Karlovy.
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7. METODY, STUDOVANE POPULACE A PROTOKOLY STUDII

Podrobny popis a charakteristika skupin nemocnych, procesy a podminky zafazeni &i naopak
nezafazeni do studii, povaha a pouzité metody jsou podrobné popsany v pfilozenych puvodnich
pracich. Proto jsou niZze pouze stru¢né zminény uZité metodické aspekty a je diskutovana jejich volba

v kontextu danych populaci jedincl a studii.

7.1. STUDIE I: SEPTICKY SOK A NEUTROPENIE/CYTOPENIE - VLIV NA
MIKROCIRKULACI

7.1.1. DESIGN STUDIE A SOUBOR NEMOCNYCH
Studie byla koncipovana jako prospektivhi monocentricka a observacni.

Soubor nemocnych byl rozdélen na tfi skupiny: pacienti se septickym Sokem bez
neutropenie/cytopenie  (SS), nemocni se septickym Sokem a postchemoterapeutickou
neutropenii/cytopenii (NSS) a neutropenicti/cytopenicti nemocni bez znamek systémové infekce
(NEUTR). Pro posouzeni zmén mikrocirkulace v porovnani se zdravou populaci byla zafazena i
skupina zdravych dobrovolnika.

7.1.2. PROTOKOL STUDIE

V prvnim ¢asovém bodé studie (timepoint — TP1) byly provedeny vS§echny inicialni vysetfeni, méreni,
sbéry dat a odbéry biologického materialu k planovanym vySetfenim, a to idealné do 12 hodin,
respektive maximalné do 24 hodin, od naplnéni kritérii tézké sepse/septického Soku a/nebo
neutropenie resp. cytopenie. U pfezivSich nemocnych po spolehlivé rezoluci septického stavu a/nebo
neutropenie a za soucasné absence znamek nové komplikujici systémové infekce byla provedena
kontrolni vySetfeni, méreni, sbér dat a odbéry vzork( k analyzam (TP 2). Paralelné byla stejnymi
postupy vySetfena skupina nemocnych bez znamek systémové infekce s cytopenii navozenou

chemoterapii (TP1) a po reparaci krevnich elementu byly tyto analyzy zopakovany (TP2).
7.1.3. DEMOGRAFICKA, (MAKRO)HEMODYNAMICKA A LABORATORNI DATA

Shromazdovana demograficka data byla nasledujici: pohlavi, vék, zdroj infekce, skore tize
onemocnéni (APACHE Il, SOFA), JIP mortalita a nemocni¢ni mortalita. Zaznamenavané proménné
makrohemodynamiky a laboratornich parametri zahrnovaly srde¢ni/tepovou frekvenci (TF), stfedni
arterialni tlak (mean arterial pressure — MAP), centralni zilni tlak (central venous pressure — CVP),
diuréza (ml/h), arterialni krevni plyny (pO,, pCO,), parametry acidobazické rovnovahy (pH, HCOg,
BE), laktatémie (arterialni), saturaci krve kyslikem (SpO,; pulzni oxymetrie a laboratorni stanoveni),
saturaci venoézni krve kyslikem v centralni zile (S.,0,), kompletni krevni obraz, kompletni koagulacni

vySetfeni (aPTT, PT, trombinovy ¢as, D-dimery, AT) a laboratorni markery organovych funkci
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(bilirubin, urea a kreatinin) a systémového zanétu (CRP). Doplrujicimi byly informace o uziti a davce

vazoaktivnich a inotropnich Iékl a analgosedace.
7.1.4. METODY VYSETROVANI A ANALYZY MIKROCIRKULACE

Ve studii byla vySetfovana mikrocirkulace v oblasti sublingudlni mukdzy pfiruénim zafizenim
technologii OPS-SDF s pétinasobnym optickym zvétSenim (Microscan, MicroVision Medical,
Amsterdam, Nizozemi). Ziskadni a zaznam videosekvenci byl vzdy provadén pracovniky
s dostate€nymi a provéfenymi znalostmi, dovednostmi a zkuSenostmi v této oblasti [Chvojka J et al.,
Crit Care 2008; Sykora R et al., Intensive Care Med 2009; Maté&jovi€ et al., J Int Med Res 2011]. Od
kazdého nemocného zafazeného do studie byly ziskany videosekvence o minimalni délce 20s z péti
odlidnych mist sliznice pod jazykem. Tyto byly uloZzeny pod anonymnim kédovym oznagenim na pevny
disk pocitaCe k pozdéjSi analyze. Nasledné byly snimek po snimku analyzovany za pomoci
dedikovaného softwaru (Microscan Analysis Software a Automated Vascular Analysis v3.0,
MicroVisionMedical, Amsterdam, Nizozemi) a ziskany stabilni videosekvence k hodnoceni
mikrocirkulace. Kvantitativni analyza spocivala ve stanoveni celkové hustoty cév na dané plose (total
vessel density — TVD). Tento parametr byl kalkulovan jako celkova délka cév o priméru <20um
délena odpovidajici plochou a vysledek byl poté uveden v mm/mm?® Dale byla vizualné
kategorizovana perfize mikrovaskulaturou: kontinudlni perfize (pratok krve minimalné 20s),
intermitentni perfuze (absence pritoku minimalné 50% sledovaného ¢asu) a zadna perfluze (absence
pratoku krve nejméné 20s). Parametr proporce perfundovanych cév (proportion of perfused vessels —
PPV) vyjadieny v procentech (%) byl stanoven nasledovné: 100 x (celkovy pocet cév — [cévy bez
perfize + cévy s intermitentnim pratokem])/ celkovy pocet cév. Proménna informujici o hustoté
skute¢né perfundovanych cév v dané oblasti/ploSe — hustota perfundovanych cév (perfused vessel
density — PVD) byl ziskan nasobenim TVD parametrem PPV. Semikvantitativni hodnoceni
heterogenity krevniho toku mikrocirkulaci bylo vyjadfeno parametry index stfedniho pritoku (mean
flow index — MFI) a index heterogenity pritoku (flow heterogeneity index — FHI) [Boerma et al., Crit
Care 2005; De Backer et al., Crit Care 2007; Trzeciak et al., Ann Emerg Med 2007]. Parametry TVD,

PPV, PVD a MFI byly vypocteny ve v§ech péti lokalitach u kazdého jedince a nasledné primérovany.
7.1.5. STATISTICKA ANALYZA

Ziskana data byla statisticky zpracovana pomoci softwart Sigma Stat 3.5 (Dundas Software GmbH,
Spolkova republika Némecko) a Statistika 7.1 (StatSoft Inc., Ceska republika). V8echna data jsou
prezentovana jako mediany s interkvartilovym rozpétim (interquartile range, IQR) pokud neni uvedeno
jinak. Nejprve byla potvrzena €i vylou¢ena normalni distribuce dat konkrétnich proménnych pomaoci
(Kolmogoroviv-Smirnovovlv test). Proménné mezi jednotlivymi skupinami ve stejnych €asovych
bodech byly porovnavany testem Kruskal-Wallis one way analysis of variances (ANOVA) on ranks.
Data mezi dvéma timepointy jednotlivych skupin nemocnych byla srovnavana Mann-Whitney rank-

sum testem. Hladina statistické vyznamnosti byla stanovena na p<0,05.
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7.2.  STUDIE Il: ULOHA TROMBOCYTU V SEPTICKEM SOKU
7.2.1. DESIGN STUDIE A SOUBOR NEMOCNYCH
Studie byla koncipovana jako prospektivni monocentricka a observacni.

Soubor nemocnych byl rozdélen na tfi skupiny: pacienti se septickym Sokem bez trombocytopenie a
DIC (SS), nemocni se septickym Sokem a trombocytopenii bez DIC (SST) a jedinci v septickém Soku s
DIC (SSD). Toto rozdéleni bylo 2zvoleno kmozZznému posouzeni pFipadnych odliSnosti
nehemostatickych funkci destiCek pfi trombocytopenii a DCI. Trombocytopenie byla arbitrarné
definovana jako pocet destiCek <100x10%1. DIC byla diagnostikovana s uzitim parametri poctu
trombocytl, fibrin-degradacnich produktli, protrombinového ¢asu a hladiny fibrinogenu dle
validovanych doporuceni ISTH (International Society on Thrombosis and Haemostasis) [Taylor FB et
al. Thromb Haemost 2001; Bakhtiari K et al. Crit Care Med 2004; Gando S et al. Crit Care Med 2006].

7.2.2. PROTOKOL STUDIE

Pracovni protokol studie byl rozdélen na tfi faze. V prvni (¢asovy bod 1, timepoint 1, TP1) byli nemocni
splfujici kritéria pfijeti zafazeni do studie a soucasné byly provedeny vSechny inicialni vySetfeni,
mérfeni, sbéry dat a odbéry biologického materialu k planovanym vysetfenim (TP 1) a to idealné do 12
hodin, respektive maximalné do 24 hodin, od naplnéni kritérii septického Soku. Dle ziskanych vysledku
byly subjekty zafazeny do jednotlivych podskupin, jak je popsano vyse (kap. 7.2.1). Ve druhé fazi byli
pacienti 1&é¢eni dle aktualnich doporuceni a poznatki. U vSech preziv§ich nemocnych po spolehlivé
rezoluci septického stavu, trombocytopenie a DIC a za sou€asné absence znamek nové komplikujici
systémové infekce byla provedena kontrolni vySetfeni, méreni, sbér dat a odbéry vzorkl k analyzam
(TP 2).

7.2.3. DEMOGRAFICKA, (MAKRO)HEMODYNAMICKA A LABORATORNI DATA

Shromazdovana demograficka data byla nasledujici: pohlavi, vék, zdroj infekce, skére tize
onemocnéni (APACHE Il, SOFA), JIP mortalita a nemocni¢ni mortalita. Zaznamenavané proménné
makrohemodynamiky a laboratornich parametrd zahrnovaly srdec¢ni/tepovou frekvenci (TF), stfedni
arterialni tlak (mean arterial pressure — MAP), centralni zilni tlak (central venous pressure — CVP),
diuréza (ml/h), arterialni krevni plyny (pO,, pCO,), parametry acidobazické rovnovahy (pH, HCOg,
BE), laktatémie (arterialni), saturaci krve kyslikem (SpO,; pulzni oxymetrie a laboratorni stanoveni),
saturaci vendzni krve kyslikem v centralni zile (S.,0;), kompletni krevni obraz, kompletni koagulacni
vySetfeni (aPTT, PT, trombinovy cas, D-dimery, AT) a laboratorni markery organovych funkci
(bilirubin, urea a kreatinin) a systémového zanétu (CRP a event. PCT). Doplrujicimi byly informace o

uziti a davce vazoaktivnich a inotropnich 1€kl a analgosedace.
7.2.4. METODY ANALYZY TROMBOCYTU PRUTOKOVOU CYTOMETRIi

Multifaktorialni analyza trombocytd zahrnovala i stanoveni aktivace trombocytld a jeji magnitudy.

K tomuto UcCelu jsme pouzili FCM stanoveni membranové exprese znaku CD41/CD61 (GPllb/llla,
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PAC-1) (obr. 1), ktery po aktivaci trombocytu podiéha konformacni zméné. Soucasné byla
identifikovana pfitomnost adhezivni molekuly CD62p (P-selektin), ktera je po aktivaci desticek
uvolnéna z a-granul, vystavena v buné&né membrané a relativné rychle uvolnéna do cirkulace jako
sCD62p [Shebuski et al., J Pharmacol Exp Ther 2002; Yaguchi et al., J Thromb Haemost 2004,
Michelson et al., Pathophysiol Haemost Thromb 2006]. Ke stanoveni byly pouzity komeréni kity
reagencii PAC-1-FITC (Becton Dickinson, San Jose, CA, USA) a anti-CD62-PE (Becton Dickinson,
San Jose, CA, USA), pratokovy cytometr (Becton Coulter Epics XL, Franklin Lakes, NJ, USA)

s analytickym softwarem (Becton System I, Franklin Lakes, NJ, USA).

Vzhledem kvyznamné reaktivité trombocytd in vivo, velmi dynamickym zménam jejich fenotypu,
potfebé& znalosti ,normalnich hodnot* a také jako externi kontrola kvality FCM vySetfeni byla vyse
uvedena analyza provedena i na demograficky neadjustovaném vzorku zdravych dobrovolnik
(N=24).

7.2.5. AGREGOMETRICKA ANALYZA TROMBOCYTU

Dynamickym funkénim testem pouzitym v této studii bylo vySetfeni agregace trombocytl -
agregometrie. Vzorky plné krve odebrané v TP1 a TP2 specialnim odbérovym systémem s hirudinem
(zabranéni arteficialni aktivace trombocytt) byly bezprostfedné po odbéru vySetfeny metodou MEA
(Multiplate, Dynabite Medical, Mnichov, SRN). Pouzity byly protokoly aktivace desti¢ek nasledujicimi
agonisty: ADP (P2Y12 receptor), ASPI (receptor pro kyselinu arachidonovou) a TRAP (trombin
receptor agonist peptide-6 - GPIlIb/llla). Vysledky analyzy byly vyjadfeny magnitudou, dynamikou a
celkovou agregacni schopnosti trombocytl (plocha pod kfivkou zavislosti miry agregace v ¢ase, area
under the curve — AUC) ve vzorku v tzv. agregacnich jednotkach (aggregation units — AU) a dale

statisticky zpracovany (obr. 2).
7.2.6. PROTEOMICKA ANALYZA

Vlastni proteomicka analyza pouzita v této studii se skladala z nékolika krokd [Zellner et al.,
Electrophoresis 2005; Shevchenko et al., Nat Protocols 2006; Mares et al., Proteomics — Clin Appl
2010]. Jako v pripadé jinych vySetfeni bylo vzhledem k extrémni reaktivité trombocytll nezbytné
zpracovani a vySetfeni vzorkd plné krve zahdjit bezprostfedné po jejich odbéru. V procesu izolace
trombocytl byly tyto separovany od zbylych krevnich elementd Setrnou centrifugaci, ¢imz byla ziskana
plazma bohata na desticky (PRP). Desticky byly nasledné oddéleny od plazmy, aby se zabranilo jejich
dalSi arteficialni aktivaci, metodou gelové filtrace (size-exclusion chromatography — SEC). DalSim
krokem byla precipitace proteint ze ziskaného koncentratu trombocytl, jiz bylo dosazeno dalSi
centrifugaci a oSetfenim chladem a etanolem. Ziskané purifikované precipitované destiCkové proteiny
byly nasledné separovany dvourozmérnou elektroforézou (2-DE) (obr. 3) a vybrané proteiny (rozdilna
exprese v septickém Soku a po rezoluci systémové infekce) poté z gelu mobilizovany (in-gel tryptic
digestion) [Shevchenko et al., Nat Protocols 2006; Karvunidis et al., Shock 2009]. V sou¢asné dobé
probiha analyza téchto proteinG pomoci hmotnostni spektrometrie (matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry — MALDI-TOF/TOF). Vysledkem budou
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identifikované proteiny, charakterizujici konkrétni funkéni stav trombocytll ve vSech sledovanych

skupinach.
7.2.7. STATISTICKA ANALYZA

Dosud ziskana data byla statisticky zpracovana pomoci softwarll Sigma Stat 3.5 (Dundas Software
GmbH, Spolkova republika Némecko) a Statistika 7.1 (StatSoft Inc., Ceska republika). VSechna data
jsou prezentovana jako mediany s interkvartilovym rozpétim (interquartile range, IQR) pokud neni
uvedeno jinak. Nejprve byla potvrzena &i vylou¢ena normalni distribuce dat konkrétnich proménnych
pomoci Kolmogorovova-Smirnovova testu. Proménné mezi jednotlivymi skupinami ve stejnych
Casovych bodech byly porovnavany testem Kruskal-Wallis one way analysis of variances (ANOVA) on
ranks. Data mezi dvéma timepointy jednotlivych skupin nemocnych byla srovhavdna Mann-Whitney

rank-sum testem. Hladina statistické vyznamnosti byla stanovena na p<0,05.
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7.3. STUDIE Il ZMENY PLAZMATICKEHO PROTEOMU V CASNE FAzI
EXPERIMENTALNIHO SEPTICKEHO SOKU

7.3.1. DESIGN STUDIE A SOUBOR SUBJEKTU

Tato experimentalni studie byla provedena jako monocentricka prospektivni na zavedeném klinicky
relevantnim zvifecim modelu septického Soku selete [Chvojka et al. Crit Care 2008; Sykora et al.
Intensive Care Med 2009; Benes et al. Crit Care 2011].

7.3.2. PROTOKOL STUDIE

Testované zvifeci subjekty byly v ivodu experimentu anestezovany, instrumentovany a extenzivné
monitorovany. Nasledovala Sestihodinova zotavovaci perioda, na jejimz konci byla provedena prvni
série vySetfeni, méfeni a odbéru biologickych vzork( k analyzam (v€. proteomiky) — TP1. Poté byla
indukovana peritonitida inokulaci definovaného mnozZstvi autologni stolice do bfisni dutiny. VSechny
selata vyvinula hyperdynamicky septicky Sok a po 12 hodinach byla provedena druha série méreni,
vySetfeni a odbéru vzorkl - TP2. Nasledné byl pokus ukonéen standardizovanym usmrcenim zvifat

intravendzni aplikaci koncentrovaného roztoku KCI za hluboké celkové anestezie.
7.3.3. (MAKRO)HEMODYNAMICKA A LABORATORNI DATA

V experimentu byly sledovany kompletni hemodynamické parametry, proménné oxygenace,
laboratorni markery systémové zanétlivé odpovédi (leukocyty, CRP, TNF-qa, IL-6 aj.), oxidativniho a
nitrosativniho stresu (TBARS, NOx) a dalSi bézné laboratorni hodnoty. Ke korekci mozného vlivu
diluce pfi tekutinové resuscitaci studovanych subjekt v septickém Soku byla vétsina plazmatickych

hladin proménnych pfepocitana na aktudlni hladinu plazmatickych proteinu.
7.3.4. PROTEOMICKA ANALYZA

Srovnavaci proteomicka analyza plazmy v Casné fazi experimentalniho septického Soku vyuzila
separaci a imobilizaci proteint parovych vzorkll 2D gelovou elektroforézou (Ettan IPGphor Il IEF
System a SE260 mini-vertical electrophoresis unit, GE Healthcare) po jejich pfedchozi pfipravé a
ekvilibraci koncentraci bilkovin (200ug/vzorek). Naslednym softwarovym srovnanim ziskanych obrazi
gelt (Image Master 2D Platinum, GE Healthcare) pred a po indukci septického Soku byly vybrany
kandidatni fixované proteiny s vyznamné odliSnou intenzitou. Tyto byly z gelu opét mobilizovany a
resuspendovany k dal$i analyze a identifikaci pomoci tandemové hmotnostni spektrometrie (MALDI-
Q-TOF MS a MS/MS, Micromass Q-TOF Ultima, MSVision). Ziskana data byla softwarové porovnana
(ProteinLynx GlobalSERVER 2.0) s databazi proteind savcu (National Center for Biotechnology
Information, NCBI) a funkéni zafrazeni identifikovanych proteind a jejich postaveni v biologickych
procesech bylo provedeno za vyuZiti softwaru Pathway Tools 125

(http://bioinformatics.ai.sri.com/ptools/) [Karp et al. Science 2001; Karp et al. Bioinformatics 2002].
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7.3.5. STATISTICKA ANALYZA

VSechny data jsou prezentovana formou primeéru a smérodatné odchylky pokud neni uvedeno jinak.
K porovnani dat ve dvou €asovych bodech byl pouzit parovy Studentlv t-test ¢i Wilcoxoniv test.
Hladina statistické vyznamnosti byla stanovena na hodnotu p<0,05.
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7.4. STUDIE IV: PROTEOMICKA ANALYZA SPEKTRA BILKOVIN ADSORBOVANYCH
NA MEMBRANE MIMOTELNIHO SYSTEMU NAHRADY FUNKCE JATER

7.4.1. DESIGN STUDIE

Deskriptivni proteomicka analyza proteind adsorbovanych na membrané extrakorporalniho systému
nahrady funkce jater u 37 letého nemocného s akutnim selhanim jater v terénu chronické hepatopatie

etylicke etiologie.
7.4.2. PROTOKOL STUDIE

Pacient byl Ié¢en pomoci pfistroje pro mimotélni nahradu funkce jater (Fractioned Plasma Separation,
Adsorption and Dialysis - Prometheus™, Homburg, SRN) s regionalni citratovou antikoagulaci. Systém
se skladal ze dvou adsorpénich kolon obsahujicich partikule (styrendivinylbenzen kopolymer)
s neutralnim resinem (P1) a anionovym méni¢em (P2) (obr.4). Po Sesti hodinach byla procedura
ukoncena a obé kolony dlkladné promyty. Proteiny navazané v prvni, neutralni, koloné byly
mobilizovany sodiumdodecylsulfatem (SDS), ve druhé, aniontové, pak kyselinou octovou. Ziskané

eluaty obsahujici adsorbované proteiny byly pouzity k dal$i analyze.
7.4.3. PROTEOMICKA ANALYZA

Eluaty obou kolon (P1 a P2) byly purifikovany a dialyzovany (Serva-Electrophoresis, Heidelburg,
SRN), rozdéleny do tfi alikvot a obsazené proteiny nasledné separovany 2D elektroforézou (IPG,
Invitrogen; MiniProtean, Bio-Rad). Obdobné byl zpracovan i vzorek krevni plazmy nemocného (CTRL)
odebrany pfed zahajenim nahrady funkce jater. VSech devét vyslednych gell s imobilizovanymi
proteiny bylo digitalizovano pomoci scanneru (Epson Perfection 4900 Photo Scanner). Z kazdé trojice
snimkld v ramci jednoho puvodniho vzorku (P1 nebo P2 nebo CTRL) byl softwarové syntetizovan
jeden kompozitni snimek a ten byl nasledné analyzovan (PDQuest 2-D v. 8.1, Bio-Rad). Byly
srovnavany relativni denzity jednotlivych proteini a za signifikantni byly povaZovany vice nez

dvojnasobné rozdily v jejich intenzité.

Vybrané kandidatni proteiny s vyznamnymi zménami koncentraci/intenzit mezi jednotlivymi vzorky
byly z geld imobilizovany, resuspendovany a nasledné vySetfeny pomoci tandemové hmotnostni
spektrometrie (MALDI TOF/TOF Analyzer, Applied Biosystems, Framingham, MA, USA). Ziskana
hruba data byla shromazdéna a analyzovana softwarové (GPS Explorer 3.6, Applied Biosystems).
Z nich byla provedena identifikace proteini porovnanim s databazi humannich bilkovin (Swiss-Prot
protein database, release 54.6, 4.12.2007).

7.4.4. STATISTICKA ANALYZA

Data byla zpracovana pomoci softwaru Sigma Plot/Sigma Stat 12.0 (SPSS Inc., USA) a jsou
prezentovana jako relativni hodnoty i priméry se smérodatnou odchylkou. K porovnani hodnot mezi
jednotlivymi vzorky byl pouzit Mann-Whitney rank sum test, k posouzeni asociaci mezi jednotlivymi

proménnymi pak Spearmantv korelacéni test.
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8. VYSLEDKY STUDIi A DISKUZE

8.1. STUDIE I SEPTICKY SOK A NEUTROPENIE/CYTOPENIE - VLIV NA
MIKROCIRKULACI

Skupiny nemocnych se septickym Sokem (SS a NSS) se s vyjimkou véku v demografickych datech
nelisily, a to ani v mortalité. Identické byly rovnéZz makrohemodynamické a laboratorni proménné. Tize
neutropenie/cytopenie byla ve skupinach NSS a NEUTR srovnatelna. Pfima vizualizace
mikrocirkulace v sublingualni oblasti u nemocnych v septickém 3Soku prokdzala vyznamné zmény
perfize mikrovaskulatury s alteraci magnitudy pratoku (parametry TVD, PPV a PVD) i
charakteristickym zvyS$enim heterogenity krevniho pratoku (parametry MFI a FHI), bez ohledu na
pfitomnost neutropenie/cytopenie. Tyto zmény plné koresponduji s jiz literarné dokumentovanymi
v populaci septickych jedinct [Trzeciak et al. Ann Emerg Med 2007; Boerma et al., Crit Care Med
2007; Ruiz et al., Crit Care 2010].

Analyza mikrocirkulace prokazala jeji signifikantni postizeni ve vS8ech sledovanych skupinach
v porovnani s kontrolni populaci jedincl. Mezi skupinami SS a NSS nebyly Zzjistény statisticky
vyznamné rozdily. Alterace mikrocirkulace nemocnych s postchemoterapeutickou
neutropenii/cytopenii bez zndmek systémové infekce (NEUTR) byla identicka s postizenim obou
populaci septickych nemocnych (SS a NSS). Navic jsme nezaznamenali jakykoliv prospéch (ve
smyslu méné zavazného klinického prabéhu; viz téZ kap. 2.2.) neutropenie/cytopenie u nemocnych se
septickym Sokem a neutropenii v porovnani se septickymi nemocnymi s normalnim pocétem leukocytu.
Z uvedeného lIze usuzovat, Ze role perifernich cirkulujicich leukocytl zfejmé neni rozhodujici v rozvaji
alterace mikrocirkulace v sepsi. Na druhou stranu nelze vyloucit pfipadny vliv a roli jiz aktivovanych
rezidudlnich neutrofild marginujicich a sekvestrovanych v mikrocirkulaci. Svoji roli jist¢ mohou
sehravat i dalsi imunokompetentni elementy jako NK-buriky a/nebo dendritické buriky a samoziejmé i
trombocyty [Leung et al., Clin Dev Immunol 2010; Efron et al., Shock 2003; Zarbock et al., Blood Rev
2007; Karvunidis et al., Anesteziol Intenziv Med 2013]. Nezanedbatelny vliv mGze mit také poskozeni
endotelu chemoterapii [Wakabayashi et al., Curr Med Chem 2003; Albini et al., J Natl Cancer Inst
2010; Senkus et al., Cancer Treat Rev 2011].

Zajimava a opét pfekvapuijici data pfinesla i analyza obdobi reparace zmén mikrocirkulace. ZlepSeni
perfuze mikrovaskulatury (zejména heterogenity prutoku vyjadfeného proménnymi MFI a FHI) bylo
signifikantné lepsi ve skupiné NSS nez u septickych nemocnych s normalnim poctem neutrofild (viz
obr. 1 a 2 v pavodni praci). Vysvétleni neni zcela zfejmé. Lze uvazovat o souvislosti s vyznamné
rychlejSim poklesem CRP, hrubé ukazujicim na vyvoj/rezoluci infekce, u populace NSS, pficemz
interval TP1 — TP2 byl u obou skupin stejny [Schmit et al., Infection 2008]. Zda v rychlejSi kontrole
infekce sehravaji roli reparované imunokompetentni bunky vcetné neutrofild nebo se na ni podilela

pretrvavajici trombocytopenie u NSS, neni mozné z dostupnych dat vypozorovat.

| pfes menSi pocet jedinct ve studovanych vzorcich populace tato studie prokazuje, ze ani tézka

postchemoterapeuticka cytopenie nemodifikuje poruchu mikrocirkulace v septickém Soku. Obecné
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mechanizmy a klinicky vyznam postiZzeni mikrovaskulatury v souvislosti s myeloablativni terapii nejsou

Zjevné a vybizeji k navazujicimu vyzkumu.

44



8.2. STUDIE Il: ULOHA TROMBOCYTU V SEPTICKEM SOKU

Zakladni demograficka data se v jednotlivych skupinach této studie neliSila. Pouze mortalita byla
vyznamné vySSi ve skupiné nemocnych se septickym Sokem a sou€asnou DIC (SSD). Tuto vice nez
dvojnasobnou mortalitu v porovnani s ostatnimi dvéma skupinami jedincl v septickém Soku (SS a
SST), v8ak nebylo mozZno predikovat uzitymi standardnimi skérovacimi systémy (APACHE Il a SOFA),
jejichz hodnoty se v jednotlivych skupinach statisticky vyznamné neliSily (tab. 7). Také mira
trombocytopenie (tab. 8), ktera se dle literarnich dat jevi silnym a nezavislym prediktorem mortality
[Vanderschueren et al., Crit Care Med 2000; Mavrommatis et al., Crit Care Med 2000; Strauss et al.,

vyznamnosti) v nemocnych ve skupiné SST, nepfedpovidala tento nepfiznivy vyvoj stavu pacientd.

Data ziskana flowcytometrickou analyzou povrchovych/membranovych markerd aktivace trombocytu
(konformacni zména GP llIb/llla a exprese CD62p) ukazuji a potvrzuji pfitomnost aktivovanych
desticek v inicialni fazi septického Soku (TP 1) napfi¢ vSemi tfemi studijnimi podskupinami (tab. 9 a
obr. 5). Mira exprese téchto znakl v dobé kompletni rezoluce systémového zanétu (TP 2) trendové
poklesla. Inverzni dynamikou zmén je charakterizovana agregacni schopnost trombocytt. Dle MEA je
agregacni schopnost desti¢ek v dobé rozvinutého septického Soku zejména ve skupinach SST a SSD
vyznamné porusena. Vzhledem ktomu, Ze dynamika agregace (Casovy parametr — ,aggregation
velocity) je napfi¢ skupinami identickd, nelze pozorovany efekt sniZeni agregacnich schopnosti
pFipisovat pouze snizenému poctu trombocytu, jak by se na prvni pohled mohlo zdat (tab. 9 a obr. 2).
Sekrecni schopnost trombocytl charakterizovana plazmatickymi hladinami ristovych faktord VEGF a
PDGF je v septickém stavu obdobné jako vySe diskutovana agregacni schopnost vyznamné snizena
(tab. 9).

Souhrnné studie prokazuje aktivaci trombocytll, expresi adhezivnich molekul se sou¢asnou poruchou
jejich hemostatické funkce (porucha agregace) a alteraci sekrece v inicialni fazi rozvinutého
septického Soku. CD62p (P-selektin) i VEGF jsou za normalnich okolnosti obsazeny v a-granulich a
tedy simultanni zvySeni exprese P-selektinu a snizeni sekrece VEGF je v logickém rozporu. Lze
uvazovat o alteraci obsahu a-granul jiZz na udrovni megakaryocytd kostni dfené v dasledku
systémového zanétu. Dynamika téchto zmén by vSak musela byt velmi vyznamna a uvazovana
alterace genové exprese na uUrovni megakaryocytd by musela probihat jiz od samého pocatku
systémové infekce, jelikoz naSe data popisuji stav jiz 12-24 hodin od splnéni kritérii tézké
sepse/septického Soku. Na druhé strané Ize také zvazovat extranuklearni cesty (de novo) syntézy
funkCnich proteini a fenotypické zmény na udrovnich jiz maturovanych cirkulujicich trombocytu
[Weyrich et al. J Thromb Haemost 2009]. Pravé tyto zmény ve slozeni proteinud, a tedy mozné cesty
alterujici signalizace mohou byt identifikovany v sou¢asné dobé probihajici proteomickou analyzou

studovanych dvou funk&nich stavl trombocytl (obr. 6).

S ohledem na dostupné vysledky této studie je tfeba zminit potencialni slabiny uvedené prace. Maly
pocet nemocnych v jednotlivych skupinach muize byt pfi¢inou nedostatecné statistické sily uvedenych

dat a maskovat i potencialné silné trendy uvedenych zmén (exprese markeru aktivace a adhezivnich
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molekul). | pfes snahu o maximalni homogenitu celého souboru nemocnych i jednotlivych podskupin
Ize v kontextu souCasného paradigmatu pfisné individualizované hostitel- a patogen-specifické
imunitni odpovédi diskutovat variabilitu souboru s ohledem na vyvolavajici infekéni agens a/nebo zdroj
infekce. Potencialni chybovost Ize v pouZitych analytickych metodach spatfovat zejména ve
flowcytometrickém stanoveni membranovych znakl aktivace trombocytl. Pocet téchto molekul je
velmi nizky, v pasmu tésné nad detekéni schopnosti pouzité technologie (detekce fluorescence).
Zbyvajici pouzité metody jsou jiz dostateéné robustni. V neposledni fadé je nezbytné si uvédomit, Zze
studované trombocyty jsou soucasti cirkulujici populace a Ze trombocyty bezprostiedné zavzaté do
procesu (lokalni) inflamace, jejichZ fenotyp a funkce mohou byt zasadné& zmeénény a odlisné, jsou jiz

marginujici k endotelu a nejsou tak standardnim vySetfenim dostupné.

Tato prace unikatné integruje uvedené mnozZstvi a kombinaci analytickych metod ve studiu
nehemostatickych funkci trombocytll v sepsi. Pfedstavuje komplexni nahled na zmény jejich fenotypu,
které jsou disledkem a soucasné i prfi¢inou progrese sepse. Navazujici vyzkum mize vést

k identifikaci potencialnich terapeutickych cilll k selektivni modulaci nehemostatickych funkci
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8.3. STUDIE Il ZMENY PLAZMATICKEHO PROTEOMU V CASNE FAzl
EXPERIMENTALNIHO SEPTICKEHO SOKU

Tato studie byla prvni studujici zménu plazmatického proteomu u klinicky relevantniho modelu
septického Soku na velkém savci.

VSech sedm experimentalnich subjektu vyvinulo hyperdynamicky septicky Sok (tab. 1 v plvodni praci).
Srovnani plazmatickych protein pfed a 12 hodin po indukci septického Soku kvantitativni analyzou
jejich intenzity pfi 2DE vedlo k identifikaci 36 proteind s odliSnou intenzitou (obr. 1v plvodni praci).
Z téchto bylo 30 s vy3Si intenzitou v septickém Soku a 6 s intenzitou snizenou. V8echny tyto proteiny
byly nasledné analyzovany pomoci Q-TOF MS a MS/MS. Po vylouéeni vSech izoforem v disledku
potranslacnich modifikaci bylo nakonec identifikovano 22 unikatnich protein s vy$si expresi a 5 se
snizenou expresi v Casné fazi experimentalniho septického Soku. Jejich molekularni funkce, zaélenéni
do biologickych procesu a subcelularni lokalizace byly uréeny pomoci softwaru Pathway Tools a jsou
shrnuty v tab. S1 (suplementum originalniho ¢lanku v pfiloze). Obecné se jedna o proteiny ucastnici
se zanétlivé odpovédi hostitele (napf. haptoglobin, CD14, vitronectin aj.), procest oxidativniho i
nitrosativniho stresu (hemopexin, cytochrom P450f3sfApp414 aj.) a fada z nich by teoreticky po jejich

bliz§im poznani a pfipadné validaci mohla slouzit jako asné markery systémové infekce.

Tato studie také mimo jiné ukazuje moznosti analytické metody — proteomiky — ve studiu

patofyziologie sepse.
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8.4. STUDIE IV: PROTEOMICKA ANALYZA SPEKTRA BILKOVIN ADSORBOVANYCH
NA MEMBRANE MIMOTELNIHO SYSTEMU NAHRADY FUNKCE JATER

Promytim adsorpcnich kolon FPSA bylo ziskano celkem 4113mg (47,2mg/ml) (P1) a 8280mg
(97,2mg/ml) (P2). Jejich naslednou separaci 2DE bylo identifikovano 148 (P1) a 163 (P2) proteinovych
stop. Vétsina (95%) proteinovych stop bylo zaznamenano v intervalu molekularni hmotnosti (MW) 30-
150kDa a izoelektrického bodu (pl) 4,8-8,6. Charakteristika separovanych proteint se mezi P1 a P2
vyznamne liSila (celkem 64 protein s odliSnou intenzitou, p<0,05) (obr. 1. originalni prace). Prave dle
MW a pl bylo moZzné konstatovat, Ze adsorpéni kolona P1 vaze preferenéné proteiny s vysokou

molekularni hmotnosti, kdezto P2 odstrariuje z cirkulace proteiny kyselé.

VSechny proteinové stopy s relativni intenzitou vétSi nez 1000ppm byly z geld mobilizovany a dale
analyzovany pomoci tandemové hmotnostni spektrometrie. Ze 109 proteint z P1 jich bylo uspésné
charakterizovano 72 predstavujicich celkem 18 unikatnich proteind (tab. 1 pGvodniho manuskriptu).
TFicet unikatnich proteind bylo vysledkem MS analyzy 113 a nasledné identifikovanych 93 bilkovin

(tab. 2 pdvodni prace).

Membrana systému Prometheus uzita k separaci plazmy méla filtraéni koeficient (sieving coefficient)
0,9 pro proteiny s MW 40kDa a 0,1 pro proteiny s MW 300kDa. Tak byla umoznéna volna filtrace
bilkovin az do velikosti albuminu a nedochazelo k prostupu fibrinogenu a gamaglobulini a jejich
ztratam. NaSe analyza souhlasné stimto prfedpokladem detekovala proteiny do MW 200kDa.
Ocekavané také doslo k selektivni adsorpci bilkovin v jednotlivych kolonach, zejména diky jejich
elektrickému naboji (P1 — neutrdlni, P2 — kladny) jak dokazuje preferenéni vazba protein(
s negativnim nabojem v P2. Pfekvapujici vSak bylo zjisténi, ze v P1 jsou adsorbovany bilkoviny s vétsi
MW. Toto pozorovani nelze zcela vysvétlit ani danou charakteristikou propustnosti filtru P1 a
zapojenim v sérii s P2, jelikoz filtracni koeficient P1 pro proteiny s MW 200kDa je stale 0,2 a tedy i tyto
molekuly mohou filtrem prochazet smérem k P2. MoZnou chybou muze byt limitovana schopnost 2DE
v detekci hydrofobnich proteind, které maji vetsi afinitu k neutralnimu resinu v P1 a mohly tak uniknout

analyze.

Vzhledem k tomu, zZe se v pfipadé této studie jedna o data ziskana analyzou jednoho nemocného,
nelze znich Ccinit klinické zavéry sohledem na vyznam selektivné odstranovanych proteinQ
v patogenezi a vyvoji selhani jater a dalSi vyvoj klinického stavu nemocného (prospésnost ¢i naopak).
V nékterych konkrétnich pfipadech identifikovanych bilkovin Ize o konsekvencich jejich eliminace

v konkrétnim klinickém stavu spekulovat, jak uvadi detailné plvodni prace.

Studie vSak ukazuje vyuzitelnost a vhodnost proteomické analyzy v blizSim poznani uziti FPSA a

otvira pole pro dalSi vyzkum a poznani.
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9. ZAVER

Tato dizertaCni prace zabyvajici se celularnimi imunitnimi mechanizmy, metodologickymi aspekty
monitorace mikrocirkulace, uziti pritokové cytometrie a proteomické analyzy v patofyziologii sepse,
septického Soku a MODS v klinické studii prokazuje absenci rozdilu zmén mikrocirkulace u
nemocnych v septickém Soku bez a s postchemoterapeutickou cytopenii a oponuje dosavadni
paradigma centralni role neutrofild v indukci a modulaci postizeni mikrovaskulatury. Soucasné takeé
rozporuje stavajici dikazy o protektivnim vlivu neutropenie (a trombocytopenie) na tyto zmény.
Paralelné v8ak generuje otazky na alternativni mechanizmy a odpové&dné elementy v genezi

poskozeni mikrocirkulace a endotelialni dysfunkce téchto nemocnych.

Dal8i komentovana klinicka studie na obdobné populaci nemocnych inovativhé prokazuje alteraci
sekre¢niho profilu trombocytl jiz v inicialni fazi systémového zanétu, respektive septického Soku.
Patofyziologicky mechanizmus téchto zmén vSak z dostupnych dat neni zcela zjevny a vzhledem
k jejich znaéné dynamice Ize teoreticky usuzovat na velmi ¢asnou signalizaci v kostni dfeni vedouci ke
zménam genové exprese megakaryocytd a nasledné zméné obsahu desti¢kovych granul. Alternativou
muze byt extranuklearni proteosyntéza ¢i posttranslaéni modifikace proteint v dusledku zmiriované
inflamatorni signalizace s naslednou rychlou zménou fenotypu trombocytld. Oba zminéné mechanizmy
se samoziejmé& mohou také uplatfovat sou¢asné. Tyto otazky by mohla zodpovédét v soucasné dobé
probihajici proteomické analyza trombocytl, jejiz data a z nich plynouci zavéry budou v druhé dobé

zaclenény do uvedené studie.

Originalni experimentalni prace zabyvajici se srovnavaci proteomickou analyzou krevni plazmy
v inicialni fazi septického Soku v klinicky relevantnim modelu za pouziti velkych savcl prokazuje ¢asné
signifikantni zmény plazmatického proteomu. Uspé&sné byla dokumentovana celda fada zmén
v proteinovém spektru v disledku systémové infekce. VétSina z identifikovanych bilkovin se ucastni
vlastni zanétlivé odpovédi hostitele ¢i procesli oxidativniho a nitrosativniho stresu. Prace také ukazuje

moznosti této metody a postupt v identifikaci novych potencialnich biomarker( &i terapeutickych cilU.

Posledni pGvodni prace identifikovala pomoci postupl proteomické analyzy Siroké spektrum proteint
adsorbovanych v kolonach systému pro extrakorporalni nahradu funkce jater u nemocného s jaternim
selhanim a rovnéz prokazala vhodnost uzitych metod ktomuto Gcelu. Mimo vlastni popis
eliminovanych bilkovin poukazuje prace na potfebu detailnich znalosti mechanizm( (nejen) této
organové nahrady. Obecné jsou tyto terapeutické postupy pouzity pfi vyCerpani konzervativnich

IéCebnych moznosti a €asto v kritickych stavech s velmi kiehkou homeostazou.
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Tab. 1: Diagnosticka kritéria sepse, tézké sepse a septického Soku

Sepse (dokumentovana nebo suspektni infekce PLUS 21 polozka z nasledujicich)

Systémové/celkové symptomy

horecka (teplota télesného jadra >38,3°C)

hypotermie (teplota télesného jadra <36°C)

tachykardie (TF>90/min)

tachypnoe

alterace stavu védomi

otoky a/nebo pozitivni tekutinova bilance/retence tekutin (>20ml/kg t. hm. za 24hod.)

hyperglykémie (>6,7mmol/l) bez predchazejiciho diabetu mellitu
Zanétlivé proménné

leukocytéza (>12x10°/1)

leukocytopenie (<4x109/l)

pfitomnost >10% nezralych leukocytarnich/granulocytarnich forem

elevace CRP (>2 SD nad horni limit normalniho rozmezi)

elevace PCT (>2 SD nad horni limit normalniho rozmezi)

Hemodynamické proménné
hypotenze (SAP < 90mmHg, MAP <70mmHg, snizeni SAP o >40mmHg a/nebo >2 SD pod dolni limit noralniho pro dany vék
elevace saturace smisené Zilni krve (>70%)

elevace srdecniho vydeje (CI >3,5/min/m?)

Znamky organové dysfunkce
arterialni hypoxémie (paO,/Fi0,<300)
akutni oligurie (diuréza <0,5ml/kg/h nebo <45ml/h nejméné 2 hodiny)
elevace sérového kreatininu (o >44pmol/l)
koagulopatie (INR >1.5 a/nebo aPTT >60s)
paralyticky ileus
trombocytopenie (<100x10°/1)

hyperbilirubinémie (celkovy bilirubin >68umol/I)

Znamky poruchy tkanové perfaze
hyperkaltatémie (>1mmol/I)

zpomaleni kapilarniho navratu a/nebo mramoraz kize

Tézka sepse (sepse PLUS znamky organové dysfunkce)

Septicky Sok (tézka sepse PLUS hypotenze refrakterni k adekvatni tekutinové resuscitaci a/nebo hyperlaktatémie

CRP: C-reaktivni protein; PCT: prokalcitonin; SD: standardni odchylka; SAP: systolicky arteridlni tlak; MAP: stfedni arterialni tlak; Cl: srdecni index, cardiac
index; INR: international normalized ratio; aPTT: aktivovany parcialni tromboplastinovy ¢as

Upraveno dle: Angus et al., N Engl J Med 2013
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Tab. 2: Pfehled zdkladnich sloZek imunitni odpovédi, jejich charakteristika a funkce.

Bunécné elementy

Charakteristika

Funkce v sepsi

PFirozeny imunitni systém

Monocyty/makrofagy

Dendritické bunky (DC)

Myeloidni supresorové bunky
Mpyeloid-derived suppressor cells (MDSC)

Neutrofily

NK-bunky/lymfocyty

NK-T-bunky/lymfocyty

y& T-lymfocyty

fagocyty a APCs

exprese MHC Il - HLADR, CD14, TLRs, CD80/86

primarni APCs
exprese CD14, TLRs, CD80/86, MHC II

exprese Grl+ CD11b
obsahuji RNS

primarni fagocyty

exprese CD14, CD11/CD18, CD64, TLRs, PSGL-1

absence TCR, CD3-CD56+ lymfocyty
exprese KIRs, CD16/FcyRIIl

exprese afTCR

preferenéné lokalizovany v mukézach
exprese ySTCR, CD3; absence aBTCR

dulezity zdroj cytokint, chemokinu, TF
konverze na DC ve tkanich - APC

klicové propojeni pfirozené a ziskané imunity
APCs pro CD4+ T-lymfocyty, produkce cytokinG

produkce IL-10, suprese expanze CD4+ lymfocytd a jejich
produkce cytokintcestou produkce velkého mnozstvi NO

eliminace a destrukce patogent proteazami, ROS, RNS
poskozeni tkani proteazami, ROS, RNS

prima cytotoxicita, produkei cytokind iniciuji zanétlivou
odpovéd, produkce TNF, IL-10 atd.

cytotoxicita a modulace imunitni odpovédi zejm. pFi
mykobakterialni & mykotické infekci

soucast mukdzni bariéry, potenciace inflamace produkci IFNy a
TNFa, pfima cytotoxicita(perforin/granzym), imunomodulace
produkci IL-10

Adaptivni imunitni systém

CD4+ lymfocyty Thl (T-lymfocyty)

CD4+ lymfocyty Th2 (T-lymfocyty)

CD4+ lymfocyty Th17 (T-lymfocyty)

CD8+ lymfocyty (T-lymfocyty)

Treg lymfocyty (T-lymfocyty)

B-lymfocyty

exprese afTCR, CD3+CD4+
bunkami zprostfedkovana imunita

exprese afTCR, CD3+CD4+
bunkami zprostredkovana imunita

preferencné lokalizovany v mukdzach

exprese afTCR, CD3+CD8+
burikami zprostfedkovana imunita

exprese CD4+CD25+, FoxP3

exprese BCR, CD19, CD20, CD80/86, MHC |1
humoralni imunita

imunostimulaéni funkce, Th1 cytokiny: TNF, IFNy, IL-2
kli¢ova role u toxického Soku, podléhaji apoptdze

imunosupresivni funkce, Th2 cytokiny: IL-4, IL-10, IL-13
eliminace patogent, zpomaleni hojeni ran, produkee IL-17, IL-
22

pfima cytotoxicita, eliminace patogenu
produkce TNF a IFNy

imunomodulace, kontrola a suprese imunitni odpovédi a
fibrogeneze,

produkce IL-10, TGFB

produkce protilatek, APCs, imunologicka pamét

APC: antigen presenting cells; MHC: major histocompatibility antigen; TF: tkanovy faktor; TCR: T-cell receptor; BCR: B-cell receptor; NK: natural killer cell; IL: interleukin; IFN: interferon; TNF:
tumor necrosis factor; TGF: tissue growth factor; KIR: killer immunoglobulin receptor; RNS: reactive nitrogen species; ROS: reactive oxygen species; TLR: toll-like receptors; CD: cluster of

differentiation/designation

Upraveno dle: Karvunidis et al., Anest Intenziv Med 2013

66



Tab. 3: PAMP, DAMP a PRR.

Motivy/molekuly Zdroj PRR

Bakterialni PAMP

Lipopolysacharid G- bakterie CD14, MD-2/TLR4
Lipoteichoova kyselina G+ bakterie CD14, TLR2/TLR6

Peptidoglykan

G+/G- bakterie

CD14, TLR2, NOD2, NOD1

Triacyllipopeptidy G+/G- bakterie TLR1/TLR2
Diacylpeptidy Mycoplasma spp. TLR2/TLR6
Poriny, OMPs Neisseria spp. TLR2

Flagellin bicikaté bakterie TLR5
Nemetylovana CpG DNA bakterie, nékteré viry TLR9

dsDNA Francisella tularensis AlM2

Virové PAMP

Virové genomy RNA viry RLH

dsDNA DNA viry AlM2

dsRNA dsRNA viry TLR3

ssRNA ssSRNA viry TLR7/TLR8

viry exprimované proteiny RNA a DNA viry TLR2/TLR4
Mykotické PAMP

Fosfolipomannan Candida albicans TLR2

Mannan Candida spp., Aspergillus spp. TLR4, CLR (dectin-2/FcRy)
Mannosylové rezidua Candida albicans TLR4, CLR
B-glukany Candida spp., Aspergillus spp. TLR2, CLR (dectin-1)
DAMP

S100a protein vlastni tkané hostitele TLR4, RAGE
HMGB1 vlastni tkané hostitele TLR2/TLR4, RAGE
HSPs vlastni tkané hostitele TLR4

Fibrinogen, fibronektin vlastni tkané hostitele TLR4

Hyaluronan vlastni tkané hostitele TLR4

Hem vlastni tkané hostitele TLR4

PRR: pattern regognition receptors; PAMP: pathogen-associated molecular patterns; DAMP: danger-associated
molecular patterns; OMPs: outer membrane protein; CpG: cytosine-phosphate-guanine; HMGB1: high mobility
group box 1; HSP: heat shock proteins; TLR: toll-like receptor; NOD: nucleotide-bindingoligomerization domain
leucine-rich-repeat containing receptors; CLR: C-type lecitin receptor; RAGE: receptor for advanced glycation

end products; RLH: retinoic acid-indicible gene-1-helicase; AIM2: absent in melanoma protein 2

Upraveno dle: Karvunidis et al., Anest Intenziv Med 2013
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Tab. 4: Vybrané povrchové adhezivni molekuly endotelialnich bunék, trombocytu a neutrofilu a jejich vzajemné interakce.

endotelialni bunky

trombocyty

«

>

neutrofily

CD40
fibrinogen, fibronectin
P-selektin, VWF

neznamy, susp. GPIIb

CD40L
GPlIb/llla
GPlb
ICAM-2

P-selektin

CD40

macrophage antigen-1 (Mac-1)
Mac-1, ICAM-1

LFA-1

PGSL-1, L-selektin
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Tab. 5: Charakteristika granul trombocytu.

Typ granul Funkéni skupina molekul Molekuly
denzni granula nukleotidy adenin: ADP, ATP
guanin: GDP, GTP
aminy serotonin
histamin
RANTES

bivalentni kationty

a-granula adhezni molekuly P-selektin (CD62p)

platelet endothelial cell adhesion molecule-1 (PECAM-1, CD31)
GPIIb/1lla (allbB3 integrin, CD41/CD61)

von Willebrandtiv faktor (VWF)

thrombospondin-1 (TSP-1)

vitronectin

fibronectin

mitogenni faktory platelet-derived growth factor (PDGF)
vascular endothelial growth factor (VEGF)
endothelial cell growth factor (ECGF)
epidermal growth factor (EGF)

platelet factor-4 (PF-4)

insulin-like growth factor-1 (IGF-1)
transforming growth factor-g (TGF-B)
fibrinogen, plasminogen, protein S, kininogeny
koagulacni faktory V, VII, Xl a Xl

inhibitory proteaz C1 inhibitor

koagulacni faktory

plasminogen activator inhibitor-1 (PAI-1)

a2-plasmin inhibitor (a2-Pl)

tissue factor pathway inhibitor (TFPI)
imunoglobuliny

albumin

lysozémy glykosidazy
proteazy

kationické proteiny

ADP: adenosindifosfat; ATP: adenosintrifosfat; GDP: guanosindifosfat; GTP: guanosintrifosfat; GP: glykoprotein; CD:
cluster of differentiation/designation; RANTES: regulated on activation, normal T-cells expressed and secreted

Upraveno dle: Karvunidis et al., Anest Intenziv Med 2010
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Tab. 7: Studie Il [Karvunidist et al., manuskript v pfipravé] - demograficka data

proménna septicky Sok (SS) septicky Sok s trombocytopenii (SST) septicky Sok s DIC (SSD)
pocet subjektd T 5 10
muzské pohlavi (%) 57 40 90
vék (roky) 65 (57,75) 69 (48;74) 64 (58;73)
zdroj infekce (%) pneumonie 14,2 60 0
intraabdominalni 428 0 10
uroinfekce 284 20 30
jina (mékke tkané aj.) 14,2 20 60
APACHE Il 23 (16;26) 34 (18;36) 19 (17;29)
SOFA 9 (5;10) 15 (10;18) 11 (6;13)
mortalita na JIP (%) 14 20 30
nemocnicni mortalita (%) 14 20 40
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Tab. 8: Studie Il [Karvunidis et al., manuskript v pripravé] - hemodynamicka a laboratorni data

proménna skupina TP1 TP2
e SS 4 (69:81) 81 (80:103)
(mBG) SST 6 (75:84) § 101 (96:105)
SSD 74 (68:75) § 88 (82:91)
iR ss 100 (72:112) 91 (82:100)
(min1) SST 105 (82:100) 107 (76:109)
SSD 99 (78:115) 86 (79:87)
= SS 0 (8:12) N/A
(mmHg) SST 1(8:13) N/A
SSD 0 (6:11) N/A
5152 SS 4 (92:96) § 98 (96:99)
%) SST 8 (94:98) 97 (97:97)
SSD 95 (93:97) § 98 (96:98)
ss 7.37 (7.27:7.43) 7,44 (7,417 47)
pH SST 7,30 (7,18:7.42) § 7,52 (7,50:7,65)
SSD 7.38 (7.23:7.41)§ 7,48 (7,467 49)
- ss 10,3 (8,8:12,9) § 8.4 (7,9:9.3)
(kPa) SST 12,0 (8,1:15,3) 8,8 (8,6:10,1)
SsD 9.7 (8.7:12,1) 10,8 (9,1:11.5)
- ss 5.1 (4,0.7,0) 5,0 (4,455,3)
(kPa) SST 5.6 (4,7:6,7) 4.1 (2,8:55)
SsD 52 (4,3:56) 46 (4,2:4.8)
ss 0,0 (-11,8:5.8) 20,3 (-3,6:2.4)
BE SST 8.7 (-10,7:4,1) 1,10 (0,6:10,2)
SsD 9.0 (-10.7:0,0)§ 256 (0,5:5.7)
- actate ss 1,2 (1,0:1,9) 1,7 (1,3:2,0)
(mmolll) SST 2.9 (1,7:4.6) 1,2(1,0:1.4)
ssD 35(197.7)* 0.8(0.7:1.5)§
i ss 16,3 (10,8:34,3) § 7.7 (7.2:9.3)
(x1069/L) SST 16,0 (10,1:23,5) 11,4 (6,5:11,7)
SSD 16,2 (9,2:19,8) § 6,8 (6,2:8.4)
i Ss 104 (91:113) 100 (90:112)
(/L) SST 113 (94:119) 89 (89:122)
SSD 105 (97:129) 95 (89:109)
—— ss 261 (148;297) 362 (224:479)
(x10e91L) SST 38 (14:73) £ § 302 (235:428)
SSD 87 (47:146)* § 298 (154:455)
e ss 15,7 (15.4:17.0) § 14,8 (13.2:15,2)
) SST 15,0 (14,1:17.3) 14,2 (13,9:15,2)
SSD 21,9 (18,3:22,2)§ * 14,8 (13,9:16,0)
— SS 36.1 (32,5:40,9) 36,3 (32,0:39,0)
) SST 43,6 (33,9:47.7) 35,1 (32,3:40,4)
SSD 476 (43,1:60,6) § * 41,0 (39,0:43,1)
m— 55 83 (7,3.9,0)§ 6.3 45.7.2)
SST 6.7 (5:4:8,1) 0(3,6:6.7)
(g/L) SsD 6,7 (52:7.2) * 9 (35:6.7)
: SS 5,0 (2.2.5,0 20(1.1:2.9
Dedimety SST 3,2 52,2;5) & 5 20,5;3,9;
(mg/L) SSD 5.0 (4.8:5) § 3(1.0:2.5)

§: statisticky vyznamny rozdil TP1 vs. TP2
*: statisticky vyznamny rozdil SSD vs. SS
T: statisticky vyznamny rozdil SST vs. SSD
1: statisticky vyznamny rozdil SST vs. SS
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Tab. 9: Studie Il [Karvunidis et al., manuskript v pripravé] - specialni vysetreni trombocytu

proménna skupina TP1 TP2
55 0.31(0,30.0,35) 0,31 (0,24.0,30)
CD41/CD81 SST 0,31 (0.27:0,37) § 0,22 (0,21:0,26)
SSD 0,30 (0.24:0.37) 0,29 (0,28:0.35)
SS 0,00 (:0,06.0,08)
ACD41/CD61 SST 0,05 (0,02:0,13)
SSD 0,01 (-0,11:0,03)
SS 0,54 (0.28.0.56) 0.55 (0.47.0.57)
CDGZ:elekﬁn) i SST 0,58 (0,48:0,70) 0,51 (0,46:0,98)
SSD 0,52 (0.39.0.66) 0,49 (0,39:0,49)
SS 70,03 (:0,11.-0,01)
ACD62p SST 0,12 (-0,31:0,29)
SSD 0,00 (-0,19:0.21)
SS 25 (15:56) § 54 (28.60)
ADP“'J;AUC SST 1(3:25)§ 4 (74:79)
SSD 21 (11:37) § 6 (62:69)
) SS 7(6.10) 3(8.18)
AD(ZU)’;';:S“V SST 5(47)§ 7 (16:19)
SSD 8 (4:14) 7 (1419)
) SS 30 (20.69) 85 (50.91)
ADP'”EG‘*""‘“” SST 24 (11:43) § 123 (88:124)
() SSD 52 (23:60) 77 (62:101)
SS 56 (34.76) 84 (69.106)
ASP:G)AUC SST 17 (8:30) § 87 (82:96)
SSD 30 (8:53) § 77 (61:96)
) SS 9.1 (7.1232)§ 22,5 (15,5:37.0)
Asfgdfr::s)c'ty SST 7.0 (4.2:8,8) § 37,8 (30,7:40.2)
SSD 9.5 (4,8:19.1) § 327 (23,1:33,6)
T —— SS 914 (71,9:107,7) 132.0 (118 5.164.4)
i SST 36.4 (23.6:52.2) § 125.0 (115.7:145 5)
SSD 513(23.8:118.2) § 167.3 (122.7:176.0)
SS 73 (59.90) 88 (76,103)
TRA';U')AUC SST 49 (13:61) § 101 (98:122)
SSD 38 (27:51)* § 76 (72:94)
) SS 23.1 (15,9.25,2) 23.8 (17.8.36.9)
TR‘(\:U' /":fi':)c'ty SST 16,7 (4,8:21,9) § 37,0 (33,5:41,6)
SSD 127 (12,0:15,0) § 31,6 (26,4:34,3)
R SS 96.6 (89.3.104.3) 132,0 (121,0.156.7)
o SST 72,0 (24.1:82.5) § 166.2 (152.1:184 4)
SSD 5.9 (45.3:90.0) § 147 4 (89,0:169.2)
SS 218 (142:302) 148 (126:197)
VEGF (pall) SST 39 (17:57) 1 § 274 (84:417)
SSD 57 (17:136) * § 363 (213:505)
SS 2155 (1255,6534) 2962 (1812.13376)
PDGF (pgll) SST 506 (537:1305) § 4978 (3790:6370)
SSD 1657 (320;3514) § 4978 (3790:6106)

§: statisticky vyznamny rozdil TP1 vs. TP2

*: statisticky vyznamny rozdil SSD vs. SS
1: statisticky vyznamny rozdil SST vs. SS
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13.

Obr.

Obr.

Obr.

Obr.

Obr.

Obr.

OBRAZKY

: Pritokova cytometrie trombocytt (CD41/CD61 — PAC-1 FITC).
. Agregometrie trombocyt(.

: Proteomicka analyza — 2DE.

: Schéma FPSA — Prometheus.

. Agregometrie trombocyt( — grafy.

. Ukazka 2DE separace proteint trombocyta.
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Obr. 1: Pritokova cytometrie trombocytl (CD41/CD61 — PAC-1 FITC).

- Overlay

[ 120011709 [E] PAC-1-FITC
7120011911 [C] PAC-1-FITC

Count

" i
Marker X-Mean

] Au 0,36

B Au 0,17
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Obr. 2: Agregometrie trombocyta.

Patient id :

Test name

Start of Test:

Area under the curve
Aggregation

Velocity

:ADPtest HS (Hirudin blood), V2
22. Mar. 2010, 12:48:49

:58 U (30 - 70)

:RUO: 96.0 AU

:RUO: 12.3 AU/min.

200 AU

0AU

Patient id :

Test name

Start of Test:

Area under the curve
Aggregation
Velocity

:ASPItest (Hirudin blood), V2
22. Mar. 2010, 12:49:01

176 U (40 - 140)

:RUO: 110.3 AU

:RUO: 22.9 AU/min.

200 AU

0AU

Patient id :

Test name

Start of Test:

Area under the curve
Aggregation

:TRAPtest (Hirudin blood), V2
22. Mar. 2010, 12:49:13

:73 U (50 - 140)
‘RUO: 104 3 AU

Velocity :RUO: 23.1 AU/min.

200 AU
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Obr. 3: Proteomicka analyza — 2DE.

-
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Obr. 4: Schéma FPSA — Prometheus.
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Obr. 5: Agregometrie trombocytd — grafy.
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Obr. 6: Ukazka 2DE separace protein(i trombocytu.
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ORIGINAL

Septic shock and chemotherapy-induced
cytopenia: effects on microcirculation

Abstract Purpose: Neutrophil
and platelet activation and their
interactions with endothelial cells are
considered central features of sepsis-
induced microcirculatory alterations.
However, no study has evaluated the
microvascular pattern of septic shock
patients with chemotherapy-induced
severe cytopenia. Methods: Demo-
graphic and hemodynamic variables
together with sublingual microcircu-
lation recording [orthogonal
polarization spectral imaging
enhanced by sidestream dark-field
technology (OPS-SDF) videomicros-
copy] were collected in four groups of
subjects: septic shock (SS, N =9),
septic shock in cytopenic patients
(NSS, N = 8), cytopenia without
infection (NEUTR, N = 7), and
healthy controls (CTRL, N = 13).
Except for controls, all measurements
were repeated after complete resolu-
tion of septic shock and/or
neutropenia. Video files were pro-
cessed using appropriate software
tool and semiquantitatively evaluated
[total vascular density (TVD, mm/
mmz), perfused vessel density (PVD,
mm/mm?), proportion of perfused
vessels (PPV, %), mean flow index
(MFI), and flow heterogeneity index
(FHI)]. Results: Compared with
controls, there were statistically sig-
nificant microcirculatory alterations
within all tested groups of patients
(TVD: SS = 8.8, NSS = 8.8,

NEUTR = 9.1 versus CTRL = 12.6,
p < 0.001; PVD: SS = 6.3,

NSS = 6.1, NEUTR = 6.9 versus
CTRL = 12.5, p < 0.001; PPV:

SS = 71.6, NSS = 68.9, NEU-

TR = 73.3 versus CTRL = 98.7,

p < 0.001; MFL: SS = 2.1,

NSS = 1.9, NEUTR = 2.1 versus
CTRL = 3.0, p < 0.05; FHI:

SS = 1.0, NSS = 0.9, NEU-

TR = 0.6 versus CTRL = 0.0,

p < 0.001). No significant differences
were detected between SS, NSS, and
NEUTR groups at baseline. Incom-
plete restoration of microcirculatory
perfusion was observed after septic
shock and/or neutropenia resolution
with a trend towards better recovery
in MFI and FHI variables in NSS as
compared with SS patients. Conclu-
sions: Microvascular derangements
in septic shock did not differ between
noncytopenic and cytopenic patients.
Our data might suggest that profound
neutropenia and thrombocytopenia do
not render microcirculation more
resistant to sepsis-induced microvas-
cular alterations. The role and
mechanisms of microvascular altera-
tions associated with chemotherapy-
induced cytopenia warrant further
investigation.
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Introduction

Neutrophils are suggested as key players in pathophysiol-
ogy and natural progression of sepsis, septic shock, and
multiple organ dysfunction syndrome (MODS) [1, 2]. They
have a pivotal role in the defense against bacterial infec-
tions, as shown by neutropenia (e.g., after chemotherapy
and/or immunotherapy), which increases susceptibility to
infection and sepsis [3]. Neutrophils are effector cells ini-
tializing and providing the pathogen-associated molecular
pattern discrimination of invading microorganisms. Pro-
inflammatory and anti-inflammatory cytokines, proteases,
elastases, adhesive molecules, endothelium activation,
internalization, and pathogen destruction are just a brief list
of their mechanisms taking part in the systemic inflamma-
tory response and its consequences [1].

Microcirculatory dysfunction is a complex and pivotal
element of the pathogenesis of severe sepsis and septic
shock [4-9]. Blood flow heterogeneity (maldistribution/
shunting), red blood cell (RBC) rigidity, adhesion, acti-
vation and aggregation of leukocytes (neutrophils and
macrophages), activation of coagulation cascade and
thrombocytes, deregulated production of nitric oxide
(NO), oxidative stress, and endothelial dysfunction itself
are all involved in sepsis-induced microvascular failure.
In particular, activated leukocytes and platelets can
adhere to the vessel wall, aggregate, and impair flow
through the microcirculation [4, 10]. In addition to
mechanical obstruction of capillaries, leukocytes are
capable of inducing and propagating endothelial and tis-
sue injury by releasing a myriad of toxic mediators.
Several studies have implicated a major role for neutro-
phils in the genesis of ischemia/reperfusion-mediated
microvascular dysfunction [11-13]. In support of this
notion, the protective effects of leukocyte depletion
against reperfusion injury have also been demonstrated in
experimental settings [14—16]. By contrast, the pattern of
microvascular alterations in septic patients with profound
depletion of leukocytes and platelets has not been
described so far. Therefore, the aim of our study is to
analyze changes of microvascular perfusion in septic
shock patients with chemotherapy-induced cytopenia and
compare these changes with those recorded from standard
septic shock population.

Materials and methods
Study design and patients

This prospective single-center observational study was
approved by the Local Ethics Committee of the Charles
University Medical School and Teaching Hospital in
Pilsen. The recruitment of subjects was performed in the
tertiary medical Intensive Care Unit (ICU) of the 1st

Department of Medicine, Charles University Medical
School and Teaching Hospital in Pilsen, Czech Republic
and in the Department of Hematology and Oncology of
the same institution. Adult patients (>18 years) fulfilling
generally accepted criteria for septic shock [17], with
(NSS group) or without (SS group) neutropenia [defined
as absolute neutrophil count (ANC) <1 x 10°/L] and
adult patients with drug-induced (chemotherapy- and/or
immunotherapy-induced) neutropenia (Table 2) without
infection (NEUTR group) were enrolled into the study.
Healthy volunteers to form the control group (CTRL
group) were recruited from ICU medical staff. Informed
consent was obtained from all subjects or their substi-
tutes-in-law (mechanically ventilated and/or unconscious
and/or consecutively deceased patients).

Demographics

Demographic variables such as race, gender, age, source
of infection, severity of illness scores [Acute Physiology
and Chronic Health Evaluation Score II (APACHE II),
Sequential Organ Failure Assessment Score (SOFA)],
ICU mortality, and in-hospital mortality were collected.

Hemodynamic and laboratory measurements

The measurement of systemic hemodynamics included heart
rate (HR), mean arterial blood pressure (MAP), central
venous pressure (CVP), and central venous oxygen satura-
tion (ScvO,). Laboratory assessment of pH, base excess
(BE), arterial partial pressure of oxygen (p,0O,), arterial
partial pressure of carbon dioxide (p,CO,), arterial lactate,
blood count [particularly white blood cells/absolute neutro-
phil count (WBC/ANC), hemoglobin (Hb), and platelets
(PLT)] were performed. Complementary data indicating
application and dose of vasoactive and inotrope agents
(noradrenaline/norepinephrine, dobutamine, levosimendan,
etc.) as well as analgosedation were recorded.

Microcirculation assessment and analysis

The microcirculatory network was evaluated in the sub-
lingual mucosa region using an orthogonal polarization
spectral (OPS) imaging enhanced by sidestream dark-field
technology (OPS-SDF) device (Microscan; MicroVision
Medical, Amsterdam, The Netherlands) [18]. A number
of cautions and recommended steps were followed to
obtain video sequences of adequate quality to ensure
sufficient reproducibility (see also the Electronic Sup-
plementary Material, ESMI). Skilled researchers
(T.K., J.Ch. and R.S.) performed bedside video acquisi-
tion and image analyses. After gentle removal of saliva,
steady video recordings of at least 20 s from five different



sublingual areas were obtained while avoiding pressure
artifacts and stored as anonymous code-marked (random
number generator) AVI files on hard drive to allow
subsequent computerized frame-by-frame analysis [19].
Video clips were assessed in blinded fashion using
dedicated software (Microscan Analysis Software and
Automated Vascular Analysis v3.0; MicroVisionMedi-
cal, Amsterdam, The Netherlands) following the
recommended workflow within the software environ-
ment to get steady video loops. Their quantitative
analysis is represented by total vascular density (TVD),
calculated as total length of microvessels of diameter
<20 pum divided by total surface of respective area
(expressed as mm/mm?). Next, vessel perfusion was
categorized visually as present (continuous flow for at
least 20 s), absent (no flow for at least 20 s), or inter-
mittent (at least 50 % of the time with no flow). The
proportion of perfused vessels (PPV, %) was calculated
as follows: 100 x (total number of vessels — [no
flow + intermittent flow])/total number of vessels. Per-
fused vessel density (PVD) was then derived by
multiplying vessel density (TVD) by the proportion of
perfused vessels (PPV). Semiquantitative software-
assisted analysis of microvascular blood flow heteroge-
neity was expressed by mean flow index (MFI) and flow
heterogeneity index (FHI) as described in literature [10,
19, 20] to characterize heterogeneity of blood flow in
different clinical states. TVD, PVD, PPV, and MFI
scores were calculated from all five different sublingual
areas of each study subject and then averaged (see also
the Electronic Supplementary Material, ESM2).

Table 1 Demographic characteristics

Study protocol

Demographic, clinical, and laboratory data together with
the first set of sublingual microcirculation OPS-SDF
image recording were collected within the first 24 h after
septic shock and/or neutropenia development (time-
point 1, TP1). The second set of data collection was
performed within 24 h after shock and/or neutropenia
resolution (timepoint 2, TP2), defined as durable weaning
from vasoactive agent(s) and/or ANC >1 x 10°/L per-
sisting for more than 24 h. In the control group, two sets of
data collection were gathered within an interval of 24 h.

Statistical analysis

After excluding normal distribution (Kolmogorov—Smir-
nov test), differences between study groups were analyzed
using Kruskal-Wallis one-way analysis of variance
(ANOVA) on ranks. Differences between the two time-
points within one group were tested using Mann—Whitney
rank-sum test. p < 0.05 was considered significant. Data
are showed as median (M) and interquartile range (IQR) if
not stated otherwise.

Results

Study population characteristics and demographics are
summarized in Tables 1 and 2. Seventeen patients with

Variable Septic shock (SS) Septic shock with Neutropenia Controls
neutropenia (NSS) (NEUTR) (CTRL)
No. of subjects 9 8 7 13
Male gender (%) 7 (77.8) 7 (87.5) 4 (57.1) 10 (76.9)
Age (years) 77 (55.8; 81.3)=*T 62 (45.5; 63.5)* 56 (47.5; 63.0)* 36 (34.0; 41.0)
Infection source (%)
Pneumonia 4 (44.4) 6 (75.0) N/A N/A
Intraabdominal 3 (33.3) 2 (25.0) N/A N/A
Genitourinary 2 (22.3) 0 (0) N/A N/A
APACHE 11 22 (22; 35) 21 (19; 23) N/A N/A
SOFA 16 (12; 17) 16.5 (11; 17) N/A N/A
Mechanical ventilation (%) 9 (100) 7 (87.5) 0 (0) N/A
ICU mortality (%) 2 (22.2) 4 (50) N/A N/A
In-hospital mortality (%) 6 (66.7) 4 (50) N/A N/A
Duration of septic shock (days) 54;5) 54;12) N/A N/A
Duration of neutropenia (days) N/A 7 (4; 12) 20 (13; 21) N/A
Chemoth./immunoth.-TP1 N/A 11 (8; 119)% 6 (4; 6) N/A
interval (days)
TP1-TP2 interval (days) 4 (3; 4f 4 (3; 12)° 16 (13; 23) 1(1;1)
G-CSF Rx, number (%) 0 5 (62.5) 1 (14.3) N/A

APACHE Il Acute Physiology and Chronic Health Evaluation
Score II, SOFA Sequential Organ Failure Assessment Score, /ICU
intensive care unit, G-CSF Rx granulocyte colony-stimulating
factor (filgrastim) application

* Statistical significance versus CTRL (p < 0.05); # statistical

significance SS versus NSS (p < 0.05); T statistical significance SS
versus NEUTR (p < 0.05); ¥ statistical significance NSS versus
NEUTR (p < 0.05)



Table 2 Characteristics of neutropenic groups (NSS and NEUTR)

Patient  Group Hematologic Disease status SCT Chemotherapy/immunotherapy G-CSF  Mortality
disease

1 NSS MDS RAEB II PR No Idarubicin + cytosine arabinoside + Yes Yes
mitoxantrone

2 B-ALL CR No Idarubicin + cytosine arabinoside + No No
etoposide

3 AML/MDS Newly diagnosed No Idarubicin + cytosine arabinoside No Yes

RAEB I

4 CLL PR No Dexamethasone + carmustine + Yes Yes
etoposide + cytosine arabinoside +
melphalan

5 CLL Progression No Fludarabine + rituximab + alemtuzumab Yes Yes

6 AML CR alloPBSCT  Fludarabine + melphalan Yes Yes

7 B-ALL CR alloPBSCT  Busulfan 4 cyclophosphamide Yes No

8 AML/APL Newly diagnosed No Idarubicin + cytosine arabinoside + No No
mitoxantrone

9 NEUTR B-ALL Newly diagnosed No Daunorubicin + vincristine + No No
prednisone + imatinib

10 B-ALL Newly diagnosed No Daunorubicin + vincristine + prednisone No No

11 AML/MDS Newly diagnosed No Idarubicin 4 cytosine arabinoside No No

12 AML Newly diagnosed No Idarubicin + cytosine arabinoside No No

13 AML CR No Idarubicin + cytosine arabinoside + Yes No
mitoxantrone

14 AML Newly diagnosed No Idarubicin + cytosine arabinoside No No

15 AML Newly diagnosed No Idarubicin + cytosine arabinoside No No

SCT stem cell transplantation/bone marrow transplantation, G-CSF
granulocyte colony-stimulating factor, MDS myelodysplastic syn-
drome, MDS RAEB MDS refractory anemia with excess of blasts,
B-ALL acute B-lymphocytic leukemia, AML acute myeloid

septic shock (9 without and 8 with neutropenia), 7
infection-free neutropenic patients, and 13 controls were
enrolled. Six individuals with septic shock died in the
ICU. Eleven patients who recovered from septic shock
and/or neutropenia were accessible for the TP2 follow-up.
The TP1-TP2 interval did not differ between the two
septic shock groups (SS and NSS), but was significantly
longer in the NEUTR group. All seven neutropenic
patients without infection had uneventful recovery and
were discharged from the hospital.

Systemic hemodynamic and laboratory variables

Hemodynamic and laboratory variables as well as vaso-
pressor support were comparable between SS and NSS
groups (Table 3). By definition, patients in NSS and
NEUTR groups had significantly lower number of ANC
as compared with SS and CTRL groups. Similarly, the
number of circulating platelets was markedly lower in
NSS and NEUTR patients. Severity of pancytopenia was
identical in both NSS and NEUTR group. In this cohort,
granulocyte colony-stimulating factor (G-CSF, filgrastim
48MU, 0.48 mg/day) was prescribed to shorten the neu-
tropenic period in five (62.5 %) and one (14.3 %) cases,
respectively.

leukemia, CLL chronic lymphocytic leukemia, APL acute promy-
elocytic leukemia, PR partial remission, CR complete remission,
alloPBST allogeneic peripheral blood stem cell transplantation

Microcirculation variables

Sublingual microcirculation characteristics expressed as
TVD, PVD, PPV, MFI, and FHI are shown in Table 4 and
Figs. 1, 2 (see also the Electronic Supplementary Mate-
rial, ESM3). Compared with healthy controls, there were
statistically significant derangements in all measured
microvascular parameters in both SS and NSS groups. No
differences were detected between septic shock patients
without neutropenia (SS group) and those with leukocyte
depletion (NSS group) at TP1. Surprisingly, the micro-
circulatory assessment of infection-free patients with
neutropenia (NEUTR group) also revealed significant
alterations in all microvascular variables. Although the
microvascular changes failed to normalize completely in
all three groups of patients (SS, NSS, NEUTR), there was
a trend towards better recovery in MFI and FHI variables
in NSS as compared with SS patients.

Discussion

To the best of our knowledge, this is the first clinical study
reporting evaluation of microvascular changes in septic
shock patients with chemotherapy-induced cytopenia.



Table 3 Hemodynamic and laboratory variables

Variable Group TP1 TP2

MAP (mmHg) SS 77 (74; 80)* 81 (76; 86)
NSS 77 (74; 82)** 82 (80; 95)%*
NEUTR 97 (95; 98) 91 (85; 96)
CTRL 93 (78; 103) 93 (83; 102)

Noradrenaline (pg/kg/min) SS 0.6 (0.3; 0.8) 0 (0; 0)*
NSS 0.5 (0.3; 1.0) 0 (0.0; 0.1)*
NEUTR N/A N/A
CTRL N/A N/A

HR (min~") SS 92 (80; 121)* 89 (73; 92)
NSS 110 (85; 116)** 86 (72; 93)
NEUTR 73 (65; 83) 87 (78; 89)*
CTRL 68 (62; 72 70 (60; 77)

CVP (mmHg) SS 11 (8; 12) 11 (10; 13)*
NSS 10 (9; 15)° 9 (7; 12)
NEUTR 4 (2; 6) 5(3; 8)
CTRL N/A N/A .

pH SS 7.35 (7.31; 7.38)" 7.49 (7.45; 7.52)*
NSS 7.42 (7.38; 7.44) 7.49 (7.45; 7.52)
NEUTR 7.46 (7.44; 7.47) 7.47 (7.40; 7.48)
CTRL N/A N/A

p.0, (kPa) SS 11.1 (9.2; 13.2) 11.0 (10.7; 15.3)
NSS 12.8 (10.9; 16.2) 16.0 (13.6; 19.0)
NEUTR 10.9 (10.2; 12.2) 11.1 (9.4; 12.1)
CTRL N/A N/A

p.CO, (kPa) SS 5.6 (4.9; 6.4) 5.7 (4.8, 5.9)
NSS 5.0 (3.6; 5.5) 5.1 (4.7; 5.5)
NEUTR 43 (4.3; 4.6) 4.8 (4.7;5.4)
CTRL N/A N/A .

BE SS —2.2(~7.0; 2.8) 6.5 (4.1; 8.3)
NSS —1.7 (—6.9; 1.7) 4.5 (3.2; 8.7)
NEUTR 0 (—1.4; 0.6) 1.6 (0.8; 5.3)
CTRL N/A N/A

Sa0, (%) SS 95 (92.7; 98) 97 (96; 98)
NSS 98 (96; 98) 98 (96; 99)
NEUTR 98 (97.8; 98.2) 97 (95; 98)
CTRL N/A N/A

ScvO, (%) SS 72 (66; 76) 75 (72.2; 77.8)
NSS 68.5 (59.0; 71.5) 66 (55.5; 72.0)
NEUTR 65 (62.7; 68.0) 76 (71.5; 78.0)
CTRL N/A N/A .

a-lactate (mmol/I) SS 2.9 (1.9; 4.5) 1.8 (1.2; 2.0):
NSS 3.0 (1.3; 6.2) 1.8 (1.2; 2.3)
NEUTR 0.9 (0.6; 2.2) 0.9 (0.8; 0.9)
CTRL N/A N/A

Hb (g/L) SS 109 (100; 132)*F 91 (89; 122)
NSS 92 (80; 94) 95 (88; 98) |
NEUTR 79 (76; 89) 98 (90; 105)*
CTRL N/A N/A

ANC (x10°/L) SS 25.1 (14.7; 32.4)*F 12.3 (10.2; 20.4)*"
NSS 0.3 (0.2; 0.8) 1.9 (1.6; 5.4)*
NEUTR 0.7 (0.4; 0.8) 2.3 (2.0; 4.8)
CTRL N/A N/A

Platelets (x10°/L) SS 196 (127; 332)*1 216 (115; 298)
NSS 12 (10; 14) 22 (12; 396),
NEUTR 17 (14; 24) 95 (50; 209)*
CTRL N/A N/A

CRP (mg/L) SS 212 (160; 268)" 111 (95; 214y T+
NSS 314 (153; 357)* 35 (24; 67)%*
NEUTR 12 (3; 26) 8 (5; 10)
CTRL N/A N/A

aPTT (s) SS 34.2 (32.8; 43.9) 35.6 (31.1; 37.8)
NSS 40.0 (35.9; 48.8) 33.4 (27.9; 48.4)
NEUTR 34.4 (32.3; 40.0) 33.6 (28.2; 35.8)

CTRL

N/A

N/A




Table 3 continued

Variable Group TP1 TP2

INR SS 1.6 (1.4; 1.7 1.2 (1.2; 1.4}
NSS 1.7 (1.6; 2.0) 1.3 (1.2; 1.7)%
NEUTR 1.1 (1.1; 1.2) 1.2 (1.1; 1.2)
CTRL N/A N/A

MAP mean arterial pressure, HR heart rate, CVP central venous
pressure, p,O, arterial partial pressure of oxygen, p,CO, arterial
partial pressure of carbon dioxide, BE base excess, SaO, arterial
(hemoglobin) oxygen saturation, ScvO, central venous oxygen
saturation, a-lactate arterial lactate, ANC absolute neutrophil count,
Hb hemoglobin, CRP C-reactive protein, aPTT activated partial
thromboplastin time, /NR international normalized ratio (PT)

Table 4 Vessel density and perfusion variables

Variable Group TPl TP2
TVD SS 8.8 (8.7; 9.0)* 9.3 (9.2; 9.4)%*
(mm/mm?) NSS 8.8 (8.2; 8.9)* 9.3 (9.3; 9.4)**
NEUTR 9.1 (9.1; 9.3)*% 9.6 (9.2; 9.9)*
CTRL  12.6 (11.2; 15.8) 12.5 (11.9; 13.7)
PVD SS 6.3 (6.1; 6.7)* 7.8 (7.2; 7.8)%*
(mm/mm?) NSS 6.1 (5.7; 6.5)* 7.7 (7.6; 7.9)%*
NEUTR 6.9 (6.3; 7.1)* 8.4 (7.8; 8.6)**
CTRL 125 (11.2;15.6) 12.5(11.9; 14.1)
PPV (%) SS 71.6 (69.8; 72.0)* 79.6 (77.9; 81.2)*’f
NSS 68.9 (67.3; 71.2)* 81.9 (81.0; 85.7)**
NEUTR 73.3 (72.0; 76.1)* 86.7 (83.3; 88.0)*™*
CTRL  98.7 (98.4; 99.1)  99.0 (98.2; 99.3)

TVD Total vascular density (mm/mm?), PVD perfused vessel
density (mm/mm?), PPV (%) proportion of perfused vessels

* Statistical significance versus CTRL (p < 0.05); *statistical sig-
nificance SS versus NEUTR (p < 0.05); Sstatistical significance
NSS versus NEUTR (p < 0.05); *statistical significance versus TP1
(p < 0.05)

32
30 . s "t W
28 . T# ot
al T * T @
o LT N\
22
20
N i
16
14
12
10
08 gss
08 EANss
04 I NEUTR
’ — B CTRL

0.2

TP1 TP2

Fig. 1 Mean flow index (MFI [1]) in patients with septic shock
(SS; n =9), septic shock with cytopenia (NSS; n = 8), cytopenia
without sepsis (NEUTR; n = 7), and healthy volunteers (CTRL;
n = 13) at baseline (TP1) and after resolution of septic shock and/
or neutropenia (TP2). *Statistical significance versus CTRL group
gp < 0.05); *statistical significance SS versus NSS (p < 0.05);
statistical significance versus TP1 (p < 0.05)

* Statistical significance versus CTRL (p < 0.05); *statistical sig-
nificance SS versus NSS (p < 0.05); Tstatistical significance SS
versus NEUTR (p < 0.05); Sstatistical significance NSS versus
NEUTR (p < 0.05); Istatistical significance versus TP1 (p < 0.05)
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Fig. 2 Flow heterogeneity index (FHI [1]) in patients with septic
shock (SS; n =9), septic shock with cytopenia (NSS; n = 8),
cytopenia without sepsis (NEUTR; n = 7), and healthy volunteers
(CTRL; n = 13) at baseline (TP1) and after resolution of septic
shock and/or neutropenia (TP2). *Statistical significance versus
CTRL group (p < 0.05); #statistical significance SS versus NSS
(p < 0.05); *statistical significance versus TP1 (p < 0.05)

Direct visualization of sublingual microcirculation
revealed that both the character and magnitude of micro-
vascular alterations observed in septic patients with
chemotherapy-induced severe leukocyte and platelet
depletion did not differ from those seen in noncytopenic
septic patients. Surprisingly, chemotherapy-induced
cytopenia per se was associated with similar significant
alterations of sublingual microcirculation.

Several clinical studies carried out over the past
decade have demonstrated marked alterations in micro-
vascular perfusion during sepsis [4, 9, 10]. Although a
limited number of clinical studies reported the same
microvascular variables, the magnitude of the changes
observed in our study corresponds to those reported
previously [10, 21, 22] (see also the Electronic Supple-
mentary Material, ESM4). Similarly, emerging evidence
supports the key participation of circulating leukocytes in
mediating microvascular dysfunction in various states of



acute inflammation [1, 23, 24]. Mechanisms whereby
activated leukocytes contribute to microcirculatory failure
include increased neutrophil-endothelial, neutrophil—-
platelet, and neutrophil-red blood cell interactions in the
inflamed microcirculation, all resulting in leukocyte
capillary plugging and release of a broad spectrum of
cytotoxic mediators [24]. It is therefore reasonable to
speculate that neutrophil depletion could provide some
protection against sepsis-induced alterations in micro-
vascular perfusion. In support of this notion, several
experimental studies showed preserved microcirculatory
functions in neutrophil-depleted animals challenged with
ischemia/reperfusion insult [14—-16, 25-29]. In addition,
adhesion molecules-deficient mice exhibited improved
capillary blood flow during gut ischemia/reperfusion
injury [30]. Similarly, neutrophil depletion attenuated
pulmonary vasomotor dysfunction in endotoxin-induced
acute lung injury [31]. Finally, abnormal sublingual
microvascular blood flow and its normalization were
reported in a patient diagnosed with and treated for
chronic myeloid leukemia [32].

Nonetheless, the examination of the microcirculation
in our study has shown that neutrophil depletion did not
afford any measurable protection against sepsis-mediated
microvascular failure. From this finding, it could be
argued that circulating peripheral leukocytes might not be
a dominant prerequisite for microcirculatory distress in
sepsis. Indirect support for the notion that the action of
neutrophils is not required in the genesis of microvascular
and tissue injury was provided by an earlier study
showing the development of acute respiratory distress
syndrome even in patients with profound neutropenia
[33]. On the other hand, our results cannot refute the
pivotal role of residual neutrophils sequestered in the
microvasculature [1]. Indeed, Hirsh et al. [34] hypothe-
sized that failure of cyclophosphamide—induced severe
neutropenia to protect mice from sepsis-induced acute lung
injury could be ascribed to the persistence of residual lung
polymorphonuclear cells. Furthermore, the presence of
cellular subset of neutrophils with specific phenotype, level
of activation, and secretory profile seems to be more
important than their absolute count [1]. Not only activated
neutrophils themselves are able to trigger microcirculatory
changes. The role of natural killer cells (NK cells) and/or
dendritic cells, potent immunomodulatory elements [35,
36], should be taken into consideration. Moreover, there are
other mechanisms, not assessed in our study, that are
capable of promoting microvascular changes, such as
endothelial cell injury resulting from direct toxicity of
cytokines and free radicals or activation of coagulation
cascade leading to the formation of widespread microvas-
cular thrombosis [37]. Finally, direct chemotherapy-driven
endothelial injury preceding the development of sepsis
might have outweighed the potentially protective effects of
profound leukocyte depletion.

Since all neutropenic patients had concomitant severe
chemotherapy-induced thrombocytopenia, one could also
consider the role of low platelet count in microvascular
responses to sepsis. Indeed, there is growing evidence for
the involvement of platelets in the microvascular dys-
function under conditions of systemic inflammation [38—
41]. Like leukocytes, platelets produce a large number of
chemokines that have the potential to impair endothelial
barrier function [38]. Given these considerations, platelet
depletion occurring before an onset of sepsis could
actually be perceived as protective against sepsis-induced
microvascular alterations. However, our data suggest that
even profound thrombocytopenia does not alter the septic
microvascular phenotype seen on OPS imaging.

As mentioned above, the finding of microvascular
derangements seen even in sepsis-free patients with che-
motherapy-induced  cytopenia  represents  another
important and striking feature of the present study. To our
knowledge, this is the first evidence obtained from
directly visualized microcirculation to show that chemo-
therapy per se might be associated with microvascular
toxicity. The absence of any apparent acute illness or
organ dysfunction in these patients raises the as yet
unrecognized possibility of chemotherapy-triggered,
albeit clinically hidden, endothelial toxicity [42—45]. The
chemotherapeutic regimen used in our patient population,
in particular anthracyclines and cytosine arabinoside,
carries potential toward direct [46] as well as indirect [via
reactive oxygen species/nitric oxide synthase (NOS)
pathway] [37] endothelial cell injury. Moreover, expres-
sion of adhesion molecules (integrins, cadherins) and
subsequently intercellular connections/interactions of
endothelial cells are modified or disrupted when treated
with such chemotherapeutics [46]. Alternatively, the role
of residual circulating activated hematological tumor cells
and/or various cytokines released from them after che-
motherapy-induced cell lysis in mediating microvascular
alterations should also be taken into consideration [47—
49]. However, the significance of this observation remains
unclear and warrants further studies.

Interestingly, the recovery of microvascular changes
in cytopenic septic patients was significantly better in
terms of blood flow heterogeneity (MFI and FHI) as
compared with septic patients without neutropenia. The
exact reason for this observation is not readily apparent.
Despite comparable resolution of septic shock state, we
can speculate that the control of sepsis could have been
better in cytopenic septic shock patients as suggested by
more rapid, more prominent reduction in C-reactive pro-
tein [50]. The role of persistent thrombocytopenia in the
microvascular repair is tempting, but purely speculative.
Of note, in previous studies neutropenia recovery has
been associated with worsening of pulmonary dysfunc-
tion, in particular when supported by granulocyte colony-
stimulating factor [51]. In this context, our study did not



reveal microvascular toxicity related to the neutropenia
recovery.

There are some limitations to our study that should be
mentioned. First, one should take into account limitations
of the method used for microvascular assessment in our
study [8]. The OPS technique provides optical imaging of
hemoglobin-containing microvascular structures, without
allowing us to analyze leukocyte—endothelial interactions
directly. Therefore, our approach provides only a rough
estimate of the changes, and moderate or more subtle
microcirculatory alterations could not be detected. In
addition, relatively low number of subjects in all groups
could limit the power to disclose differences. Further-
more, our control group was not age-matched. Hence, one
could argue that control values in the control group might
have been different in age-matched individuals because of
microvascular aging and/or comorbidities. Nevertheless,
Boerma et al. [21] measured the same values of MFI
obtained at the stoma site of otherwise healthy outpatient
individuals with median age of 59 years. Finally, a
number of molecular events that might play a role in the

microvascular dysfunction in sepsis were not examined.
These include leukocyte/neutrophil functional analysis,
assessment of leukocyte—endothelial interaction(s), adhe-
sive molecules, as well as markers of endothelial
dysfunction.

Within the boundaries of the limitations, our study
showed that profound chemotherapy-induced cytopenia
did not modify the pattern of sepsis-induced microvas-
cular dysfunction. Although our study could suggest that
even profound neutropenia and thrombocytopenia do not
render microcirculation more resistant to sepsis-induced
microvascular distress, the role of residual polymorpho-
nuclear cells and platelets cannot be excluded. The
mechanisms and consequences of microvascular changes
associated with myeloablative chemotherapy warrant
further investigation.
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Thomas Karvunidis,* Jan Mares,** Visith Thongboonkerd,’ and Martin Matejovic**

*Charles University in Prague, Faculty of Medicine in Pilsen, and TMedical ICU and * Proteomic Laboratory,
1st Department of Internal Medicine, University Hospital Pilsen, Pilsen, Czech Republic; and $Medical
Proteomics Unit, Office for Research and Development, Faculty of Medicine, Siriraj Hospital, Mahidol

University, Bangkok, Thailand

Received 9 Jul 2008; first review completed 11 Aug 2008; accepted in final form 30 Sep 2008

ABSTRACT—Critical illness, such as sepsis or septic shock with multiple organ dysfunction syndrome, is the leading
cause of morbidity and mortality in intensive care units. The complexity of critical illness requires a robust methodology to
explore the underlying mechanisms. Proteomics represents a powerful postgenomic biotechnology used for simultaneous
examination of a large number of proteins or the proteome. Recent progress in proteomic techniques allows thorough
evaluation of molecular changes associated with critical illness, thereby permitting to identify novel biomarkers and
therapeutic targets. This review provides an update on the recent progress and potential of rapidly evolving proteomics

approach to facilitate new discoveries in the field of critical care medicine.

KEYWORDS—Biomarker, gel electrophoresis, intensive care, mass spectrometry, organ failure

INTRODUCTION

Critical illness, such as sepsis or septic shock with multiple
organ dysfunction syndrome (MODS), is a life-threatening
condition, which frequently leads to death even if treated
properly. It is the leading cause of death among patients in
non—coronary intensive care units, killing approximately 20%
to 50% of severely affected patients (1). In recent years,
exciting advances have been made in the understanding of
the pathophysiology and treatment of sepsis. Pathogens, via
their microbial-associated molecular patterns, trigger sequen-
tial intracellular events in immune cells, endothelium, and
the neuroendocrine system. Proinflammatory mediators (TNF-
a, IL-1B, IL-6, prostaglandins, leukotrienes, platelet activating
factor (PAF), proteases, reactive oxygen species, NO, adhe-
sive molecules, etc.) that contribute to eradication of invading
microorganisms are produced, whereas the anti-inflammatory
mediators (IL-4, IL-10, IL-13, transforming growth factor 3,
etc.) control this response (2). The inflammatory response
leads to damage to host tissues, whereas the anti-inflamma-
tory response causes leukocyte reprogramming and changes in
immune status. Although this concept is generally accepted,
the exact signal transduction and other molecular pathways
during the deregulated inflammatory response remain
obscure. Stepping forward onto the molecular level, we can
precisely identify these signaling messengers (intracellular,
intercellular, and/or interorgan) and biomarkers for rapid and
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accurate diagnosis and monitoring, discover the exact mech-
anisms of organ dysfunction, develop new drugs, and monitor
their therapeutic effects.

The sequencing of the human genome (Human Genome
Project) and that of numerous pathogens have opened the door
for proteomics by providing a sequence-based framework for
mining proteomes. There are approximately more than 30,000
human genes defined by DNA sequencing (3, 4), but an exact
assessment of the total number of proteins is more difficult to
establish. In addition, different types of posttranslational mod-
ifications or interactions with other proteins contribute to the
changes in biological activities of proteins, thereby greatly
expanding the total number of molecules in the proteome,
reaching more than 1,000,000 distinct variants (5). Hence, the
proteome is not a stable invariant mixture of proteins, but it is
a highly dynamic complex of distinct subproteomes specific
to a body tissue, cell, organelle, or biological fluid. Alterna-
tively speaking, gene expression studies can accurately predict
neither the structure and dynamics nor the function of re-
spective proteins. In this context, it was thought that mRNA
levels could be used for approximation of protein expres-
sion and activity. However, the poor correlation between
them clearly underscores the need for large-scale proteomics
studies (6). Importantly, because proteins carry out the func-
tion of genes, the knowledge of proteome is expected to pro-
vide fundamental information about cellular functions, both
under physiological and pathological conditions. Indeed, pro-
teins lie at the heart of human physiology, comprising ion
channels, enzymes, chemical messengers, and the infrastruc-
ture, allowing a biological system to function. Similarly, as
virtually all disease states are caused by alterations in pro-
tein expression and modifications, the identification of these
changes by proteomic analysis is of utmost importance to re-
veal relevant drug targets, therapeutic proteins and disease bio-
markers. In support of this concept, approximately one third

Copyright © 2009 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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from newly released drugs are protein-based biologics, such
as monoclonal antibodies and growth factors.

A BRIEF OVERVIEW OF PROTEOMICS AND
TECHNICAL CONSIDERATIONS

The term proteome was first defined and introduced by
Wilkins et al. (7) to describe the protein complement encoded
by the genome. There are several definitions for proteomics,
for example, “the systematic analysis of proteins for their
identity, quantity, and function” described by Peng and Gygi
(8). The term proteomics has also evolved to mean large-scale
analysis of proteins including all isoforms, modifications, and
their interactions between these molecules as well as the des-
cription of their structure and higher-order complexes. The
primary goal of proteomic research is to provide a deeper
understanding of the role of specific proteins in health and/or
disease (9—11). Proteomic approaches can be subdivided into
three distinct types: structural, expressional, and functional
proteomics (12). Structural proteomics aims to map nature
and structure of all proteins within cell or particular organelles
(e.g., mitochondria). Expressional proteomics provides quan-
titative measures and comparisons of proteins between
samples from different biological states (normal versus
diseased, native versus manipulated, etc.). The goal of
functional proteomics is to identify proteins that undergo
changes in response to a specific biological condition (e.g.,
protein-protein interactions, posttranslational modifications,
subcellular localization). Especially functional proteomics has
the potential to better understand molecular mechanisms
involved in sepsis and MODS (13). Incorporating data from
proteomic studies to disease-specific histopathology, tradi-
tional functional and biochemical measurements, imaging
techniques, and clinical outcomes should yield significant
breakthroughs in our molecular understanding of sepsis and
MODS (14).

Although technological armamentarium used in proteo-
mics is rapidly evolving, currently, no single methodology
has the capacity to address all the analytical challenges. Com-
monly used methods for current proteomics studies include
two-dimensional gel electrophoresis (2-DE) followed by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS), liquid chromatography
coupled to electrospray ionization—tandem MS (LC-ESI MS/
MS), surface-enhanced laser desorption/ionization coupled to
TOF MS (SELDI-TOF MS), capillary electrophoresis coupled
to MS, and microarrays. Among these techniques, each of
them has both advantages and limitations. Two-dimensional
gel electrophoresis is available in most of proteomics lab-
oratories and is simple to perform. However, 2-DE is time-
consuming and not applicable for proteins or polypeptides
smaller than 10 kDa or larger than 200 kDa. Its use is still
limited for highly hydrophobic proteins (8). Liquid chroma-
tography coupled to tandem MS (LC-MS/MS) offers the
advantage of high sensitivity together with automation, but it
is counterbalanced by rather time consumption and possibly
excessive sensitivity for interfering compounds (15). More-
over, quantitative analysis using LC-MS/MS is rather com-
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plicated. Surface-enhanced laser desorption/ionization
coupled to TOF MS is an easy-to-use system with an
automation and high-throughput manner. Only a small amount
(i.e., <10 pL) of biological sample is required for SELDI-TOF
MS analysis. However, the information obtained from SELDI-
TOF MS is restricted only to a particular group of proteins
(based on type of the chip), and its reproducibility has to be
concerned (15). Capillary electrophoresis coupled to MS is
another sensitive and high-throughput system that requires
only a small sample quantity. However, it is not well suited
for analysis of proteins with molecular masses greater than
20 kDa (15). Microarrays technology is one of the ideal
methods for proteome profiling (16). This approach allows the
high-throughput profiling of multiple proteins in the sample
and offers an opportunity to discover low-molecular-weight
biomarkers that may be missed by other (more commonly
used) techniques (17). Nevertheless, its applications are still
limited by the difficulty to make the arrays to cover all the
urinary proteins and the availability of antibodies or other
ligands (17). Other limitations include the conservation of
protein functionality during immobilization, as well as the
provision of the required absolute and relative sensitivity (17).

PROTEOMIC ANALYSIS OF CRITICAL ILLNESS
USING ANIMAL MODELS

The analysis of various experimental species in the large-
scale identification of tissue and biological fluids is important
for the progress in the understanding of molecular mecha-
nisms involved in critical illness. In particular, the utilization
of clinically relevant models integrating information about
protein changes in diseased tissues with other pathophysio-
logical data is expected to reveal novel disease mechanisms,
drug targets, and biomarkers (Table 1).

The pathogenic mechanisms underlying sepsis are still
largely unknown, but it is likely that significant alterations in
mitochondrial function underlie the disease processes and de-
termine their progression and outcome (18). Crouser et al.
(19) analyzed cat liver mitochondrial protein (MP) expression
patterns during acute normotensive, resuscitated endotoxemia
to discover novel insights into mitochondrial responses to acute
systemic inflammation. Fourteen differentially expressed pro-
teins involved in a number of critical liver functions were iden-
tified in samples obtained 4 h after treatment. Increased
expressions of urea cycle enzymes, heat shock protein (HSP)
60, and manganese superoxide dismutase were detected,
whereas expressions of HSP-70, F1-ATPase, and key enzymes
regulating lipid metabolism were reduced. These differentially
expressed proteins may play a role in the endotoxin-induced
mitochondrial dysfunction contributing to the altered organ
function during endotoxemia. Another study investigating the
proteomic alteration of hepatic mitochondria during sepsis was
performed by Chen et al. (20) in rats with cecal ligation and
puncture (CLP)—induced sepsis. Using 2-DE, approximately
120 dominant spots were separated and visualized distinctly.
Among them, three spots with the same molecular weight
(56.4 kDa), MP1, MP2, and MP3, were significantly altered in
septic specimens. When subsequently analyzed by LC-MS/

Copyright © 2009 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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TasLe 1. Summary of selected proteomics studies of critical illness using animal models

Publication
date Authors Proteomic technique Sample Disease model Findings
2006 Crouser et al. (19) 2-DE followed by LC-MS/  Cat liver mitochondria  Endotoxemia During endotoxemia, mitochondrial levels of urea cycle enzymes,
MS induced by HSP-60, and manganese superoxide dismutase were increased,
LPS from E. whereas HSP-70, F1-ATPase, and key enzymes regulating lipid
coli metabolism were decreased
2007 Chen et al. (20) 2-DE followed by LC-MS/  Rat liver mitochondria ~ Sepsis induced ALDH2 activity was preserved in heated septic rats, whereas it was

MS by CLP downregulated in nonheated objects; these results suggest
posttranslational modification; highly possible the phosphorylation
in ALDH2 may play a functional role in the pathogenesis of sepsis
and provide a novel protective mechanism of heat shock treatment

2007 Ren et al. (21) 2-DE followed by MALDI-  Mouse plasma Sepsis induced Plasma levels of transferrin, hemopexin, kininogen, o-1-antitrypsin

TOF/TOF MS/MS by CLP precursor, leucine-rich a-2-glycoprotein, a-2-HS-glycoprotein,
a-1-acid-glycoprotein, transthyretin, serum amyloid protein P,
apolipoprotein A-l precursor, and complement C3 were altered
during sepsis in mice; most of these altered proteins remained in
N-glycosylation status, but had changes of their N-glycans during
sepsis

2006 Duan et al. (22) 2-DE followed by MALDI-  Rat skeletal muscle Cutaneous burn Transferrin, chaperone proteins (HSP-60, HSP-27, HSP-36, and

TOF MS and nano-LC- together with GrpE protein homologue 1), and metabolic enzymes (ATP-

ESI MS/MS CLP synthase B chain, cytochrome C oxidase polypeptide Va and Vb,
fatty acid-binding protein, etc.) were all downregulated within the
burn-sepsis group; within the group of structural proteins, only
myosin regulatory light chain 2 was decreased, whereas MyBP-H,
actin, and parvalbumin o were upregulated in burned-septic mice

2006 Chang et al. (23) 2-DE followed by MALDI-  Rat RVLM Endotoxemia HSP-60 redistributed form mitochondria to cytosol in the RVLM
TOF MS (and Western induced by ensured neuroprotection against fatal cardiovascular depression
blotting assay) LPS from E. during endotoxemia via reduced activation of the cytochrome
coli C-caspase 3 cascade of apoptotic signaling
2005 Li et al. (24) 2-DE coupled with MALDI- Rat RVLM Endotoxemia De novo synthesized HSP-70 in RVLP may provide neuroprotection
TOF MS (and Western induced by against cardiovascular depression during the fatal endotoxemia via
blotting assay) LPS from E. reduced activation of apoptotic signaling and enhancing the
coli sympathoexcitatory NOS I/PKG signaling pathway together with
inhibiting the sympathoinhibitory NOS Il/peroxynitrite cascade in
the RVLP, respectively; HSP-90 seems to be ineffective in this
context
2006 Holly et al. (26) 2-D DIGE followed by Rat urine Sepsis induced Sepsis-induced ARF caused changes in urinary excretion of several

MALDI-TOF MS by CLP proteins including albumin, brush-border enzymes (e.g., meprin-
1a), and serine protease inhibitors; using the meprin-1a inhibitor
actinonin, animals treated with actinonin had lower serum
creatinine level compared with the vehicle-treated animals after
induction of sepsis

2007 Dear et al. (27) DIGE coupled with MALDI- Mouse livers Sepsis induced The inhibition of the CD147 receptor for cyclophilin attenuated sepsis-
TOF MS (and Western by CLP induced acute renal failure and inflammatory response
blotting assay)
2008 Grigoryev et al. (28)  Functional genomic Murine kidney and lung Ischemic AKI The inflammatory transcriptome (109 genes) of both kidney and lungs
analysis tissues had similar changes on the innate immunity genes Cd14, Socs3,
Saa3, Lcn2, and 1/1r2; functional genomic analysis of these genes
suggested that IL-10 and IL-6 signaling was involved in the distant
effects of local inflammation, and this was supported by increased
serum levels of IL-10 and IL-6 after I/R
2007 Shao et al. (62) Diagonal gel Cell cultures, mouse Sepsis/septic Forty-one proteins directly cleaved by caspase 1 were identified;
electrophoresis coupled peritoneal shock induced among these were chaperones, cytoskeletal and translation

with macrophages, mouse by LPS from E. machinery proteins, and proteins involved in immunity; series

LC-MS, SDS-PAGE (and diaphragm muscle coli of unexpected proteins along the glycolytic pathway were also

PCR) identified, including aldolase, triose-phosphate isomerase,

glyceraldehydes-3-phosphate dehydrogenase, a-enolase,

and pyruvate kinase; in vivo, stimuli fully activated caspase 1
(including sepsis) caused pronounced processing of these proteins
in the macrophages and diaphragm muscle

Adapted from Matejovic (61).

SDS-PAGE indicates sodium dodecyl sulfate—polyacrylamide gel electrophoresis; MALDI-TOF/TOF indicates MALDI-TOF tandem MS; PCR,
polymerase chain reaction; MyBP-H, myosin-binding protein H; ARF, acute renal failure.

MS, these three spots all were revealed to be an identical
enzyme—aldehyde dehydrogenase 2 (ALDH2), an important
protector against oxidative stress. Two variants of ALDH?2,
termed MP1 and MP2, were downregulated, whereas MP3 was
upregulated during sepsis. Of note, the heat shock pretreatment
could preserve the ALDH2 activity 18 h after CLP. The
authors suggest that posttranslational modification in ALDH?2
may play a functional role in the pathogenesis of sepsis and
provide a novel protective mechanism of heat shock treatment.

A comprehensive global analysis of plasma protein changes
during the evolution of sepsis represents another crucial step
to elucidate the mechanisms of septic pathophysiology and to
identify protein-based biomarkers. Ren et al. (21) monitored
the plasma proteomic responses to sepsis induced by CLP in a
mouse model. Although no significantly different plasma prote-
omes were detected at early stage of sepsis (4 h after CLP)
compared with sham animals, marked changes in plasma pro-
teins occurred 24 h after CLP. Moreover, most sepsis-responsive
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proteins were upregulated with multiple modified forms. From
the clinical point of view, these results support the generally
accepted need for therapeutic intervention during the first 12 to
24 h of sepsis development, when the maximum of potentially
reversible changes takes place.

Skeletal muscle wasting is a serious complication of a wide
range of diseases including sepsis. Duan et al. (22) charac-
terized changes in the skeletal muscle proteome of rats sub-
jected to a cutaneous burn covering 20% of the total body
surface area, followed by sepsis induced by CLP 2 days later.
They identified 17 different spots representing 15 proteins
between the groups of burn-CLP and sham-sham. All the
spots were reliably identified through MALDI-TOF MS, and
identities of the spots for transferrin, ATP-synthase 8 chain,
and parvalbumin o were further confirmed by nano-LC-
ESI MS/MS analysis. As expected, transferrin—the negative
acute-phase protein—was downregulated within the burn-
sepsis group. Chaperone proteins (HSP-60, HSP-27, HSP-f6,
and GrpE protein homologue 1) and metabolic enzyme group
(ATP-synthase B chain, cytochrome C oxidase polypeptide
Va and Vb, fatty acid—binding protein, etc.) were all down-
regulated as well. Within the group of structural proteins, on-
ly myosin regulatory light chain 2 was decreased, whereas
myosin-binding protein H, actin, and parvalbumin o were, as
the only three proteins within all detected ones, upregulated in
burned-septic mice. Taking together, the coordinated down-
regulation of chaperone proteins and metabolic enzymes sug-
gests that impaired cellular functions may contribute to the
mechanisms of muscle wasting in response to severe injury.
Moreover, in vitro induction of heat shock response as docu-
mented by chaperone expression protected against muscle
protein degradation. This finding supports the concept that the
decrease in chaperone proteins may sensitize to oxidative
stress, a potent inducer of muscle atrophy.

The neuroprotective role of HSP chaperones has recently
been evaluated using a proteomic approach. Chang et al. (23)
tried to evaluate the hypothesis that HSP-60 reduces cardio-
vascular fatality during brainstem death via antiapoptotic
action in the rostral ventrolateral medulla (RVLM) in the rat
model of endotoxemia. Two-dimensional gel electrophoresis
coupled with MALDI-TOF MS and Western blotting analysis
revealed a progressive augmentation of HSP-60 expression
in the RVLM after i.v. administration of Escherichia coli LPS
(30 mg/kg). Moreover, endotoxemia elicited approximately
60% fatality in these rats within 240 min compared with
100% mortality by 180 min if these animals were pretreated
with microinjection of an anti-HSP-60 antibody into the
bilateral RVLM 1 h before the induction of endotoxemia. The
authors concluded that HSP-60 redistributed form mitochon-
dria to cytosol in the RVLM ensured neuroprotection against
fatal cardiovascular depression during endotoxemia via re-
duced activation of the cytochrome C—caspase 3 cascade of
apoptotic signaling. Li et al. (24) investigated the neuro-
protective role of the 70-kd HSP-70 and the 90-kDa HSP-90
using sequential samples taken from RVLM according to the
three phases of cardiovascular response during endotoxemia
as described by Chan et al. (25). The expression of HSP-70,
but not HSP-90, in the RVLM was augmented compared with
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sham subjects. Functional blockade of HSP-70 in the RVLM
by an anti-HSP-70 antiserum or prevention of synthesis by an
antisense hsp-70 oligonucleotide exacerbated mortality or po-
tentiated the cardiovascular depression during the experiment.
These two studies support the neuroprotective role of de novo
synthesized HSP-60 and HSP-70 mediated by preventing car-
diovascular depression during the fatal endotoxemia via re-
duced activation of apoptotic signaling and the enhancing the
sympathoexcitatory NOS I/Protein Kinase G (PKG) signaling
pathway together with inhibiting the sympathoinhibitory NOS
II/peroxynitrite cascade in the RVLP, respectively. The HSP-
90 seems to be ineffective in this context.

With an effort to discover novel biomarkers and poten-
tial drug targets, Holly et al. (26) compared the urinary pro-
teomics in the cohort of CLP-induced septic rats with acute
kidney injury (AKI) and in the subgroup of the ones that did
not develop AKI. They identified three groups of proteins
with relative expression difference. Circulating proteins (such
as albumin) were increased; serine protease inhibitors
were decreased, and “kidney-specific” proteins were either in-
creased (aminopeptidase) or decreased (meprin-la). Alto-
gether, 30 differentially expressed proteins were detected.
Subsequently, actinonin, an inhibitor of the brush-border
enzymes (especially meprin-1a), was given to the CLP mouse
model at 0 and 6 h after surgery. Mice treated with actinonin
had significantly lower serum creatinine level compared with
placebo-treated group 24 h after CLP. Difference in gel
electrophoresis (DIGE) has also been used to characterize
protein changes in the liver of mice with sepsis after CLP
(27). In this study, dynamic changes in the liver proteome
revealed that the spectrum of altered proteins differed from 6
to 24 h. These altered proteins had a range of functions such
as acute-phase response, oxidative stress, NO metabolism,
coagulation, apoptosis, and mitochondrial functions. Impor-
tantly, the comparison of early and late protein changes en-
abled the authors to identify and validate candidate markers.
Indeed, the inhibition of the receptor (CD147) for one of these
proteins, cyclophilin, attenuated sepsis-induced acute renal
failure and inflammatory response. A number of studies in
humans and animal models have demonstrated that AKI could
have a significant effect on the function of extrarenal organs.
Grigoryev et al. (28) have identified transcriptomic and his-
tological changes in both kidney and lung tissues in the mu-
rine model of ischemic AKI. The inflammatory transcriptome
(109 genes) of both organs had similar changes on the innate
immunity genes Cdl4, Socs3, Saa3, Lcn2, and I11r2. Func-
tional genomic analysis of these genes suggested that IL-10
and IL-6 signaling was involved in the distant effects of local
inflammation, and this was supported by increased serum
levels of IL-10 and IL-6 after ischemia/reperfusion (I/R). This
study uncovers the important link between renal and remote
organ dysfunction/failure during AKI and suggests potential
candidate molecules for novel biomarkers and therapeutic
targets.

A limiting factor of these rodent animal models, which
might be of particular relevance in the context of proteomics, is
that their normal pattern of gene expression, regulation of in-
flammation, cardiovascular response to endotoxin or bacteria,
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or their tissue antioxidative capacity and susceptibility to oxi-
dative stress is rather different from that in larger mammals in-
cluding humans (29-31).

PROTEOMIC ANALYSIS OF PATIENTS WITH
CRITICAL ILLNESS

Although the proteomic approach to study sepsis and
MODS in clinical setting is still in an early stage, some im-
portant data have been generated, making further exploratory
studies to better understand the molecular mechanisms and
pathophysiology of sepsis and MODS more feasible (14)
(Table 2).

Qian et al. (32) performed comparative proteome analysis
of human plasma after in vivo LPS administration using 2-DE
LC-MS/MS. They identified 804 nonimmunoglobulin plasma
proteins that expanded the known human plasma proteome.
There were 32 proteins whose plasma levels were signifi-
cantly increased 9 h after LPS administration. Twenty-eight of
them had not previously been identified as the upregulated
proteins during endotoxemia. They could play important roles
in the pathophysiology and regulation of the inflammatory
response. Using 2-DE coupled with MALDI-TOF MS,
Kalenka et al. (33) identified four differentially expressed se-
rum proteins between survivors and nonsurvivors at day 28
within the cohort of 18 patients with sepsis and/or septic
shock. Blood samples were obtained within the first 12 h after
the diagnosis. Three of the identified proteins (complement
factor B, haptoglobin, and clusterin) had decreased serum
levels in the subgroup of nonsurvivors, whereas serum level of
the a-1-B-glycoprotein was increased within this subgroup.
This pilot study suggests that early alterations in plasma levels
of some proteins in patients with septic shock could help to
identify at-risk patients. Similarly, the proteomic and genomic
technologies have been used to explore the responses to tho-
racoabdominal aortic aneurysm repair and to assess whether
the circulating plasma protein profile could discriminate be-
tween a dichotomous clinical outcome (34). Indeed, by deter-
mining seven plasma proteins that distinguished patients who
developed MODS from those who did not, the authors suggest
that plasma proteome may identify the outcome after visceral
I/R injury. Interestingly, many of these differences occurred
even before the surgical injury, indicating that not only ge-
netic predisposition but also pre-existing inflammatory state
may determine the subsequent development of MODS. In ad-
dition, urine proteomics applied in 40 patients after hema-
topoietic stem cell transplantation revealed 13 sepsis-specific
polypeptides allowing a distinction of patients with graft-
versus-host disease from those with sepsis with a specificity
of 97% and a sensitivity of 100% (35). Buhimschi et al. (36)
determined the relationship between four amniotic fluid pro-
teomic biomarkers (human neutrophil defensins 2 and 1,
calgranulins C and A) characteristic of intra-amnionic inflam-
mation, funisitis (i.e., perivascular infiltrates of inflammatory
cells that are considered as one of the strongest hallmarks of
microbial invasion of the amniotic cavity and fetal inflamma-
tory syndrome), and early-onset sepsis in premature neonates.
The mass restricted (MR) score of all women in preterm labor
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was then generated and ranged from O to 4 (none to all bio-
markers present). The data revealed that calgranulin C had
the strongest association with clinically significant funisitis,
whereas calgranulin A had the strongest association with
early-onset sepsis. Amniotic fluid proteomic analysis showed
that women with MR scores 3 to 4 are more likely to have his-
tological funisitis and deliver neonates with early-onset sepsis.
Finally, Shen et al. (37) performed the human plasma protein
profiling after immunodepletion treatment to remove the most
abundant proteins (serum albumin, transferrin, haptoglobin,
antitrypsin, IgG, and IgA) from patients with systemic inflam-
matory response syndrome (SIRS) and sepsis. The unique
combination of immunodepletion with high-resolution protein
separation and MS analysis enabled the detection of approxi-
mately 3,000 lower-abundance plasma proteins and the ulti-
mate observation of 10 potential sepsis biomarkers with the
downregulation of seven proteins (complement component
C4, C-reactive protein precursor, plasminogen precursor, apo-
lipoprotein A-II, plasma protease C1 inhibitor precursor, trans-
thyretin precursor, and serum amyloid P-component precursor)
as well as the upregulation of three proteins (apolipoprotein A-I,
antithrombin-III precursor, and serum amyloid A-4 protein
precursor) observed in plasma from SIRS patients.

Acute respiratory distress syndrome (ARDS) remains an
important cause of high morbidity, mortality, and health care
costs in critically ill patients (38). Nevertheless, no single pro-
tein marker identified by traditional laboratory methods has
demonstrated enough specificity and sensitivity to serve as a
reliable predictor of outcome. Recent advancements make pro-
teomics more practical and feasible for researchers in the field
of pulmonary medicine using bronchoalveolar lavage fluid
(BALF), lung tissue, and exhaled breath condensates as the
source of protein analysis (39). A detailed proteomic approach
to the study of pulmonary edema fluid and plasma in patients
with acute lung injury (ALI) was first used by Bowler et al.
(39). In their study, most of the proteins identified in edema
fluid were plasma proteins, supporting the theory of impaired
alveolocapillary barrier. Importantly, the authors showed that,
in contrast to normal subjects, most of ALI patients expressed
proteins with multiple posttranslational modifications (e.g.,
orosomucoid, haptoglobin) that would otherwise be over-
looked by other methods. Although some of these novel
changes could serve as new biomarkers, the significance of
revealed modifications warrants further studies. Liquid chro-
matography MS/MS was used by Schnapp et al. (40) to
further analyze the protein profile of BALF in ARDS. The
authors could demonstrate the role of insulinlike growth
factor-binding protein 3 in repressing apoptosis of lung
fibroblasts in the pathogenesis of ALI/ARDS as this protein
was significantly overexpressed in patients at risk of ARDS
and with established ARDS. The highest level was found at
the early stage of ARDS, from days 1 to 3, with decreasing
level when the disease progressed. Proteomic analysis of
BALF also identified the potential importance of heparin-
binding epidermal growth factor-like protein, the potent
mitogen, and chemotactic factor for fibroblasts which
may play a role in the fibroproliferative response during
ALI/ARDS.
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TasLe 2. Summary of selected proteomics studies of patients with critical iliness

Publication
date Studied by Proteomic technique Sample Disease model Findings
2005 Qian et al. (32) 2-D LC-MS/MS Human plasma Endotoxemia 32 Proteins were identified whose plasma levels were significantly increased 9 h

induced by LPS
administration

after the LPS administration; 28 of them were not previously identified as the
upregulated proteins during endotoxemia

2006 Kalenka 2-DE followed by Human serum  Sepsis and septic  Complement factor B, haptoglobin, and clusterin had lower serum levels in the
et al. (33) MALDI-TOF MS shock nonsurvivors, whereas a-1-B-glycoprotein level was lower in the survivors
2007 Buhimschi SELDI-TOF MS Human amniotic Early-onset sepsis Calgranulin C had the highest association with clinically significant funisitis,
et al. (36) fluid in premature whereas calgranulin A had the strongest association with early-onset sepsis;
neonate women with MR scores 3-4 were more likely to have histological funisitis and
to deliver neonates with early-onset sepsis
2006 Shen et al. (37) 3-D LC-MS/MS Human plasma SIRS and sepsis Detection of approximately 3,000 lower-abundance plasma proteins and the
after previous ultimate observation of 10 potential sepsis biomarkers with the downregulation
immunodepletion of seven proteins (complement component C4, C-reactive protein precursor,
plasminogen precursor, apolipoprotein A-ll, plasma protease C1 inhibitor
precursor, transthyretin precursor, serum amyloid P-component precursor) as
well as the upregulation of three proteins (apolipoprotein A-I, antithrombin-Iil
precursor, serum amyloid A-4 protein precursor) observed in plasma from
SIRS patients after immunodepletion
2006 Bowler et al. (39) Various techniques Pulmonary ALl Most of the proteins identified in edema fluid were plasma proteins, supporting the
edema fluid theory of impaired alveolocapillary barrier
and plasma
2006 Schnapp LC-MS/MS BALF ARDS The authors could demonstrate the role of IGFBP-3 in repressing apoptosis of
et al. (40) lung fibroblasts in the pathogenesis of ALI/ARDS as this protein was
significantly overexpressed in patients at risk of ARDS and with established
ARDS; HB-EGF may play a role in the fibroproliferative response during ALI/
ARDS
2005 Nguyen et al. (46) SELDI-TOF MS Human urine ARF after Urinary proteins with masses of 6.4, 28.5, 43, and 66 kd have increased levels
cardiopulmonary during ARF
bypass
2005 Lefler et al. (47) 2-DE followed by Human CRRT  AKI Proteins identified were albumin, apolipoprotein A-IV, B2-microglobulin,
MALDI-TOF MS ultrafiltrate lithostathine,
or MALDI-TOF/ mannose-binding lectin-associated serine protease 2-associated protein,
TOF MS/MS plasma retinol-binding protein, transferrin, transthyretin, vitamin D-binding
protein, and Zn a-2-glycoprotein
2007 Vanhoutte SELDI-TOF MS Human urine Mild ischemic AKI A set of SELDI spectra (with mass ranges of 3-70 kd) could differentiate patients
et al. (48) after CABG with early AKI after CABG surgery from healthy individuals
surgery
2007 Vanhoutte 2-DE followed by Human urine Mild ischemic AKI  Retinol-binding protein, agrine, regenerating protein, lipocalin, Zn o-2-
et al. (48) LC-MS/MS after CABG glycoprotein, gelsolin, carbonic anhydrase, actin, haptoglobin, perlecan,
surgery immunoglobulins, prostaglandin, amylase, transferrin, Bence Jones protein,
and cystatin had increased levels in the urine of CABG patients with AKI
2008 Grigoryev Functional genomic Murine kidney  Ischemic AKI The inflammatory transcriptome (109 genes) of both kidney and lungs had similar
et al. (28) analysis and lung changes on the innate immunity genes Cd14, Socs3, Saa3, Lcn2, and Il1r2.
tissues Functional genomic analysis of these genes suggested that IL-10 and IL-6
signaling was involved in the distant effects of local inflammation, and this was
supported by increased serum levels of IL-10 and IL-6 after I/R
2005 Karsan et al. (54) LC-MS/MS Membranes of LPS-activated 358 Proteins from the lipid-rich microdomains of LPS-activated endothelial cell

human
endothelial
cells

endothelial cell

membranes have been identified

Adapted from Matejovic (61).

3-D LC-MS/MS indicates three-dimensional LC coupled to tandem MS; CRRT, continuous renal replacement therapy; IGFBP-3, insulinlike growth
factor-binding protein 3; HB-EGF, heparin-binding epidermal growth factor-like protein.

Acute kidney injury represents a significant but often
underrecognized problem in clinical medicine with high (and
permanently increasing) incidence, particularly in critically ill
patients (41-44). Currently, there is a lack of precise bio-
markers that can be used for early diagnosis of AKI. Using
proteomics, a considerably large amount of data has recently
been generated resulting in the discovery of various AKI bio-
markers in plasma [Neutrophil Gelatinase-Associated Lip-
ocalin (NGAL) and cystatin C] and urine (NGAL, KIM-1, IL-
18, cystatin C, B1-microglobulin, fetuin-A, and meprin) (45).
Nguyen et al. (46) used the SELDI-TOF MS to identify
urinary biomarker patterns that predict AKI in patients
undergoing cardiopulmonary bypass. Their analysis revealed
a marked enhancement of protein biomarkers with molecular
masses of approximately 6.4, 28, 43, and 66 kDa, reaching

100% sensitivity and specificity for the prediction of AKI
after cardiopulmonary bypass. In another proteomic profiling
study in humans, Lefler et al. (47) characterized proteins
removed by continuous renal replacement therapy in a patient
with AKI. Proteins identified were albumin, apolipoprotein A-
IV, P2-microglobulin, lithostathine, mannose-binding lectin-
associated serine protease 2—associated protein, plasma reti-
nol-binding protein, transferrin, transthyretin, vitamin
D-binding protein, and Zn a-2-glycoprotein. The clinical
implication of this knowledge is unclear at present, but may
contribute to better understanding of protein/mediator removal
by hemopurification techniques. Vanhoutte et al. (48) showed
that SELDI-TOF MS is a useful tool to differentiate patients
with early AKI after coronary artery bypass graft (CABG)
surgery. According to their results, urine proteomic patterns
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with molecular masses of approximately 3 to 70 kDa
could discriminate patients with mild ischemic AKI after
CABG surgery from healthy individuals.

Proteomics of blood cells and human endothelium could
bring us another piece of knowledge into the jigsaw of patho-
genesis not only of blood diseases. The endothelium plays a
central role in the pathophysiology of various critical condi-
tions associated with systemic inflammatory response (49-53).
Karsan et al. (54) described a method to isolate membranes
from LPS-activated endothelial cells and performed proteomic
analysis of them. The authors detected 358 proteins, of which
half were classified as membrane proteins, and pointed out
that this could be the way to the deeper understanding of the
gram-negative sepsis pathophysiology. Coagulation abnormal-
ities and thrombocytopenia/thrombocytopathy are common in
sepsis, and the number of platelets correlates with its severity
(55-57). Platelets play previously unrecognized roles in fun-
damental biological processes including inflammation, host
defense and thrombosis, and the critical pathways implicated
in sepsis and MODS (57). In this context, because of the
absence of nucleus and only little amount of mRNA, platelets
are excellent candidates for proteomic approaches. Indeed, the
proteomic approach has recently been shown to be capable of
dissecting the broad spectrum of molecular mechanisms
responsible for platelet-related diseases and better under-
standing their role in the innate and adaptive immunity res-
ponse (58-60).

CONCLUSION

Proteomics has the potential to move up to the forefront of
critical care researchers as well as clinicians because it not
only helps in unraveling the molecular-based mechanisms of
many diseases, but also permits the discovery of new
biomarkers for early and rapid diagnosis and integrates this
knowledge into the daily routine patient management and
treatment.
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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



Proteins Eliminated by Prometheus System

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
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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)?
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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.'®



Proteins Eliminated by Prometheus System

research articles

100 100
e A . b
0. [ ] .. . . .. L 3 .
_ - 1 %o
10 o‘ . . : 2 ° 10 - 3 :..'.
° ®e,® o . ° °® ° ¢,
= Ll = ° ° ®
o ° ¢ ‘s .o . ° H : o e® o . :' .&. o
o 19 *es > - I a1 ’ . L A R o
= A 9. * “ H u . o.\' ° %
=) s %% 1 4 2 . ot L o
9 .o * @ . S ] .® . ° o ®
011 o o® @ * 0.1 1 d e *
N r=0.2 . r=0.12
: p=0.01 o p=0.14
0.01 T T T T 0.01 T -
50 100 150 200 4 5 6 7 8 9 10
P1 eluate MW [kDa] P1 eluate pl
1000 1000
. c . d
. .
100 - e, o ® 100 - LI 1)
) et . . . .ot
o | ] i .
g 10 ':'.".u... o . s 10 . .ut". Ve .
o °® v 4 o °® . e _ 00 .
w 1 ?; .‘.i... te e ‘. y o 1 .'g..o ':’ - * ° .o ..’
2 ..“0.0...‘ Y g ] o gt e .:: v o°
.Ot:o. e r e° ‘ 2°% .
o1 . r=0.04 0.11 r=¢0.32
p=0.65 p =0.002
0.01 T T T T 0.01 . -
50 100 150 200 4 5 6 7 8 9 10

P2 eluate MW [kDa]

P2 eluate pl

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

weight.
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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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Supporting Information Available: MS/MS spectra of
transthyretin, plasma retinol-binding protein, hyaluronan-
binding protein, trypsin 2, prothrombin, vitronectin and clus-
terin detected in eluates: plasma 2D-gel scanned image to-
gether with spots’ MW and pI distributions in plasma:
Hyaluronan-binding protein 2 light chain sequence coverage
by MS/MS. This material is available free of charge via the
Internet at http://pubs.acs.org.
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A B S TRACT

Sepsis is a systemic response to infection commonly found in critically ill patients and is associated
with multi-organ failure and high mortality rate. Its pathophysiology and molecular mechanisms
are complicated and remain poorly understood. In the present study, we performed a proteomics
investigation to characterize early host responses to sepsis as determined by an altered plasma
proteome in a porcine model of peritonitis-induced sepsis, which simulated several clinical
characteristics of human sepsis syndrome. Haemodynamics, oxygen exchange, inflammatory
responses, oxidative and nitrosative stress, and other laboratory parameters were closely
monitored. Plasma samples were obtained from seven pigs before and 12 h after the induction of
sepsis, and plasma proteins were resolved with two-dimensional gel electrophoresis (n=7 gels/
group; before being compared with during sepsis). The resolved proteins were stained with the
SYPRO Ruby fluorescence dye and subjected to quantitative and comparative analyses. From
approx. 1500 protein spots visualized in each gel, levels of 36 protein spots were significantly
altered in the plasma of animals with sepsis (sepsis/basal ratios or degrees of change ranged
from 0.07 to 21.24). Q-TOF (quadrupole—time-of-flight) MS and MS/MS (tandem MS) identified
30 protein forms representing 22 unique proteins whose plasma levels were increased, whereas
six forms of five unique proteins were significantly decreased during sepsis. The proteomic
results could be related to the clinical features of this animal model, as most of these altered
proteins have important roles in inflammatory responses and some of them play roles in oxidative
and nitrosative stress. In conclusion, these findings may lead to a better understanding of the
pathophysiology and molecular mechanisms underlying the sepsis syndrome.

Key words: host response, infection, plasma, proteomics, sepsis, septicaemia.

Abbreviations: 2-D, two-dimensional; ACN, acetonitrile; BP, blood pressure; CO, cardiac output; CVP, central venous
pressure; D03, oxygen delivery; DTT, dithiotheitol; Fioy, fraction of inspired oxygen; IEF, isoelectric focusing; IL, interleukin;
LPS, lipopolysaccharide; Q-TOF, quadrupole-time-of-flight; MS/MS, tandem MS; NCBI, National Center for Biotechnology
Information; NOx, nitrate/nitrite; PAOP, pulmonary artery occlusion pressure; Pcoy, partial pressure of carbon dioxide; PEEP,
positive end-expiratory pressure; PO, partial pressure of oxygen; SVR, systemic vascular resistance; TBARS, thiobarbituric acid-
reacting substances; TFA, trifluoroacetic acid; TNF-a, tumour necrosis factor-o; Vo,, oxygen consumption.
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INTRODUCTION

Sepsis is defined as a systemic inflammatory response
syndrome due to presumed or confirmed infection [1,2].
It is associated with multi-organ failure, which in turn
serves as a marker for the high mortality rate of sepsis
[2,3]. Even with treatments with the currently available
regimens of antibiotics, fluid resuscitation, vasoactive
compounds, corticosteroids etc. [4-6], the morbidity
and mortality rates remain considerably high. Several
attempts have been made to define new therapeutic
targets, for example IL-12 (interleukin-12) [7], HMG
(high-mobility group) box-1 isoforms [8], trypsin [9] and
several others [10]; however, the molecular mechanisms
underlying sepsis remain poorly understood. Searching
for biomolecules that are involved in the pathophysiology
of sepsis would be a significant advance and would facil-
itate defining new therapeutic targets for better treatment
outcomes.

Over the last decade, proteomics has been emerging
and used for the high-throughput analysis of proteins. It
has been extensively applied to several subdisciplines of
biomedical research, particularly for clinical applications,
with the ultimate goals to understand normal physiology
better, to explore the pathogenic mechanisms of diseases,
and to search for novel biomarkers and therapeutic targets
for improving treatment outcome [11-13]. In the present
study, we applied a gel-based proteomics approach to
characterize early responses to sepsis, as determined by
changes in the plasma proteome during an early phase
of sepsis. A porcine model of peritonitis-induced sepsis,
which displays several clinical characteristics resembling
those of sepsis syndrome in humans, was employed
in our present study. Peritonitis-induced sepsis was
initiated by intraperitoneal injection of autologous
faeces with careful monitoring of haemodynamics,
oxygen exchange, inflammatory responses, oxidative and
nitrosative stress, and other laboratory parameters. The
plasma proteome at 12 h after the induction of sepsis
was compared with the basal plasma proteome (before
sepsis induction) using 2-D (two-dimensional) gel
electrophoresis. Differential analysis revealed significant
differences in levels of 36 protein spots, which were
subsequently identified by Q-TOF (quadrupole-time-
of-flight) MS and/or MS/MS (tandem MS). Potential
roles of these altered proteins induced by sepsis are
discussed.

MATERIALS AND METHODS

Ethics

The present study was performed according to the
National Institutes of Health Guidelines on the Use
of Laboratory Animals, and the study protocol was

© The Authors Journal compilation © 2009 Biochemical Society

approved by the Ethical Committee at Charles University
School of Medicine in Plzes.

Experimental set up and the induction

of sepsis

A total of seven pigs were included in the present
study and all of them were closely monitored. After
an induction of anaesthesia with intravenous atropine
(0.5 mg), 2% (v/v) propofol (1-2 mg/kg of body weight)
and ketamine (2 mg/kg of body weight), all of the animals
were mechanically ventilated with an Fio, (fraction of
inspired oxygen) of 0.4, PEEP (positive end-expiratory
pressure) of 5-10 cmH, O, and a tidal volume of 10 ml/kg
of body weight. The respiratory rate was adjusted to
maintain an arterial Pco, (partial pressure of carbon diox-
ide) between 4.0 and 5.0 kPa. Anaesthesia was maintained
with continuous intravenous thiopental (10 mg-kg~!
of body weight-h™!) and fentanyl (10-15 ug-kg™' of
body weight-h™!) during surgery and then maintained
with continuous intravenous thiopental (5 mg-kg™! of
body weight-h™') and fentanyl (5 ug-kg=! of body
weight - h™!) thereafter until the end of the study. Muscle
paralysis was achieved with pancuronium (0.2 mg - kg!
of body weight - h™!). The intravenous fluid was Plasma
Lyte® solution (Baxter Healthcare) with a rate of
15 ml-kg~! of body weight - h~! during surgery and then
of 7ml-kg™! of body weight - h™! as a maintenance fluid.
Arterial blood glucose levels were maintained at 4.5-
7.0 mmol/l using a 20 % (w/v) glucose infusion.

A central venous catheter was inserted through the
left jugular vein for administration of all of the drugs
and fluids. A balloon-tipped thermodilution pulmonary
artery catheter was placed via the right jugular vein.
A femoral arterial catheter was placed for BP (blood
pressure) monitoring and blood sampling. Two tubes
were placed through the abdominal wall for the induction
of peritonitis and ascites drainage. A cystostomy catheter
for urine collection was placed percutaneously under
ultrasound guidance.

After all measurements and sample collection at base-
line, sepsis was initiated by the induction of peritonitis by
inoculating 0.5 g of autologous faeces/kg of body weight
suspended in 200 ml of saline into the abdominal cavity
through the drainage tubes. A second set of measure-
ments and sample collection were obtained 12 h after
the induction of sepsis. In addition to the Plasma Lyte®
solution, 6% (w/v) hydroxyethyl starch 130 kDa/0.4
(Voluven® 6 %; Fresenius Kabi) at a rate of 10 ml-kg™!
of body weight-h~! was infused to maintain a cardiac
filling pressure >12mmHg [the rate was decreased
to 7ml-kg™! of body weight-h™! if the CVP (central
venous pressure) or PAOP (pulmonary artery occlusion
pressure) >18 mmHg]. When the last set of data had
been obtained, the animals were killed by KCl injection
under deep anaesthesia.
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Monitoring of haemodynamics, oxygen
kinetics, inflammatory responses,
oxidative and nitrosative stress, and

other laboratory parameters

Measurements for monitoring systemic haemodynamics
included CO (cardiac output), SVR (systemic vascular
resistance), intrathoracic blood volume and filling
pressures of both ventricles (CVP and PAOP for right
and left ventricles respectively). Arterial and mixed
venous blood samples were analysed for pH, Po,
(partial pressure of oxygen), Pco, and haemoglobin
oxygen saturation. Systemic Do, (oxygen delivery) and
systemic Vo, (oxygen consumption) were derived from
the appropriate blood gases and flow measurements
[14,15]. Arterial blood samples were obtained for the
determination of TNF-« (tumour necrosis factor-a) and
IL-6 by immunoassay [14,15]. Oxidative and nitrosative
stress was evaluated by measuring concentrations of
arterial TBARS (thiobarbituric acid-reacting substances)
by spectrophotometry, and arterial NOx (nitrate/
nitrite) by colorimetric assay [14,15]. To correct for
dilutional effects resulting from volume resuscitation,
the levels of NOx, TBARS, IL-6 and TNF-a were
normalized to plasma protein content [14,15].

2-D Gel electrophoresis

Plasma samples were diluted 1:5 with deionized water,
and protein concentrations in individual samples were
measured using the Bradford method [16]. Protein solu-
tions (each with 200 g of total protein) were then pre-
mixed with a rehydration buffer containing 7 mol/l urea,
2 mol/l thiourea, 2% (w/v) CHAPS, 120 mmol/l DTT
(dithiothreitol), 40 mmol/l Tris base, 2% ampholytes
(pH 3-10) and a trace of Bromophenol Blue to make
the final volume of 150 ul/sample. The mixtures were
rehydrated on to Immobiline™ DryStrips (7 cm long
IPG strips; linear pH gradient of 3-10 and of 4-7; GE
Healthcare) at room temperature (25°C) for 10-15 h. The
first-dimensional separation or IEF (isoelectric focusing)
was performed in the Ettan IPGphor II IEF System (GE
Healthcare) at 20°C, using a stepwise mode to reach
9083 Vh. After completion of the IEFE, the strips were
first equilibrated for 15 min in an equilibration buffer
containing 6 mol/l urea, 130 mmol/l DTT, 112 mmol/l
Tris base, 4 % (w/v) SDS, 30 % (v/v) glycerol and 0.002 %
Bromophenol Blue, and then in another similar buffer,
which replaced DTT with 135 mmol/l iodoacetamide,
for a further 15 min. The second-dimensional separation
was performed on a 12% (w/v) polyacrylamide gel
using a SE260 mini-vertical electrophoresis unit (GE
Healthcare) at 150 V for approx. 2 h. Separated proteins
were visualized with SYPRO Ruby fluorescence staining
(Invitrogen/Molecular Probes). Gel images were taken
using a Typhoon laser scanner (GE Healthcare).

Matching and analysis of protein spots
Image Master 2D Platinum (GE Healthcare) software
was used for matching and analysis of protein spots
in 2-D gels. Parameters used for spot detection were
(1) minimal area=10 pixels; (ii) smooth factor=2.0;
and (iii) saliency =2.0. A reference gel was created from
an artificial gel combining all of the spots presenting
in different gels into one image. The reference gel was
then used for matching the corresponding protein spots
between gels. Background subtraction was performed
and the intensity volume of each spot was normalized
with the total intensity volume (summation of the in-
tensity volumes obtained from all spots within the
same 2-D gel). Significant differences in intensity levels
of protein spots were defined as changes with all of
the followings: (i) sepsis/control ratios >2-fold or
< 0.5-fold; (ii) P < 0.05; and (iii) consistent presence (or
absence) in all gels within the group.

In-gel tryptic digestion

The protein spots whose intensity levels significantly
differed between groups were excised from the 2-D
gels, washed twice with 200 ul of 50% (v/v) ACN
(acetonitrile)/25 mmol/l NH,HCO5 buffer (pH 8.0) at
room temperature for 15 min, and then washed once
with 200 ul of 100% ACN. After washing, the solvent
was removed, and the gel pieces were dried using a
SpeedVac concentrator (Savant) and rehydrated with
10 ul of 1% (w/v) trypsin (Promega) in 25 mmol/l
NH,HCO; (pH 8.0). After rehydration, the gel pieces
were crushed with a siliconized blue stick and incubated
at 37°C for at least 16 h. Peptides were subsequently
extracted twice with 50 ul of 50 % (v/v) ACN/5 % (v/v)
TFA (trifluoroacetic acid); the extracted solutions were
then combined and dried with a SpeedVac concentrator.
The peptide pellets were resuspended with 10 ul of
0.1% TFA and purified using ZipTipcis (Millipore).
The peptide solution was drawn up and down in the
ZipTipcis ten times and then washed with 10 ul of 0.1 %
formic acid by drawing up and expelling the washing
solution for three times. The peptides were finally eluted
with 5 ul of 75 % (v/v) ACN/0.1 % formic acid.

Protein identification by MALDI
(matrix-assisted laser-desorption
ionization)-Q-TOF MS and MS/MS analyses
The proteolytic samples were premixed 1:1 with the
matrix solution [5 mg/ml CHCA («-cyano-4-hydroxy-
cinnamic acid) in 50% (v/v) ACN, 0.1% (v/v) TFA
and 2% (w/v) ammonium citrate] and spotted on to the
96-well sample stage. The samples were analysed using
a Q-TOF Ultima™ mass spectrometer (Micromass),
which was fully automated with a pre-defined probe
motion pattern and the peak intensity threshold for
switching over from MS survey scanning to MS/MS, and
from one MS/MS to another. Within each sample well,
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parent ions that met the pre-defined criteria (any peak
within the 7/2z 800-3000 range with an intensity above 10
counts * include/exclude list) were selected for collision-
induced dissociation MS/MS using argon as the collision
gas and a mass dependent +5 V rolling collision energy
until the end of the probe pattern was reached. The low-
mass and high-mass resolution of the quadrupole were
both set at ten to give a precursor selection window of
approx. 4 Da wide. Manual acquisition and optimization
for individual samples or peaks was also possible.

The instrument was externally calibrated to a
<5 p.p.m. accuracy over the mass range of 7/z 800-3000
using sodium iodide and PEG [poly(ethylene glycol)]
200, 600, 1000 and 2000 mixtures and adjusted further
with Glu-fibrinopeptide B as the near-point lock mass
calibrant during data processing. At a laser firing rate of
10 Hz, individual spectra from a 5 s integration period ac-
quired for each of the MS survey and MS/MS performed
were combined, smoothed, de-isotoped (fast option)
and centroided using the ProteinLynx'™™ GlobalSERVER
2.0 data processing software (Micromass). This entailed
the identification of the monoisotopic carbon-12 peaks
for MS data and deconvolution of multiply charged
spectra to their singly charged equivalents for MS/MS
data. MaxEnt 3™, a maximum-entropy-based technique,
has been designed for this purpose and is an integral
part of ProteinLynx™ GlobalSERVER 2.0 [17]. The
combined MS and MS/MS ion meta data were searched in
concert against the NCBI (National Center for Biotech-
nology Information) mammalian protein database using
the ProteinLynx™ GlobalSERVER 2.0 workflow. The
search algorithm employed a Hidden Markov Model
that incorporates empirically determined fragmentation
characteristics to increase the efficacy of the search.
Additionally, the MS and MS/MS data were extracted and
outputted as the searchable .txt and .pkl files respectively,
for independent searches using the MASCOT search
engine (http://www.matrixscience.com), assuming that
peptides were monoisotopic. Fixed modification was
carbamidomethylation at cysteine residues, whereas
variable modification was oxidation at methionine
residues. Only one missed trypsin cleavage was allowed,
and peptide mass tolerances of 100 and 50 p.p.m. were
allowed for the peptide mass fingerprinting and MS/MS
ion search respectively.

Pathway analysis

Pathway analysis was performed using the Pathway
Tools software version 12.5 (http://bioinformatics.ai.sri.
com/ptools/). This bioinformatic tool is a comprehensive
symbolic systems biology software that supports several
applications in bioinformatics and systems biology
[18,19]. Biological processes, molecular functions, subcel-
lular localizations and MetaCyc pathways of the altered
proteins were obtained by querying the protein or gene
ID to the Pathway databases [18].
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Table |
changes at baseline and at 12 h after sepsis induction

Haemodynamic, metabolic and inflammatory

Values are medians (interquartile range). *P < 0.05 compared with baseline.
MAP, mean arterial pressure.

At 12 h after

Parameter At baseline sepsis induction
€0 (ml-kg~" of body 19 (63-85) 118 (101—141)*

weight - min~")
SVR (dyne - s - am—°) 2774 (2718-2887) 1411 (1234-1809)"
MAP (mmHg) 103 (90-107) 93 (79-97)
(VP (mmHg) I (9-13) 13 (11-16)*
PAOP (mmHg) 10 (9-13) I4 (1-le)*
Doy (ml - min~" - kg™ 9 (8-I1) 15 (14-18)*

of body weight)
Vo, (ml-min~" - kg™ 5 (4-6) 6 (5-6)

of body weight)
Arterial pH 149 (1.48-1.52) 144 (1.43-1.48)*
IL-6 (nmol/g of protein) 1 (1-3) 28 (8-30)
TNF-cr (nmol/g of protein) 1.4 (13-1.5) 5 (4.1-9.6)*
NOx (remol/g of protein) 0.7 (0.6-0.9) 1.5 (1L2-15)*
TBARS (nmol/g of protein) 19 (16-22) 40 (36-60)*

Statistical analysis

All values are shown as means = S.E.M., unless
otherwise stated. Comparisons between groups (basal
control compared with 12 h after the induction of sepsis)
were performed using either a paired Student’s ¢ test
or Wilcoxon signed rank test. P values <0.05 were

considered statistically significant.

RESULTS

Clinical data

Haemodynamic and oxygen exchange parameters,
inflammatory responses, oxidative and nitrosative stress,
and other laboratory parameters are shown in Table 1.
All animals developed normotensive hyperdynamic
circulation with reduced SVR. Adequate fluid resuscit-
ation was ensured by monitoring cardiac filling pressures
(both CVP and PAOP were monitored for right and
left ventricles respectively), which were significantly
increased over time. The increased CO resulted in a
significant rise in systemic Doy, whereas systemic Vo, re-
mained unchanged. The peritonitis-induced sepsis caused
a significant fall in arterial pH and a marked increase
in plasma levels of TNF-«a and IL-6. Overproduction
of NO in this model was documented by a significant
increase in arterial NOx levels. These changes were
accompanied by a remarkable increase in TBARS levels,
providing the evidence for oxidative stress.

Proteomic data
We initially resolved the plasma proteome using the
broad-range IPG strips (with a linear pH gradient of
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Figure | Proteome map of the altered plasma proteome

during the early phase of sepsis in a porcine model

Gel images are derived from scans of representative gels from one animal in
each group: (A) Control, and (B) Sepsis. Bands in the ladder at the left-hand side
of each gel are molecular-mass markers. The significantly up- or down-regulated
protein spots are marked with arrows and numbers, which correspond with those
indicated in Table 2.

3-10) and observed that most of the porcine plasma
proteins were resolved at a pH range of 4-7 (results not
shown). We therefore used the narrow-range IPG strips
(with a linear pH gradient of 4-7) for the differential
proteomics study. Approx. 1500 protein spots were visu-
alized in each 2-D gel (Figure 1). There were seven gels
derived from basal plasma samples of seven animals, and
another seven gels derived from these animals butat 12 h

after the induction of sepsis. Quantitative intensity ana-
lysis and statistics revealed significant differences in levels
of 36 protein spots during sepsis (Figure 1 and Table 2).
These differentially expressed protein spots included 30
spots with increased levels and six spots with decreased
levels. All of these altered proteins were then successfully
identified by Q-TOF MS and/or MS/MS analyses.
Some of the altered proteins (e.g. albumin, haptoglobin
and inter-a-trypsin inhibitor family heavy chain-related
protein) were identified as multiple isoforms of the
same proteins, most probably due to post-translational
modifications. As a consequence, a total of 22 unique
proteins were identified from the 30 up-regulated spots,
whereas five unique proteins were identified from the
six down-regulated spots. Identities, quantitative data,
degrees of changes and other related information of all of
the altered proteins are summarized in Table 2. Functional
analysis using the Pathway Tools software revealed their
biological processes, molecular functions, subcellular
localizations and involved metabolic pathways, which are
summarized in Supplementary Table S1 (see http://www.
ClinSci.org/cs/116/cs1160721add.htm).

DISCUSSION

The pathophysiology of sepsis is considerably complex
and understanding it could lead to identification of novel
therapeutic targets with better treatment outcome. In
the present study, we applied a proteomics approach to
characterize changes in the plasma proteome during an
early phase of sepsis in a porcine model of peritonitis-
induced sepsis. Clinical features of this model simulated
to a very large extent the clinical presentations of early
sepsis syndrome in humans, including normotensive
hyperdynamic circulation with reduced SVR, devel-
opment of metabolic acidosis and increased plasma
levels of inflammatory mediators (i.e. TNF-& and IL-6),
accompanying nitrosative and oxidative stress.

The present study is the first to report the application
of proteomics to the study of altered plasma proteome
in a large animal model of sepsis, as previously available,
but limited, findings had only been obtained from
rodent models [20]. These small animal models are often
criticized for their limited clinical relevance. Indeed,
many emerging strategies, which have been found
effective in these models, fail to show any benefit in
large animal or human studies. This might be even more
important in the context of proteomic analysis, as there
are marked differences between species. The fundamental
differences include different regulation of inflammation,
cardiovascular response to endotoxin or bacteria etc.
Rodents differ markedly from humans with respect
to their tissue antioxidative capacity and susceptibility to
oxidative stress [21-24]. In the present study, differential
proteomics analysis revealed altered plasma levels of
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Table 2 Plasma proteins whose levels were significantly altered during sepsis
Values for the intensity are means & S.E.M. *% Cov="% sequence coverage [(number of the matched residues/total number of residues in the entire sequence) x 100 %]; +DIV/0 = divided by zero. NA, not applicable; Ref. MW, reference molecular

mass; Ref pl, reference pl.

(A) Proteins whose plasma levels were significantly increased during sepsis

Identification

No. of matched

Ref.

B . Intensity .
Spot Identified scores %Cov* peptides Ref. MW Ratio P
Protein name no. NCBI ID by (MS, MS/MS) (MS, MS/MS)  (MS, MS/MS) pl (kDa) Control (basal) Sepsis (12 h) (sepsis/control)  values
Albumin 606  gil6d318 MS, MS/MS 130, 129 35, 6 5,3 5.92 7135 0.0040 0.0040  0.0199 & 0.0056 498 0.040
Albumin 1T gi833798 MS 130, NA 29, NA 15, NA 5.92 7136 0.0031 00031  0.0230 & 0.0033 142 0.001
Albumin 153 gi833798 MS 75, NA 29, NA I1, NA 5.92 7136 0.0155+0.0070  0.0698 £ 0.0198 4.50 0.024
o -Anti-chymotrypsin | 566 gi9968809 MS/MS NA, 130 NA, 11 NA, 2 522 2478 00195400078  0.0765 & 0.0154 3.92 0.006
(D14 antigen 702 gi85816356 MS 67, NA 27, NA 6, NA 5.83 4037  0.0256 0.0060  0.0874 £ 0.0138 341 0.001
Cytochrome P450, family 3, subfamily A, 696 170295838  MS 13, NA 16, NA 8, NA 1.08 5832 0.0066 £ 0.0047  0.0583 £ 0.0177 8.83 0.015
polypeptide 41A
Haptoglobin 695 gi47522826 MS 72, NA 25, NA 8, NA 6.51 39.03  0.0668 £0.0127  0.1338 £ 0.0249 200 0.033
Haptoglobin 809 gi47522826 MS, MS/MS 90, 88 31, 4 10, | 6.51 39.03  0.0750 £0.0327  0.2290 £ 0.0301 3.05 0.005
Haptoglobin 83 gi47522826 MS 92, NA 34, NA 9, NA 6.51 39.03  0.0066 £ 0.0066  0.1402£0.0132  21.24 < 0.001
Haptoglobin 840 gi47522826 MS/MS NA, 51 NA, 5 NA, | 6.51 39.03  0.01287£0.0362  0.3341 £ 0.0615 2.60 0.014
Heavy chain immunoglobulin variable region 506 gi:1277045 MS 72, NA 43, NA 4, NA 9.36 10.07 0.0211 £ 0.0069 0.0782 +0.0194 371 0.017
Haemopexin 609 gi47522736 MS/MS NA, 64 NA, 3 NA, | 6.59 5207 0.0031 £0.0031  0.0299 = 0.0079 9.65 0.008
Hypothetical protein L0C23078 isoform a 20 gi57863271 MS 80, NA 13, NA 18, NA 101 21572 0.0234 100034  0.0536 1 0.0106 129 0.019
Hypothetical protein LOC330361 296 gi70608163 MS 80, NA 29, NA 12, NA 5.41 88.19  0.0678 £0.0133  0.2229 £ 0.0462 329 0.007
Inter-ce-trypsin inhibitor family heavy 333 48374067 MS 51, NA 18, NA 12, NA 642 10225  0.1030 00150  0.2764 £ 0.0513 1.68 0.007
chain-related protein
Inter-ce-trypsin inhibitor family heavy 331 gi:48374061 MS, MS/MS 189, 101 35,5 26, 3 6.42 102.25 0.10394+0.0119 0.2631 +0.0382 2.53 0.002
chain-related protein
Inter-ce-trypsin inhibitor family heavy 332 gi48374067 MS 84, NA 19, NA 14, NA 642 10225 0.0854 00137 0.1757 £ 0.0225 206 0.005
chain-related protein
mCG140308, isoform CRA_b 664 148688748 NS 92, NA 39, NA 8, NA 9.17 23.88  0.0081 0.0041  0.0438 £ 0.0136 5.41 0.028
Microfilament and actin filament cross-linker 218 gi114555665 MS 76, NA 7, NA 31, NA 528 850.70 0.0432 4+ 0.0072 0.1048 + 0.0207 243 0.016

protein isoform 3

u

s13yso pue payuooqSuoy] °\



hanog [prwayoig 4007 @ uonedwod eusnof sioyny 3y G

Microfilament and actin filament cross-linker 219 gi:114555661 MS 68, NA 7, NA 32, NA 521 855.07 0.0268 + 0.0036 0.0731 +0.0163 1.13 0.017
protein isoform 4
N-ethylmaleimide-sensitive fusion protein 321 gi123241269  MS 63, NA 30, NA 6, NA 6.84 29.00  0.0201 +0.0104  0.0652 00161  3.24 0.036
Pyruvate carboxylase 226 gi:28200301 MS 74, NA 16, NA 14, NA 632 13047  0.04054+0.0062  0.120540.0266  2.98 0.013
Signal transducer and activator of 1325 gi:118151390 MS 76, NA 20, NA 10, NA 6.10 83.48 0.0000 + 0.0000 0.031540.0140 DIV/0t 0.044
transcription |
Similar to (G3493-PA isoform 2 483 gi:109116930  MS 67, NA 23, NA 5, NA 612 10505  0.0472£0.0099  0.1044 00179 221 0.016
Similar to cytosolic purine 5 -nucleotidase 936 gi73998435 MS 11, NA 16, NA 8, NA 5.88 6625  0.0147£0.0071  0.0441 +0.0076  3.00 0.015
(S-nucleotidase cytosolic Il) isoform 8
Similar to plectin | isoform | 1046 gi:713974726 MS 11, NA 1, NA 24, NA 572 53457  0.0457+0.0231  0.12001 £0.0192  2.63 0.029
Similar to synaptic vesicle membrane protein 614 gi73957362 MS 74, NA 27, NA I1, NA 6.15 5811 0.0308+0.0080  0.0865=0.0085  2.8I < 0.001
VAT-1homologue
Similar to tweety homologue 3 310 gil149755366  MS 74, NA 28, NA 9, NA 6.06 49.90  0.0231+0.0084  0.058440.0111 253 0.026
Transformation/transcription 744 gi:109065980  MS 85, NA 10, NA 24, NA 845 43801  0.1672£10.0330  0338440.0312 202 0.003
domain-associated protein isoform 2
Vitelliform macular dystrophy 2-like 3 259 gi:l14645801  MS 86, NA 34, NA 9, NA 8.82 46.85  0.0432+0.0104  0.0951 00181  2.20 0.029
isoform |
(B) Proteins whose plasma levels were significantly decreased during sepsis
Identification No. of matched Ref. Intensi
B ) ntensity .
Spot Identified scores Y%Cov* peptides Ref. MW Ratio P
Protein name no. NCBI ID by (MS, MS/MS) (MS, MS/MS)  (MS, MS/MS) pl (kDa) Control (basal) Sepsis (12 h) (sepsis/control)  values
Albumin 562 gil64318 MS, MS/MS 158, 238 39,9 17,5 592 7135 0.6597 +0.1326  0.2727 £0.1053  04] 0.041
;y-HS-glycoprotein precursor (fetuin-A) 603 gi231467 MS 15, NA 31, NA 1, NA 550 3920 02557 +0.0158  0.102240.0213 040 < 0.001
Apolipoprotein A-l precursor (Apo-Al) 101 gi461519 MS 81, NA 35, NA 9, NA 548 3031 1.4983 +0.1397 04730 +0.0481 032 < 0.001
Immunoglobulin heavy chain variable region 445 gi:91979054 MS 66, NA 59, NA 5, NA 8.13 10.80 0.0253 4+ 0.0036 0.0118 +0.0023 0.47 0.008
Serum albumin precursor 141 gi76363596 MS 13, NA 24, NA [1, NA 589 7049 0.0576 - 0.0177  0.0038 =0.0038  0.07 0.011
Vitronectin 590 gi1754491 MS 92, NA 25, NA 8, NA 548 4.6l 0.171440.0427  0.0461 £0.0100  0.27 0.014
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36 protein forms representing 27 unique proteins in
our porcine sepsis model. The roles of some of these
altered proteins are highlighted below.

CD14 is a receptor for bacterial LPS (lipopolysacchar-
ide) that co-ordinates with TLR4 (Toll-like receptor 4)
and MD-2 (myeloid differentiation-2) to mediate the in-
nate immune response to bacterial LPS [25,26]. Activation
of this upstream signalling pathway leads to the activ-
ation of the downstream factor NF-«B (nuclear factor
«B), secretion of several inflammatory cytokines and,
ultimately, inflammatory responses. Some bacterial in-
fections use CD14 to enhance its invasion into hosts [27].
Moreover, monocyte CD14 and soluble CD14 can be
used as markers for predicting mortality in patients with
severe community-acquired infection [28]. In the present
study, we identified an increased level of plasma CD14
in our porcine model of early sepsis, consistent with the
findings published by Brunialti et al. [29], who reported
an increased serum level of CD14 in patients with sepsis.
These results indicate that CD14 is an important upstream
molecule in the inflammatory cascade of sepsis.

Haptoglobin is one of the acute-phase reaction pro-
teins [30,31] that also binds to haemoglobin with a potent
affinity and thus can prevent renal iron loss and oxidative
damage mediated by free haemoglobin [32-34]. Hence it
serves not only as an acute-phase reactant, but is also in-
volved in oxidative stress pathways. Several lines of evid-
ence have demonstrated the increased level of haptoglobin
as a scavenger system in a number of models of oxidative
stress [35-37]. Another protein involved in oxi-
dative stress is haemopexin, which binds to haem and
transports it to the liver for its breakdown and iron
recovery. As haem is highly toxic to cells due to pro-
inflammatory and oxidative effects, haemopexin thus
serves as an anti-inflammatory molecule and an oxidative
scavenger [35,38]. Our present results are consistent
with the findings in previous studies by Kalenka et al.
[39] and Ren et al. [20], who reported increased
plasma haptoglobin levels in patients with sepsis and
increased plasma haemopexin in a murine model of sepsis
respectively. The increased levels of both haptoglobin
and haemopexin identified in our present study thus
strengthen the important roles of these two molecules
in mediating inflammatory processes and oxidative stress
during an early phase of sepsis.

There were several altered proteins whose roles in
sepsis remain unclear. For example, microfilament and
actin filament cross-linker protein isoforms 3 and 4
(microtubule-actin cross-linking factor 1, isoforms 3
and 4) and plectin 1, which are involved in cytoskeletal
assembly [40—44]. These proteins interlink intermediate
filaments with microtubules and microfilaments, and
also anchor intermediate filaments to desmosomes or
hemidesmosomes [43-46]. The precise roles of these
altered proteins in sepsis are somewhat interesting and
deserve further investigation.

© The Authors Journal compilation © 2009 Biochemical Society

It should be noted that there are some limitations
in our present study. First, 2-D gel electrophoresis is
generally not a very sensitive technique to detect all
components in the proteome. Therefore several low-
abundance proteins and their subtle changes could not
be detected. This fact was reflected in our present study
as we did not find some of the proteins whose roles in
sepsis and inflammatory responses have been established,
for example CRP (C-reactive protein), serum amyloid A,
fibrinogen and HSPs (heat-shock proteins). Secondly, we
evaluated changes in the plasma proteome at only a single
time point. Assessing dynamic changes over time would
probably yield even more important results compared
with the ‘before—after’ approach. This could serve as a
platform or the starting point for our subsequent studies
(i.e. sepsis compared with septic shock).

In summary, in the present study we have identified
a set of plasma proteins with significantly altered
levels during the early phase of sepsis in a porcine
model of peritonitis-induced sepsis using a proteomics
approach. The proteomics results could be related to the
clinical features of this animal model, as most of these
altered proteins have important roles in inflammatory
responses and some of them play roles in oxidative
and nitrosative stress. Some findings are considerably
novel and exploring their roles in association with the
pathophysiology of sepsis may lead to the identification
of new therapeutic targets for better treatment outcome
in sepsis. Additionally, some altered proteins may serve
as potential markers for early sepsis.
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phase of peritonitis-induced sepsis
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Table SI Functional analysis of the altered plasma proteins using the Pathway Tools (see [18,19] in the main text)
*A large multiprotein complex that possesses histone acetyltransferase activity and is involved in regulation of transcription. IxB, inhibitor of NF-xB; JAK, Janus kinase;
STAT, signal transducer and activator of transcription; NA, not available by the Pathway Tools.

Protein name Biological process(es) Molecular function(s) Cellular component(s) MetaCyc Pathway
Albumin Transport and water homoeostasis ~ Transporter activity and lipid Extracellular space NA
binding
o -Anti-chymotrypsin | Acute-phase response Endopeptidase inhibitor activity NA NA
y-HS-glycoprotein precursor Ossification and regulation of bone  Cysteine protease inhibitor activity  Extracellular space and soluble ~ NA
(fetuin-A) mineralization fraction
Apolipoprotein A-l precursor Lipid transport, blood circulation ~ Structural molecule activity, lipid ~ NA NA
(Apo-Al) and cholesterol metabolic transporter activity, high-density
process lipoprotein binding and lipid
binding
(D14 antigen Phagocytosis, apoptosis, Peptidoglycan receptor activity Plasma membrane NA

inflammatory response, immune
response and cell-surface-
receptor-linked signal

transduction
Cytochrome P450, family 3, Multiple Mono-oxygenase activity Endoplasmic reticulum, Oxidative ethanol
subfamily A, polypeptide 41A microsome and membrane degradation Il
(MEOS) and
nicotine
degradation Il
and Il
Haptoglobin Proteolysis, defence response and ~ Haemoglobin binding NA NA
acute-phase response
Haemopexin Transport, cellular iron homoeostasis Binding and haem transporter Extracellular space NA
and haem transport activity
Hypothetical protein LOC23078 NA NA NA NA
isoform a
Hypothetical protein LOC330361 NA NA NA NA
Immunoglobulin heavy chain NA NA NA NA

variable region
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(email matejovic@inplzen.cz).

© The Authors Journal compilation © 2009 Biochemical Society




V. Thongboonkerd and others

Table SI cont.

Protein name

Biological process(es)

Molecular function(s)

Cellular component(s)

MetaCyc Pathway

Inter-ce-trypsin inhibitor family
heavy chain-related protein

mCG140308, isoform CRA_b

Microfilament and actin filament
cross-linker protein isoform 3

N-ethylmaleimide-sensitive fusion
protein

Pyruvate carboxylase

Signal transducer and activator of
transcription |

Similar to (G3493-PA isoform 2
Similar to cytosolic purine
5 -nucleotidase (5-nucleotidase
cytosolic 1) isoform 8
Similar to plectin | isoform |

Similar to synaptic vesicle
membrane protein VAT-
homologue

Similar to tweety homologue 3

Transformation/transcription
domain-associated protein
isoform 2

Transport

NA
NA

Proteolysis and intracellular protein
transport

Gluconeogenesis, biotin metabolic
process and lipid biosynthetic
process

Regulation of transcription
(DNA-dependent), transcription
from RNA polymerase I
promoter, caspase activation,
signal transduction, intracellular
signalling cascade, IxB
kinase/NF-k B cascade, JAK/STAT
cascade, tyrosine
phosphorylation of STAT protein,
JAK-induced STAT protein
dimerization, STAT protein
nuclear translocation, response
to other organisms and
regulation of cell cycle

NA

NA

Cytoskeletal anchoring at plasma
membrane

Cell growth

Iron transport

Signal transduction

Vitelliform macular dystrophy 2-like Visual perception

3 isoform |
Vitronectin

Immune response and cell adhesion

Endopeptidase inhibitor activity,
transporter activity and binding

NA

NA

Nucleotide binding, ATP-dependent
peptidase activity, ATP binding
and protein transporter activity

Pyruvate carboxylase activity, ATP
biding, biotin binding, ligase
activity and manganese ion
binding

DNA binding, transcription factor
activity, signal transducer
activity,
haematopoietin/interferon-class
(D200-domain) cytokine receptor
signal transducer activity and
translation regulator activity

NA
5'-Nucleotidase activity and
hydrolase activity

Actin binding, structural constituent
of cytoskeleton and structural
constituent of muscle

DNA binding, NADPH:quinone
reductase activity, alcohol
dehydrogenase activity
(zinc-dependent), zinc ion
binding and oxidoreductase
activity

Iron ion transmembrane and
membrane transporter activity

Inositol or phosphatidylinositol
kinase activity and copper ion
binding

NA

Heparin binding

NA

NA
NA

Endoplasmic reticulum and
Golgi apparatus

Mitochondria

Nucleus and cytoplasm

NA
Cytosol

Cytoskeleton, kinesis complex,
intermediate filament and
plasma membrane

Nucleus, synaptic vesicle,
integral to membrane and
synapse

Integral to membrane
PCAF complex*
Membrane fraction and integral

to membrane
Extracellular space

NA

NA
NA

Hydrolases

Aspartate
biosynthesis Il

NA

NA
Phosphoric
monoester

hydrolase
NA

NA

NA

NA

NA
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SOUHRN

Sepse a septicky Sok predstavuji celosvétove vyznamny
medicinsky i socioekonomicky problém. V soucasnosti
je obecné prijiman dvoufazovy koncept vyznamného
poruseni imunitni homeostazy v sepsi s enormni akti-
vaci imunitnich mechanism{ v jejim Gvodu s naslednou
kompenzatorni reakci, pfi niz je kompromitovana vet-
Sina funkci na nejriiznéjsich Urovnich vrozené i ziskané
imunity. Aktudini poznatky vsak ukazuji na simultannf
samotném Uvodu systémového zanétu. Tato sekundarnf
alterace obrannych mechanismd, vedouci ke snizené

ABSTRACT

Immune homeostasis (deregulation) in sepsis and
septic shock

Sepsis and septic shock represent an important medical
and socio-economic burden worldwide. The double-
-phased concept of significant immune homeostasis
impairment in sepsis has generally been accepted. In this
theory, the initial phase is characterized by enormous
activation of immune system followed by the compen-
satory phase resulting in profound immunosuppression.
However, this paradigm has recently been challenged
and the concept of simultaneous pro-inflammatory,
anti-inflammatory and adaptive immunity suppressing

UVODNI KAZUISTIKA

53lety hypertonik, diabetik na peroralnich anti-
diabetikach, po ischemické cévni mozkové ptihodé,
s permanentni fibrilaci sini a chronickou antikoagu-
la¢ni 1écbou antagonisty vitaminu K, pracujici jako
oSetfovatel prasat byl pfijat na jednotku intenzivni
péce fakultni nemocnice pro priblizné ctyfhodinovou
anamnézu zimnic, tfesavek, ortostatické hypoten-

ANESTEZIOLOGIE A INTENZIVNI MEDICINA 2013, 24, ¢. 4

Anest. intenziv. Med., 24, 2013, ¢. 4, s. 250-263

rezistenci k primarné malo virulentnim nozokomidlnim
a oportunnim patogendm a ke ,chronické” multiorga-
nové dysfunkci, mdze byt pricinou zvysené morbidity
a mortality kriticky nemocnych. Tento prehledovy ¢lanek
se strucnou formou zabyva prave dysregulaci imunitni
odpovédi nemocnych v sepsi/septickém Soku, jejimi
konsekvencemi, diagnostickymi moznostmi a moznymi
terapeutickymi intervencemi.

KLICOVA SLOVA

sepse - imunitni odpovéd - imunitni deregulace - pritokova
cytometrie

response occurring early in sepsis has been introdu-
ced. These immune alterations leading to the failure to
combat relatively avirulent, nosocomial and opportune
pathogens, and prolonged multiorgan dysfunction seem
to be a major cause of increased morbidity and mortality
in critically ill patients. This review briefly summarizes the
current concept of sepsis-induced immune deregulation
and discusses diagnostic tools and emerging immune-
-based therapeutic interventions.

KEYWORDS

sepsis - immune response - immune deregulation - flow
cytometry

ze a duSnosti. Jiz prvni vstupni klinické, grafické
a laboratorni vySetfeni svéd¢i pro plné rozvinuty
hyperdynamicky septicky Sok s akutnim anurickym
poskozenim ledvin, akutni hepatopatii, koagulopa-
tif, postupnym rozvojem a progresi poruchy védomi,
vyraznou laktatovou metabolickou acidézou. BEhem
nezbytného tivodniho zajisténi nemocného bylo
vylouceno invazivni meningokokové onemocnéni,



perforace travici trubice a/nebo ischémie nitrobiis-
nich organti. Infekénim agens byl Streptococcus suis
(vyznamny patogen vepit - zoondza), ktery byl de-
tekovan v hemokulturach odebranych bezprostfedné
pfi pfijeti na JIP. Zdrojem a vstupni branou infekce
bylo (per exclusionem) nejspiSe trauma mékkych
tkani nartu levé dolni koncetiny zptisobené kopnu-
tim prasete s naslednou bakteriémii. Komplexni
resuscitace a 1é¢ba septického Soku s adekvatni an-
tibiotickou (ATB) terapii vedla k rezoluci infekce
a Soku v nasledujicich péti dnech. V dal$im prabéhu
perzistovala rendlni dysfunkce, koagulopatie, mirna
encefalopatie, polyneuromuskulopatie kriticky ne-
mocnych a potfeba umeélé plicni ventilace.

Osmy den hospitalizace se nahle objevuji feb-
rilie, obéhova nestabilita, objevuje se vyrazna
produkce makroskopicky zanétlivého sputa. Byla
provedena empiricka zména ATB. Stav nemocné-
ho v dalSich dvou dnech progredoval do recidivy
septického Soku, opét s plné vyjadfenym multior-
ganovym selhanim. Kultiva¢né byl z bronchoalve-
lolarni lavaze izolovan nozokomidlni multirezis-
tentni kmen Acinetobacter baumanii a soucasné byla
prokazana endogenni reaktivace cytomegaloviru
(CMV) se signifikantni virémii (RQ-PCR). Objevuje
se vyznamné krvaceni do GIT pti koagulopatii
a trombocytopenii. I pres dalsi, jiz cilenou zménu
ATB strategie, virostatickou 1écbu a extenzivni
podptirnou 1é¢bu véetné ndhrad funkci orgdnd stav
nemocného dale progredoval. Pacient zemftel pod
obrazem refrakterniho hypodynamického septic-
kého Soku dvanacty den hospitalizace.

UVOD DO PROBLEMATIKY

Sepse a septicky Sok jsou desatou nejcastéjsi pri-
¢inou smrti vSeobecné a nejcastéjsi pricinou smrti
na nekoronarnich jednotkach intenzivni péce.
Incidence sepse je 50-95 pfipad{i na 100 000 oby-
vatel a zvySuje se cca o 10 % rocné [1, 2]. I pfes
znacné pokroky v diagnostice a 1é¢bé, dodrzovani
vSeobecné akceptovanych terapeutickych algorit-
mi a doporuceni a témér dvacetilety vyzkum na
poli sepse a protizanétlivych ptisobkd je mortalita
téchto stavil viceméné stacionarni (30-50%) a ko-
reluje s poctem dysfunk¢énich orgdnt/systémi
a s délkou trvani téchto stavi [1, 2]. Absence efektu
téchto opatfeni na zmirnéni devastujiciho priibé-
hu systémového zanétu s multiorgdnovym posti-
Zenim vede k zamySleni nad spravnosti hypotéz
tykajicich se patofyziologie téchto stavii, zejména
na subceluldrni Gdrovni. Vzhledem k mimotfadné
heterogenité, charakteristické pro populaci septic-
kych nemocnych, mtZe snaha o uniformni 1é¢bu
téchto nemocnych jako jednolité skupiny vysvétlit
tyto terapeutické netuspéchy. Ilustrativnim pfi-
kladem je selhani drtivé vétSiny protizanétlivych
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agens a strategii [3, 4], jejichZ uziti bylo zaloZe-
no na predpokladu ,,pouhé“ pfehnané imunitni
reakce organismu v odpovédi na invazivni infekci.
Zjevné nelze ocekavat terapeuticky ispéch pfi sna-
ze oizolované ovlivnéni jediného mediatoru a/nebo
funkce v celé fadé deregulovanych a dysfunkcénich
patofyziologickych déjii a mechanismi. V soucas-
né dobé lze tedy spiSe uvazovat o ,,imunitni dere-
gulaci® jako o velmi heterogennim stavu, ktery
vede k progresi a udrzovani systémového zanétu,
organovému poskozeni (multiple organ dysfunc-
tion syndrome, MODS), nozokomialnim infekcim
a v fadé ptfipadt az k imrti nemocnych.

Tento prehledovy clanek predklada aktualni
a velmi diskutovany pohled na imunopatogenezi
sepse. Zabyva se zejména jejim vyvojem v Case
azmeénami ve smyslu imunitni deregulace v pribé-
hu systémového zanétu. Strucné jsou diskutovany
metody vhodné k detekci imunoalterace a analy-
zam imunologického profilu nemocnych. Okrajové
zminujeme rovnéz mozné nové perspektivy vimu-
nomodulac¢ni 1é¢bé sepse/septického Soku.

IMUNOLOGICKE ASPEKTY SEPSE:
STARONOVE KONCEPTY A NOVE POZNATKY
K zachovani integrity a homeostazy lidského
organismu je nezbytné zabranit invazi patogenti
do jeho tkani a organti a naslednému rozsifeni do
celého organismu. Zakladnim prostfedkem brani-
cim praniku mikrobdl jsou neporusené fyziologické
epitelidlni bariéry. Pfi jejich naruseni slouzi slozky
vrozeného imunitniho systému (tab. 1.) jako druha
linie obrany [5]. Tato vrozena imunitni odpovéd je
spolecna vsem vicebunéénym organismiéim. Je vi-
ceméné bezprostifedni, nespecifickd a je primarné
urcena k rychlé eradikaci patogenti a prevenci posko-
zeni tkani. Aktivace imunitni odpovédi se déje cestou
tzv. motivy rozpoznavajicich receptort (pattern-
recognition receptors, PRRs) - tabulka 2. Vzhledem
ke komplexnosti a relativni dlouhovékosti savcii
vCetneé clovéka je vSak potfeba dalsi obranné linie
organismu s imunologickou paméti, mimoradnou
specificitou a ti¢innosti a vyvoj ziskané (adaptivni)
imunity byl tedy logickym evolu¢nim krokem umoz-
nujicim preziti a vyvoj vyssich zivocisnych forem.
Jejiplné aktivace a funkce je dosaZeno az po nékolika
desitkach hodin az dnfi. Systém ziskané imunity
zahrnuje komponenty bunécné imunitni odpoveédi
(T-lymfocyty), primarné urcené k reakci na intrace-
lularni patogeny, a soucasti humoralni (protilatkové)
imunitni odpovédi (B-lymfocyty a imunoglobuliny),
primarné cilené na extracelularni mikroorganismy
a toxiny. K interakcim T-lymfocytd s ostatnimi sloz-
kami imunitniho systému a patogeny slouzi tzv.
T-bunécny receptor (T-cell receptor, TCR) exprimo-
vany na jejich povrchu. B-lymfocyty k témto Gce-

2013,24,¢.4  ANESTEZIOLOGIE A INTENZIVNI MEDICINA

251



252

INTENZIVNI MEDICINA

lim uzivaji monoklonlni imunoglobuliny vazané
v buné¢né membrané (B-cell receptor, BCR) - viz
tab. 1. Povrchové struktury vSech patogenti obsahuji
limitovany pocet unikatnich a u vyssich Zivocicht
se nevyskytujicich molekul - tzv. patogen-associ-
ated molecular patterns (PAMPs) (viz tab. 2). Tyto
struktury jsou rozpoznavany specifickymi receptory
bunécénych elementd vrozené imunity (antigen-
prezentujici buniky, antigen-presenting cells, APC)
a jinymi bunikami (nékteré populace lymfocytl, en-
dotelidlni a epitelidlni burnky) pomoci jiz zminénych
tzv. motivy-rozpoznavajicich receptorti (pattern reco-
gnition receptors, PRR) [6, 7, 8, 9]. V soucasné dobé
je popsano celkem pét zdkladnich skupin PRR. Jejich
stru¢ny prehled s odpovidajicimi ligandy (vazebny-
mi protéjsky) jsou zminény v tabulce 2 [6,7,9,10].

Obdobnymi ,alarminy* aktivujicimi imunitni sys-
tém jsou skupiny ,,endogennich“ specifickych mo-
lekul uvolnovanych pfi tkaniovém poskozeni - tzv.
damage-associated molecular patterns (DAMP) - viz
tabulka 2. Uvolnéni vyznamného mnozstvi DAMP do
cirkulace vede k zanétlivé odpovédi klinicky neodli-
Sitelné od reakce na infekéni agens [6]. DAMP jsou
zfejmeé také schopny udrzovat systémovou zanétlivou
odpovéd a tedy i MODS iv dobé, kdy jiz doSlo k iplné
eliminaci primarniho infekéniho agens [11].
Mechanismy vedouci k tmrti nemocnych
v septickém Soku se v pribéhu vlastniho one-
mocnéni 1i§i. Od refrakterniho cirkula¢niho So-
ku v dasledku extenzivni aktivace imunitniho
systému s masivnim uvolnénim prozanétlivych
mediatord v ivodni casné fazi - systémova zanét-

Tab.1

Bunécné elementy
Pfirozeny imunitni systém

Charakteristika

Pfehled vybranych zakladnich elementd imunitni odpovédi, jejich zakladni charakteristika funkce v sepsi

Funkce v sepsi

Monocyty/makrofagy

fagocyty a APCs
exprese MHC Il - HLADR, CD14, TLRs, CD80/86

ddlezity zdroj cytokind, chemokinC, TFkonverze
na DCs ve tkanich - APCs

Dendritické buriky (DCs)

primarni APCs
exprese CD14, TLRs, CD80/86, MHC I

klicové propojeni prirozené a ziskané imunity.
APCs pro CD4+ T-lymfocyty, produkce cytokin(

Myeloidni supresorové bunky
Myeloid-derived suppressor
cells (MDSCs)

exprese Grl+ CDI1lb
obsahuji RNS

produkce IL-10, suprese expanze CD4+ lymfocytd
a jejich produkce cytokindcestou produkce
velkého mnozstvi NO

Neutrofily

primarni fagocyty
exprese CD14, CD11/CD18, CD64, TLRs, PSGL-1

eliminace a destrukce patogenl protedzami, ROS,
RNS poskozeni tkani protedzami, ROS, RNS

NK-bunky/lymfocyty

absence TCR, CD3-CD56+ lymfocyty
exprese KIRs, CD16/FcyRIll

prima cytotoxicita, produkci cytokind iniciuji
zanétlivou odpoveéd, produkce TNF, IL-10 atd.

NK-T-bunky/lymfocyty

exprese afTCR

cytotoxicita a modulace imunitni odpovédi,
zejména pfi mykobakterialni ¢i mykotické infekci

y0 T-lymfocyty

preferencné lokalizovany v mukdzach
exprese ydTCR, CD3; absence affTCR

soucast mukdzni bariéry, potenciace inflamace
produkei IFNy a TNFa, pima cytotoxicita (perforin/
granzym), imunomodulace produkci IL-10

Adaptivni imunitni systém

CD4+ lymfocyty Thi
(T-lymfocyty)

exprese afTCR, CD3+CD4+
imunostimulacni funkce, Th1 cytokiny: TNF,
IFNy, IL-2 bunkami zprostfedkovana imunita

imunostimulacni funkce, Thi cytokiny: TNF, IFNy, IL-2
klicova role u toxického Soku, podléhaji apoptoze

CD4+ lymfocyty Th2
(T-lymfocyty)

exprese apTCR, CD3 + CD4 + imunosupresivni
funkce, Th2 cytokiny: IL-4, IL-10, IL-13
bunkami zprostredkovand imunita

imunosupresivni funkce, Th2 cytokiny: IL-4, IL-10,
IL-13

CD4+ lymfocyty Th17
(T-lymfocyty)

preferencné lokalizovany v mukdézach

eliminace patogent, zpomaleni hojeni ran,
produkce IL-17, IL-22

CD8+ lymfocyty (T-lymfocyty)

exprese afTCR, CD3+CD8+pfima cytotoxicita,
eliminace patogent
bunkami zprostredkovand imunita

prima cytotoxicita, eliminace patogen(
produkce TNF a IFNy

Treg lymfocyty (T-lymfocyty)

exprese CD4+CD25+, Fox3

imunomodulace, kontrola a suprese imunitni
odpovedi a fibrogeneze
produkce IL-10, TGFB

B-lymfocyty

exprese BCR, CD19, CD20, CD80/86, MHC ||
homoralni imunita

produkce protilatek, APCs, imunologicka pamét

APCs - antigen presenting cells, MHC - major histocompatibility antigen, TF - tkafiovy faktor, TCR - T-cell receptor, BCR - B-cell receptor, NK - natural killer cell,
IL - interleukin, IFN - interferon, TNF - tumor necrosis factor, TGF - tissue growth factor, KIR - killer immunoglobulin receptor, RNS - reactive nitrogen species,
ROS - reactive oxygen species, TLR - toll-like receptors, CD - cluster of differentiation/designation
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Tab.2 PAMP, DAMP a jejich PRR
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Motivy/molekuly Zdroj PRRs

Bakterialni PAMPs

Lipopolysacharid G- bakterie CD14, MD-2/TLR4
Lipoteichoova kyselina G+ bakterie CD14, TLR2/TLR6
Peptidoglykan G+/G- bakterie CD14, TLR2, NOD2, NODI1
Triacyllipopeptidy G+/G- bakterie TLR1/TLR2
Diacylpeptidy Mycoplasma spp. TLR2/TLR6

Poriny, OMPs Neisseria spp. TLR2

Flagellin bicikaté bakterie TLR5

Nemetylovana CpG DNA bakterie, nékteré viry TLR9

dsDNA Francisella tularensis AlM2

Virové PAMPs

Virové genomy RNA viry RLH

dsDNA DNA viry AIM2

dsRNA dsRNA viry TLR3

SSRNA SSRNA viry TLR7/TLR8

Viry exprimované proteiny RNA a DNA viry TLR2/TLR4
Mykotické PAMPs

Fosfolipomannan Candida albicans TLR2

Mannan Candida spp., Aspergillus spp. TLR4, CLR (dectin-2/FcRy)
Mannosylové rezidua Candida albicans TLR4, CLR
B-glukany Candida spp., Aspergillus spp. TLR2, CLR (dectin-1)
DAMPs

S100a protein vlastni tkané hostitele TLR4, RAGE

HMGBI1 vlastni tkdné hostitele TLR2/TLR4, RAGE
HSPs vlastni tkané hostitele TLR4

Fibrinogen, fibronektin vlastni tkdné hostitele TLR4

Hyaluronan vlastni tkdné hostitele TLR4

Hem vlastni tkdné hostitele TLR4

PRRs - pattern regognition receptors, PAMPs - pathogen-associated molecular patterns, DAMPs - danger-associated molecular patterns, OMPs - outer membrane
protein, CpG - cytosine-phosphate-guanine, HMGB1 - high mobility group box 1, HSP - heat shock proteins, TLR - toll-like receptor,

NOD - nucleotide-bindingoli ization d in leucine-rich-repeat containing receptors, CLR - C-type lecitin receptor, RAGE - receptor for advanced glycation
end products, RLH - retinoic acid-indicible gene-1-helicase, AIM2 - absent in melanoma protein

livd odpovéd (Systemic Inflammatory Response
Syndrome, SIRS), az po MODS, ,,syndrom pfetr-
vavajiciho zanétu, imunosuprese a katabolismu*
(Persistent Inflammation Immunosuppression
and Catabolism Syndrome, PICS) a komplikujici
nozokomialni ¢i oportunni/endogenni infekce pfi
zapojeni kompenzatornich imunitnich mecha-
nismu (negativni feedback), které mohou (i pfes
primarné protektivni efekt) paradoxné sméfovat
az k imunoparalyze/imunokompromitaci (com-
pensatory anti-inflammatory response syndrome,
CARS), ve fazi pozdni [12]. Z klinické praxe vSak
vime, Ze vétSina neprezivSich (> 80 %) umira az
mnohem pozdéji po inicidlni resuscitaci a 1é¢bé
primarniho septického Soku s charakteristickymi
znaky imunosuprese (jak ilustruje i kazuistika
v ivodu), zatimco skupina preziv§ich je zfejmé
tvofena jedinci, ktefi byli schopni spontanné
upravit a balancovat imunitni funkce bez speci-
fické imunomodulacni 1é¢by [13, 14].

Inicidlni imunitni odpovéd organismu na mik-
robialni infekci, ale i na sterilni stimuly (trauma,
popaleniny, hemoragicky Sok) je fenotypicky vy-
soce stereotypni a uniformni a v radmci zminénych
stavli navzajem v podstaté klinicky neodliSitelna.
Studie genovych expresi a transkripcnich profilc
cirkulujicich leukocytli nemocnych s tupymi trau-
maty, popaleninami a infekci (respektive zdravych
dobrovolnikil po aplikaci malé davky endotoxinu -
lipopolysacharidu, LPS - PAMP) dokladaji globalni
zmény v intracelularnich funkcich a signalizacich
zaujimajicich > 80 % genti [9, 14, 15]. Detekce téchto
zmeén genovych expresi umoznuje ¢asné odliSeni
sepse od neinfekéniho SIRS [14, 16, 17, 18]. Tato moz-
nost véasného rozpoznani infekéni etiologie neni
samotcelna, jelikoZ smrtnost sepse je v porovnani
s neinfekénim systémovym zanétem témeét dvoj-
nasobna [19]. Dosavadni paradigma dvoufazového
prabéhu zanétlivé odpovédi organismu striktné
Casové oddélujici inicidlni prozanétlivou fazi (SIRS)

2013,24,¢.4  ANESTEZIOLOGIE A INTENZIVNI MEDICINA

253



254

INTENZIVNI MEDICINA

a nasledujici kompenzacni protizanétlivou fazi
(CARS) [20] 1ze na zakladé téchto poznatkil chapat
odlisné [14]. Uvedené prace ukazuji, Ze alterace pro-
zanétlivych a protizanétlivych gent je simultanni
jiz v samotném tvodu onemocnéni a Ze rozdily
v expresich genli mezi preziv§imi a neprezivsimi
nemocnymi jsou kvantitativni, nikoliv kvalitativ-
ni. Pravé mira a délka zmény exprese piislusnych
gentl, odpovidajici imunitni deregulaci, zfejmé
sehrava roli pfi morbidité a mortalité v akutni fazi
systémového zanétu, ale i v rozvoji sekundarnich
komplikaci, jakymi jsou nozokomidlni infekce ¢i
protrahované organové postizeni [14, 21] - obrazek
1. Uvedené ukazuje, ze nejen vlastni spontanni
uprava, jak je zminéno vySe, ale také vcasnost
a rychlost normalizace adaptivni genové exprese
v odpovédi na zanétlivé stimuly (,,genomic storm*)
a tedy funkce imunitniho systému jsou dlileZité pro
nekomplikovany pribéh sepse.

MOZNOSTI ANALYZY STAVU A FUNKCE
IMUNITNIHO SYSTEMU A JEHO ODPOVEDI

Imunologicka odpovéd v sepsi je komplexnim
a velmi dynamickym procesem zahrnujicim celou
fadu vzajemné interagujicich bunécnych elemen-
tl s extrémné komplikovanou siti cytokinfi. Pravé
slozitost systému a rychlé zmény v case znesnad-
nuji samotna vySetfeni jednotlivych komponent
a zejména interpretaci vysledku. I piesto by zad-
nd z dalsich studii zabyvajici se prohlubovanim
znalosti a poznatkll patofyziologie sepse nemeéla
probéhnout bez alespon bazalni znalosti imunolo-
gického stavu a dynamiky zmén jeho jednotlivych
subjekti.

Molekularni genetika, proteomika,
transkriptomika

Uceleny obraz zmén pfi systémovém zanétu mu-
Ze podat posouzeni exprese jednotlivych genti v cir-
kulujicich leukocytech analyzou mRNA pomoci ¢i-
povych metodik (gene-chip analysis, micro-arrays,
transkriptomika) [14, 22, 23]. Dalsi trovni exprese
gent je jejich translace do proteinii. Vzhledem
k tomu, ze v tomto procesu dochazi k mnozstvi
zmeén podstatnych pro konecnou funkci protei-
nfl - potranslacnich modifikaci, mfize stanoveni
skutecné produkovanych bilkovin a jejich funkce
poskytnout presnéjsi obraz zmén v odpovédi na sys-
témovou infekci. Strukturdlni i funkéni analyzou
proteind v konkrétnim kompartmentu (plazma,
leukocyty atd.) se zabyva proteomika [22, 24]. Pres
velky potencial a robustnost uvedenych metod, jsou
tyto vyhrazeny pouze experimentalnim ¢i univer-
zitnim pracovistim a také interpretace a klinické
pouziti velkého objemu dat, které produkuji, jsou
problematické a Siroce diskutované.
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imunitni reakce a deregulace v sepsi. SIRS - syndrom systémové

odpoveédi
(podle Xiao, W. J. Exp. Med., 2011 [14])

Analyza cirkulujicich mediatorti imunitni
odpovédi

Mnohem dostupnéjsi jsou v dnesni dobé me-
tody ke stanoveni jednotlivych cytokint ¢i jinych
molekul tcastnicich se procesu zanétu (napf.
tumor-necrosis factor, interleukiny, interfero-
ny, prolifera¢ni faktory atd.). Jejich hladiny lze
stanovit jednotlivé/izolované, napt. cestou ELISA
metod (enzyme-linked immunosorbent assay) ¢i
chemiluminiscence, nebo pomoci multiplexovych
analyz jako napt. luminex, tzv. protein arrays ¢i
metodou CBA (cytometric bead array - detekce so-
lubilnich mediatord vazbou na ¢astice s naslednou
analyzou priitokovou cytometrii). Velmi casto jsou
uvedena vysetfeni provadéna formou komercné
dodavanych kitd. Zde vsak stejné jako v celé pro-
blematice imunitni odpovédi organismu v sepsi
plati, Ze jedna izolovana hodnota koncentrace
konkrétniho cytokinu neni ani pro pochopeni
patofyziologie procesu, ani pro diagnostické ¢i
terapeutické rozvahy uzitecna.

Analyza bunéénych elementu imunitniho
systému

VSechny bunécné elementy jsou a mohou byt
charakterizovany, stejné jako jejich zmény v ca-
se, analyzou exprimovanych membranovych ¢i
intracelularnich antigenti/molekul. S ohledem na
logistiku vySetfeni, flexibilitu, ¢asovou naro¢nost
areprodukovatelnost je k tomuto ucelu jednoznac-
né nejvhodnéjsi metodou pratokova cytometrie
(flow cytometry, FCM). Tato analyticka modalita
je pro rutinni klinickou praxi intenzivisty casto
velkou neznamou. M4 vSak velky potencial v ¢asné
diagnostice infekce a posouzeni imunitniho stavu,
proto se o ni kratce zminime.

Obecné je FCM nedilnou soucasti diagnostiky
a vySetfovani pacientl v hematologii, onkologii
i imunologii. Technologie FCM umoznuje velmi
snadno kvantifikovat jednotlivé zakladni (nejen)
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Obr.4 |llustrativni ukdzka dvoudimenzionalni kvantitativni
FCM analyzy - ,,cell sorting*

bunécné elementy analyzovaného vzorku (cell coun-
ting, cell sorting) na zakladé jejich velikosti (forward
scatter) a komplexnosti povrchové a vnitini struk-
tury (side scatter) - obrazky 2, 3, 4 a 5. Nejriznéjsi
antigeny sledovanych bunék (receptory, adhezivni
molekuly, strukturalni proteiny atd.) mohou byt
zpravidla oznaceny monoklondlnimi protilatkami
konjugovanymi s riznymi fluorochromy, které jsou
excitovany laserem a jejichz emisni signaly jsou
snimdany a nasledné digitalné zpracovany. Jedna se
o rychlou a presnou metodu umoznujici soucasné
meéfeni nékolika parametri azna 10 000 burikach za
sekundu. Umoznuje identifikaci riznych bunéénych
typli uvnitf smisené populace i analyzu jednotlivych
subpopulaci v ramci jedné definované bunécné po-

Obr.5 llustrativni ukdzka dvoudimenzionalni kvantitativni
FCM analyzy - ,,cell sorting“

pulace. Na druhou stranu je nezbytné uvést i nékteré
dtivody a nevyhody FCM, které dosud branily SirSimu
a rutinnimu uZiti FCM (nejen) v intenzivni péc¢i. FCM
je oteviena metoda umoznujici uziti nepfeberného
mnozstvi ,homemade* protokolli s nedostatecnou
mirou mezilaboratorni standardizace, z ¢ehoZ pra-
meni v fadé ptipad diskutabilni reprodukovatelnost
vysledkil. V soucasné dobé je tato modalita ve vétsSiné
pripadt rezervovana pro uziti specialisty v hematolo-
gii ¢i imunologii. S ohledem na extrémné nar@istajici
pocet objevovanych a popsanych antigenti (cluster of
differentiation, CD), , biomarker(* a s nimi souvi-
sejicich imunologickych pochodii, je bez adekvatni
interpretace vysledki jen obtizné uchopitelna a pro
praxi/lécbu pouzitelnd. Dalsi omezeni plyne z toho,
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Ze prutokova cytometrie neni vétSinou, a to ani ve
specializovanych centrech, metodou aplikovatelnou
24 hodin denné/7dni v tydnu. I pfes vSechny uvedené
limitace nabizi FCM za urcitych okolnosti (dostup-
nost, reprodukovatelnost, interpretovatelnost a in-
terpretovanost) velky potencial v dal§im pokroku
poznani patofyziologie, rutinni praxi vcetné 1écby
kontinua sepse - septicky Sok a prevazna vétSina
poznatki diskutovanych dale u jednotlivych bunéc-
nych elementl Cerpa pravé s jejich FCM analyz.,

BUNECNE KOMPONENTY
IMUNITNIi ODPOVEDI

Casna faze sepse je charakterizovdna zejmé-
na uvolnénim prozanétlivych cytokinti bunkami
vrozené imunity jako makrofagy, granulocyty
a NK-burnikami (natural-killer cells, NKC) [25]. Tato
inicidlni faze je vSak provazena rychlou indukci
apoptdzy imunitnich bunék vrozené i adaptivni
imunity cestou cysteinovych proteaz (kaspaz) a po-
Kklesem jejich absolutnich poct [26, 27, 28, 29] - ta-
bulka 3. Soucasné se objevuje porucha prezentace
antigen® monocyty a dalsimi antigen-prezentuji-
cimi bunikami [13, 30, 31]. Dale také dochazi ke zvy-
Seni poctu supresorovych elementd, jako jsou Th2
subpopulace T-lymfocytil, regulacni T-lymfocyty
(Tregs), supresorové buriky myeloidniho ptivodu
(myeloid-derived suppressor cells, MDSC) a popu-
lace granulocyti se supresorickym fenotypem [31].
Dysfunkce a apoptéza dendritickych bunék (DC)
se podle recentnich poznatkl také vyznammnou
mérou podili na imunoparalyze v pribéhu sepse
[31, 32, 33, 34]. VSechny tyto bunécné elementy
jsou soucasti kontrolnich mechanism k udrzeni
imunitni homeostazy a zabranéni excesivni akti-
vace imunitniho systému a nasledného po$kozeni
vzdalenych organt (MODS) [9, 31, 34].

Neutrofilni granulocyty

Neutrofily jsou dfileZitymi elementy vrozené
imunity. Tradi¢né jsou povazovany za esencialni
komponenty rozvoje a progrese systémového za-

nétu. Jsou vyznamnym zdrojem prozanétlivych
cytokindi, ptisobi jako potentni fagocyty s pfimou
destrukci patogent a ve formé neutrofilnich extra-
celularnich pasti (neutrophil extracellular traps,
NET) usnadnuji lokalizaci, izolaci, destrukci a eli-
minaci infek¢énich agens [35]. NET jsou intravas-
kuldrni komplexni struktury tvofené nukledrnim
chromatinem, histony, cytoplazmatickymi pro-
teiny neutrofil a samotnymi neutrofily [36, 37].
Neutrofilni granulocyty jsou schopny migrace do
mista infekce, adheze a aktivace endotelu s nasled-
nou endotelidlni dysfunkci, iniciaci a modulaci
lokalni a systémové zanétlivé odpovédi, poruchou
mikrocirkulace a tkanovym/organovym poskoze-
nim. Na druhé strané ani vyznamneé sniZeni poc¢tu
granulocytli nevede k alteraci mikrocirkulace [38].
Probihajici systémovy zanét vede k poruse funkce
neutrofilli na mnoha trovnich a v diisledku toho
k vyrazné alteraci vrozené imunity a jeji interakce
s mechanismy adaptivni imunitni odpovédi [37].

Antigen prezentujici buriky

Antigen prezentujici bunky (antigen-presen-
ting cells, APC) jsou vSechny buriky schopné po-
moci PRR rozpoznat antigeny invadujicich pato-
genll (PAMP) ¢i endogenni ,,alarminy“ (DAMP)
a predlozit jejich epitopy (antigenni determinanty
= klicové antigen-specifické rozpoznavaci znaky)
v kombinaci s hostitelovymi MHC antigeny II.
tridy a dal$imi kostimula¢nimi molekulami efek-
torovym bunkam (T-lymfocyty, neutrofily aj.).
Klasicky jsou APC rozdélovany na profesiondlni
APC (dendritické bunky, makrofagy/monocyty
a B-lymfocyty) a neprofesionalni APC (fibroblasty,
epitelidlni a endotelidlni bunky).

Dendritické buriky

Dendritické bunky (dendritic cells, DC) jsou
kritickymi elementy v indukci adaptivni imu-
nitni odpovédi, tolerance a propojeni imunity
vrozené a ziskané. Zahrnuji znacné heterogenni
bunécnou populaci vychazejici z CD34 + kme-
novych bunék a jsou pfitomny v fadé organd.

Tab.3 Srovnani absolutnich poctl lymfocytl zdravych dobrovolniki a septickych nemocnych

Populace T-lymfocytt

Septi¢ti nemocni (pocet bunék/ml)

Zdravi dobrovolnici (po¢et bunék/ml)

Lymfocyty celkem 1239 + 237 3113 + 739
CD3+ T-lymfocyty 626 + 58 1352 + 86
CD4+ T-lymfocyty 428 £ 74 863+ 49
CD4+CD25+ TCs (Tregs) 168 + 32 173 +13
CD4+CD25- TCs 260 £ 44 663 + 41
yd T-lymfocyty 16+4 56+9
Dalsi lymfocyty (CD8+ TCs, NKCs, BCs) 613 1761

Adaptovano z Monneret G. Mol Med 2008 [84]
Data, prezentovana jako primér + smérodatna odchylka, jsou ziskana z pIné krve zdravych dobrovolnikii a nemocnych v septickém Soku mezi 3-5 dnem onemocnéni.

256 ANESTEZIOLOGIE A INTENZIVNI MEDICINA 2013, 24, ¢. 4



Rozlisuji se dvé zakladni subpopulace - nezra-
1é a zralé DC. Pravé maturace DC je klicovym
procesem propojujicim vrozenou a ziskanou
imunitu [39, 40]. Nezralé cirkulujici DC jsou
schopny receptorovymi (TLR) a nereceptorovymi
mechanismy rozpoznavat PAMP/DAMP, nasled-
né maturovat ve zralé DC, produkovat unikatni
profil cytokinti a receptorli a stimulovat nativni
T-lymfocyty (T-helper) [41]. Zralé DC pak ztraceji
schopnost fagocytézy, zpracovani a prezentace
antigenli a shromazduji se v sekundarnich lym-
fatickych organech (slezina, lymfatické uzliny).
V zavislosti na specifickém PAMP/DAMP vyzra-
vaji DC do nékolika odlisnych klonf s naslednou
specifickou aktivaci odlisnych klon@ T-helper
lymfocytd (Thl vs. Th2 vs. Tregs - viz dale) [39,
41, 42]. Pokles poctu cirkulujicich (tj. nezralych)
DC, jakozto potentnich inicidtort a modulatora
systémového zanétu, byl popsan jiZ v ¢asné fazi
unemocnych se septickym Sokem [32]. Recentni
prace navic prokazuji, Ze setrvaly pokles DC
muze byt spojeny s vyssi incidenci nozoko-
mialnich infekci [43], coZ poukazuje na dlleZitou
roli DC v postinfekéni imunosurveillanci.

Monocyty

Monocyty jsou potentnimi profesionalnimi APC
a vyznamnymi producenty cytokind. V pribéhu
sepse jsou charakterizovany sniZenou reaktivitou
na aktivacni stimuly i poruchou prezentace anti-
genll pravdépodobné v dlisledku snizeni exprese
antigent MHC (major histocompatibility complex)
II. tfidy. MHC antigen 1. tfidy, respektive HLA-DR,
je spolu s CD86 klicovou molekulou pfi prezentaci
antigenti APC, jak jiZ bylo diskutovano vySe. Rada
studii demonstrovala asociaci sniZzené exprese HLA-
DR na monocytech (mHLA-DR) s jejich dysfunkci.
Tyto monocyty produkuji mensi mnozstvi proza-
nétlivych cytokint jako TNFa a IL-1 v odpovédi na
stimulaci bakterialnimi PAMP [44]. Obdobné je pro-
kazovana sniZena proliferace lymfocytti a produkce
IFNY u septickych jedinct se sniZenim mHLA-DR
jako konsekvence porusené prezentace antigent
[45, 46]. SniZena exprese mHLA-DR (< 40 % HLA-
DR+ monocyti; norma > 90 %) je nékterymi stu-
diemi oznacovana za relativné spolehlivy marker
monocytarni dysfunkce, odvozené i imunosuprese/
imunokompromitace kriticky nemocnych a jejich
morbidity a mortality [13, 30, 47, 48]. Pii pfesné
kvantitativni detekci poctu molekul HLA-DR na mo-
nocytech pomoci FCM vSak bylo zjiSténo, ze ackoliv
jsou medidny denzit HLA-DR vyznamné odliSné
ve skupiné prezivsich a nepreziv§ich nemocnych,
nemusi byt korelace s tiZzi, priibéhem onemocnéni
amortalitou zcela spolehliva diky vyznamné varia-
bilité téchto hodnot a 1ze obtizné stanovit hrani¢ni
(cut-off) hodnoty [49].
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Dal$im mechanismem vedoucim v prabéhu
sepse k imunosupresi mtiZe byt zvySena exprese
negativné kostimula¢ni molekuly PD-1 (,,program-
med death“) na monocytech [50, 51, 52]. Monocyty
s timto fenotypem produkuji klicovy protizanétlivy
cytokin - IL-10 s naslednou inhibici proliferace
T-lymfocytil a indukci jejich apoptdzy.

T-LYMFOCYTY A JEJICH SUBPOPULACE

T-lymfocyty

T-lymfocyty (T-cells, TC) predstavuji dalsi
klicovou droven imunitni odpovédi organismu,
sehrdvaji jak roli efektorovou (CD3+CD8+ TC,
cytotoxické TC), tak i regulacni (CD3+CD4+ TC,
helper TC) [53, 54, 55]. Aktivace a maturace TC
probiha cestou interakci povrchovych receptort
(TCR/CD3 komplex, kostimula¢ni CD 28) pfimo
s PAMP/DAMP ¢i APC. Aktivované TC vykazuji
nékolik uniformnich profilt v produkci cytokint
(zakladni: prozanétlivy vs. protizanétlivy) [56].
Vedle funk¢nich zmeén (maturace, aktivace) do-
chazi v pribéhu sepse a po tézkém traumatu i ke
snizeni poctu cirkulujicich TC [57, 58, 59] - tab.
3, a tiZe této lymfocytopenie koreluje s rozvojem
nozokomialnich infekci [58]. ZvySena ingesce
apoptotickych lymfocytli vede k pfimé inaktivaci
makrofag a k zhorseni eliminace patogenti [59,
60]. Charakteristickym rysem imunitni deregula-
ce je posun smérem k Th2 imunitni odpovédi s ele-
vaci plazmatickych hladin Th2 cytokind (zejména
IL-4) a snizena produkce cytokind Thl odpovédi
(TNFa, IENy, IL-2) [59, 61]. Dal$im fenotypovym
klonem helper TC jsou vedle Thl a Th2 také Th17
lymfocyty [62, 63]. Produkci IL-17 stimuluji nepti-
mo neutrofilni granulocyty k eliminaci infek¢-
nich agens, a zajistuji tak pozitivni/potencujici
zpétnou vazbu imunity ziskané s mechanismy
imunity vrozené [5, 59].

DalS$im charakteristickym rysem T-lymfocytarni
dysfunkce v sepsi je vzestup poctu subpopulace
cirkulujicich elementt s regula¢nimi funkcemi.
Tyto CD4+CD25+ regula¢ni TC (Tregs) jsou potent-
nimi elementy kontrolujicimi vrozenou i ziskanou
imunitni odpovéd organismu [5, 59, 64]. ZvySeni
poctu je dano zfejmé jejich sniZenou senzitivitou
k apoptotickym signalim, je popisovano jiz bez-
prostiedné pti diagnoéze sepse. Mechanismy imu-
nosupresivniho ptisobeni Tregs nejsou zcela zna-
my. Existuji dlikazy o pfimém inhibi¢nim vlivu
na cytotoxické TC, NK-buriky i DC [5, 65]. Exprese
ektonukleotidaz (CD39 a CD73) v membrané Tregs
vede ke konverzi extracelularné vysoce inflamator-
ni molekuly ATP na adenosin. Adenosin zpiisobuje
vazbou na specifické receptory na lymfoidnich
a myeloidnich bunkach jejich inaktivaci [66].
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NK-buriky

NK-buriky (natural-killer cells, NKC) jsou sub-
populaci TC reprezentujici 4-15% cirkulujicich lym-
focytli. Priitokovou cytometrii mohou byt charak-
terizovany jako CD3-CD56+ lymfocyty [67,68]. Jako
soucast vrozené imunity se podili na setrvalém
imunologickém dohledu nad invazi patogenti a na-
dorovym bujenim [67]. NKC jsou aktivovany cestou
PRR (TLR a NOD) rozpoznavajicich Siroké spektrum
PAMP/DAMP, v aktivovaném stavu se stavaji vy-
znamnym zdrojem IFNy - klicového prozanétlivého
mediatoru a podili se na pfimé destrukci a eliminaci
patogenii/cilovych bunék [67, 69]. NKC tizce intera-
guji s ostatnimi klicovymi elementy vrozené i adap-
tivni imunity, zejména DC, monocyty/makrofagy
a neutrofily. Tyto interakce jsou zprostfedkovany
fadou cytokint (IL-2, IL-12, IL-15 a IL-18).

NKC jsou idedalnim ptikladem toho, jak je pro ne-
komplikovany priibéh systémového zanétu nezbytna
spravna regulace imunitni odpovédi. Podle celé fady
studii dochazi v pribéhu systémového zanétu/sepse
k poklesu celkového poctu NKC [70, 71]. Mechanismy
této deplece nejsou v soucasnosti zcela jasné, ale zfej-
meé se na ni podili migrace do mista infekce a dalsich
(sekundarné) poskozenych organt [72, 73, 74] a také
apoptéza [71]. Nadmeérny ¢asny ubytek aktivovanych
NKC miizZe vést k nedostatecné eliminaci infekéniho
agens [70, 71]. Na druhou stranu, zvySeny pocet akti-
vovanych NKC (respektive sniZena deplece) miiZe byt
spojovan s vyznamnéjsim organovym poskozenim,
komplikovanym pribéhem sepse a vy$si mortalitou
[75, 76, 771.

Detailni poznani funkci NKC v sepsi zlistava
stale relativné otevienou otdzkou. Pozitivni roli
sehravaji v iniciaci a modulaci/potenciaci odpo-
védi vrozeného imunitniho systému. Negativnim
rysem je jejich podil na poskozeni tkani [67].

Gama-delta (y6) T-lymfocyty

Gama-delta (y8) T-lymfocyty jsou minoritni sub-
populaci TC exprimujici T-lymfocytarni receptor
(T-cell receptor, TCR) sestavajici se z y a § fetézcli
(v porovnani s TCR jinych TC, ktera je tvofen fetéz-
ci a a B). Jsou preferencné lokalizovany (homing)
vmuko6zach, sleziné (5 % bunécnosti) a tvori 1-10 %
cirkulujicich lymfocyti. Vzhledem k jejich prefe-
rencni epitelidlni lokalizaci hraji rovnéz nezastu-
pitelnou roli v prvni linii obrany viic¢i invadujicim
patogentim. Gama-delta T-lymfocyty jsou schopny
Casné iniciace zanétu prostfednictvim interakci
s dal$imi centralnimi bunéénymi elementy imu-
nitni odpovédi (dendritické buriky) cestou produk-
ce IL-17 [78, 79]. Navic jsou také potentnimi APC
[79, 80] a vykazuji pfimou cytotoxickou aktivitu.
Pfesné mechanismy, postaveni, role a moznosti
terapeutickych manipulaci y8 T-lymfocytl v pro-
cesu systémového zanétu jsou predmétem soucas-
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nych studii. Také popisovany pokles poctu téchto
elementdl v priibéhu sepse je v soucasnosti spise
prostou deskripci stavu s odvozovanymi konsekven-
cemi v podobé potencidlniho stavu imunosuprese.
Problematicka je jiZ samotna relevance stanoveni
mnozstvi cirkulujicich y8 T-lymfocytti jako aproxi-
mace skutecného poctu téchto preferencné extra-
vaskularné lokalizovanych elementd.

DALSI KLICOVE BUNECNE ELEMENTY
HRAJICi VYZNAMNOU ROLI V IMUNITNI
ODPOVEDI ORGANISMU

Supresorové buriky myeloidniho puvodu

Supresorové buniky myeloidniho ptivodu (mye-
loid-derived suppressor cells, MDSC) jsou hetero-
genni populaci expandujici pti systémovém zanétu
s infekci, majici viyznamnou schopnost potlacovat
funkce TC a modulovat produkci cytokinti mak-
rofagy [81, 82]. Tvoii ptiblizné 0,5 % perifernich
cirkulujicich mononuklearti a jsou charakteri-
zovany expresi spolecného myeloidniho znaku
CD33, Grl a CD11b [83, 84]. Prozanétlivé cytokiny
(INFy, IL-13, IL-4, ligandy pro TLR) aktivuji MDSC,
které cestou produkce ROx, NOx, peroxinitritu
a ptimou indukci Tregs vedou k imunoparalyze
[82, 84, 85]. Vysledky nékterych experimentalnich
studii naznacuji protektivni roli MDSCs u subjektii
v septickém Soku [86].

Endotelialni a epitelialni buriky

Endotelidlni bunky sehravaji dtilezitou ilohu
v propagaci zanétu. Exprimuji celou $kalu adheziv-
nich molekul, které umoznuji a usnadnuji adhezi
imunokompetentnich bunék a rozsifeni zanétu.
Fenomén endotelidlni dysfunkce je povazovan za
jeden z klicovych mechanismt prabéhu systémo-
vého zanétu a geneze MODS [2].

V priibéhu sepse dochazi k poskozeni a zvy-
Sené apoptdze endotelidlnich a epitelidlnich
bunék. Do cirkulace se tak dostava mnozstvi
DAMP (viz niZe), které dale potencuji a udrzuji
systémovy zanét [11, 87]. DAMP, jako naptiklad
mitochondridlni DNA (mtDNA), mohou byt de-
tekovany v plazmeé i po kompletni eradikaci in-
fekéniho agens a charakterizuji pretrvavajici
tkanové poskozeni. Detekce mtDNA a bakteridlni
DNA (bDNA) mtzZe za urcitych okolnosti slouzit
k odliSeni infekéni a neinfekéni etiologie systé-
mového zanétu [11].

CIRKULUJICIi MEDIATORY

Nepteberné mnozstvi experimentalnich i hu-
mannich studii se jiZ zabyvalo stanovenim hladin,
vyznamem a moznostmi vyuZziti nejriznéjsich
inflamatornich mediitord k popisu patofyziolo-



gie, diagnostice a/nebo 1é¢bé nemocnych v sepsi/
septickém Soku. Vzhledem Kk jejich mnoZstvi, kom-
plexnosti jejich vzajemnych interakci, interakci
s imunokompetentnimi elementy a vyznamné
proménlivym hladinam a biologickym polocastim
nebylo a stale neni mozné jejich vyznam spravné
uchopit a vyuzit [88]. Kontinudlni studium sys-
témového zanétu vede k identifikaci fady novych
cytokini, z nichZ nékteré vykazuji zajimavé a po-
tencidlné terapeuticky vyuzitelné funkce.

Interleukin 7 (IL-7) je jednim z kli¢ovych media-
tortt udrzujicich homeostazu a pfezivani TC (anti-
apoptoticky efekt). Sekundarné vede k udrzeni ¢i
zvySeni produkce IFNy a tedy k udrZeni ¢i akcentaci
zanétlivé odpovédi [89, 90]. Z téchto poznatkl
by mohl vyplyvat potencidlni terapeuticky efekt
aplikace IL-7 ve fazi imunodeprese. Efekt v§ak ne-
ni, i pfes nékteré pozitivné vyznivajici prace [86],
zcela pfimocary a zavisi na jedné strané na expresi
a stavu receptoru pro IL-7 na lymfocytech (IL-7R/
CD127), na dalsi sekundarni intra- a intercelularni
signalizaci a na strané druhé na pocetnim a funk¢-
nim stavu element{l imunitniho systému.

Subpopulace regulac¢nich TC - Th17 sehrava klico-
vou roli v obrané hostitele pfed mikrobidlni invazi
[91]. Jako vyznamna soucast adaptivni imunity
cestou produkce interleukinii 17, 21 a 22 moduluje
a adaptuje odpovéd slozek vrozené imunitni odpo-
védi [91, 92, 93]. Pozornost soucasného vyzkumu se
soustfeduje zejména na IL-17, ktery mimo jiné atra-
huje neutrofily do dychacich cest/plic v odpovédi
na infekéni podnéty. Recentni prace navic popisuji
ivliv genetickych variaci IL-17 v primdrni citlivosti
jedincti ke grampozitivnim patogentim a poukazuji
na moznou asociaci s mortalitou [93].

Dal$im z relativné nové identifikovanych a po-
psanych chemokinti je interleukin 33 (IL-33) patfici
do ,,cytokinové rodiny IL-1“. Sehrava daleZitou tilo-
hu v aktivaci vrozené imunity cestou stimulace DCs
amakrofagl a tedy v antigenni prezentaci, propoje-
ni sadaptivni imunitni odpovédi a primarn{ elimi-
naci patogenti. Vyznamny vliv ma také na indukci
zanétu dychacich cest s potenciaci funkce eozinofila
pti alergickych postiZenich a v neposledni fadé se
tcastni procesti mukoéznich (neinfek¢énich) zanéta
(ulcerézni kolitida, Crohnova nemoc). Vyznamna
je tloha IL-33 i v indukci Th2 imunitni odpovédi,
jakozto kontrolniho a protektivniho mechanismu
v sepsi [94, 95, 96]. Souhrnné 1ze tedy IL-33 oznacit
za homeostaticky faktor, ktery stimuluje eliminaci
patogentl, reparaci tkani a souc¢asné kontrolu roz-
sahu imunitni odpovédi a poSkozeni tkani.

Zvlastni pozornost si zaslouzi i klicovy DAMP
a pozdni mediator sepse high mobility group
box 1 (HMGB-1). Tento nuklearni protein je pa-
sivné uvolnovan pfi ztraté integrity membran
nekrotickych bunék. HMGB-1stimuluje zanétlivou
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odpovéd aktivaci DC, atrahuje imunokompetentni
elementy a podili se na tkanové regeneraci indukci
proliferace a diferenciace kmenovych bunék [97].
Koncentrace HMGB-1zlstava zvySena i v dobé, kdy
se hladiny jinych (TNFa, IL-6) jiz normalizovaly
[97, 98] a zda se nezbytna pro spravnou maturaci
DCs a naslednou aktivaci Thl imunitni odpovédi.

Dal§imi ubikvitarnimi potentnimi mediatory
zanétlivé odpovédi ze skupiny DAMP jsou heat
shock proteiny (HSP). Pri tkaniovém poskozeni
jsou HSP aktivné secernovany a cestou TLR in-
dukuji zanétlivou odpovéd organismu [99]. Také
proteiny skupiny S100 jsou schopny indukovat
specificky zanét endotelu se zvySenou vaskular-
ni permeabilitou a protrombotickym stavem.
Soucasné primo aktivuji bunky imunitniho sys-
tému cestou jejich PRR (TLR, RAGE) [99].

ZAVER A PERSPEKTIVY

I pfes enormni pokroky poslednich let jsou nase
znalosti patofyziologie sepse znacné nekompletni.
Tato skute¢nost a neznalost aktudlniho imunolo-
gického profilu studovanych jedincti mohla stat za
selhanim vétSiny klinickych studii s cilem ovlivnit
prozanétlivé reakce organismu. Nadale zistava
fada nezodpovézenych otidzek: Zname opravdu
dobtfe mechanismy vedouci k sepsi indukované
imunoparalyze? Podili se i naSe vlastni 1é¢ba na
indukci a/nebo potenciaci této imunosuprese? Jsou
to katecholaminy, sedativa, inzulin, antibiotika?
Jakou roli ma bunécna energetika/mitochondrial-
ni dysfunkce v imunitni homeostaze? Jakou roli
maji neuroendokrinni mechanismy v imunitni
odpovédi?

Jakkoliv vyznamné se mohou zdat nase soucas-
né pokroky v porozumeéni systémovému zanétu
a identifikaci novych mediatorti, nelze nase dia-
gnostické a terapeutické tivahy opirat o izolova-
nou analyzu jakéhokoliv z nich, jelikoZ poskytuji
pouze Castecny a relativné dost omezeny pohled
na aktudlni stav imunitni homeostazy konkrét-
niho subjektu. Pfinosné;jsi alternativou miize byt
uziti celého panelu markert (solubilnich i celu-
larnich) k definovani aktualniho individualniho
imunitniho profilu. V ¢ase opakovana (funkéni)
analyza imunologického profilu nemocnych v ini-
cialni fazi zavazného systémového zanétu (septicky
$ok) teoreticky umoznuje jejich ,imunologickou
stratifikaci“ a predikci rozvoje komplikaci a/nebo
mortality a také mozné odpovédi na pfipadnou
imunointervencni terapii. Podstatnou limitaci
vSak pfedstavuje schopnost nasi interpretace a kli-
nického vyuziti téchto dat v soucasnosti.

Ve svétle soucasnych poznatki 1ze systémovy
zanét v pritomnosti infek¢niho agens povaZovat
za prisné individualni a patogen a hostitel-speci-
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ficky proces imunitni deregulace. Nejen v blokadé
prozanétlivé odpovédi, nybrz i ve stimulaci imu-
nitni odpovédi se mtize nachazet slibna 1é¢ebna
strategie. Pfikladem miiZe byt:
1. blokada protizanétlivych mediatort,
2. obnova funkci APC,
3. obnova funkci TC,
4. blokada apoptdzy imunitnich elementd.
Abychom se soucasné vyhnuli chybam pred-
chozich studii, je potfeba mit na paméti, Ze cileni
1é¢by na jediny patofyziologicky pochod miize byt
a zfejmeé také i bude nedostatecné.
Imunomodulaé¢ni/imunostimulaéni terapie
predstavuji moZnou strategii v 1é¢bé sepse/sep-
tického Soku, jejichz cilem by mélo byt zlepseni
eliminace patogenti, prevence rozvoje nozokomial-
nich infekci a reaktivace dormantnich vird. I pfes
slibné pfedbézné vysledky nékterych studii (IFNy,
GM-CSF, anti-IL-10) je aplikace téchto poznatkl do
klinické praxe jesté velmi vzdalena. Ke vSem v tex-
tu vy$e uvedenym elementiim zanétlivé odpovédi
1ze dokladovat fadu praci se snahou o pozitivni
ovlivnéni daného patofyziologického pochodu sti-
mulaci ¢i inhibici. Jejich vycet a komentovani je
vSak zcela nad ramec tohoto pojednani [9, 100].
Primarnim a determinujicim cilem by mélo byt
Kklinicky aplikovatelné bliZsi porozumeéni patofyzio-
logii imunitni regulace a odpovédi pti systémové
infekci a schopnost rychlého rutinniho zhodno-
ceni (v ¢ase) imunologického stavu nemocnych
a identifikace jednotlivc, ktefi by z vySe zmi-
nénych imunomodula¢nich/imunostimula¢nich
terapii profitovali.

Seznam zkratek

APC - antigen prezentujici bunky (antigen-presenting cells)

ATB - antibiotika

BC - B-lymfocyty (B-cells)

BCR - B-lymfocytarni/bunécny receptor (B-cell receptor)

b-DNA - bakteridini DNA

CARS - syndrom kompenzac¢ni protizanétlivé odpovédi (com-

pensatory antiinflammatory response syndrome)

CMV - cytomegalovirus

DAMP - molekuldrni motivy hostitele, endogenni alarminy
(danger-associated molecular pattern)

DC - dendritické bunky (dendritic cells)

FCM - pritokova cytometrie (flow cytometry)

GIT - gastrointestinalni trakt

GM-CSF - granulocytdrni a makrofdgové kolonie stimulujici fak-
tor (granulocyte-macrophage colony-stimulating fac-
tor)

HMGB1 - high-mobility group box 1
HSP - heat shock protein

IL - interleukin

INF - interferon

JIP - jednotka intenzivni péce

2013,24,¢.4

MODS - syndrom dysfunkce/selhani vice organt (multiple or-
gan dysfunction syndrome)

mt-DNA - mitochondridlni DNA

PAMP - molekuldrni motivy patogen(, exogenni alarminy (pa-
thogen-associated molecular patterns)

PICS - syndrom pretrvavajiciho zanétu, imunosuprese a ka-
tabolismu (persistent inflammation, immunosuppres-
sion and catabolism)

PRR - motivy-rozpoznavajici receptory (pattern recognition

receptors)

RQ-PCR - kvantitativni polymerdzovd retézova reakce v redl-
ném case (real-time quantitative polymerase chain
reaction)

SIRS - syndrom systémové zanétlivé odpovéedi (systemic in-
flammatory response syndrome)

TC - T-lymfocyty (T-cells)

TCR - T-lymfocytarni/bunécny receptor (T-cell receptor)

Th - pomocné T-lymfocyty (helper T-cells)

TLR - toll-like receptor

TNF - nador nekrotizujici faktor (tumor necrosis factor)

Tregs - regulaéni T-lymfocyty
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Ultrazvuk v zobrazeni a kanylaci
centralniho zilniho systému

Michalek Pavel

Klinika anesteziologie, resuscitace a intenzivni péce 1. LF UK a VFN Praha

uvob

Prvni kanylace centralniho zZilniho systému
byla provedena némeckym chirurgem Wernerem
Forsmannem v roce 1929, ktery zavedl tenky moco-
vy katétr z loketni jamKky aZ do pravé siné srdecni.
Perkutanni ptistup do podkli¢kové Zily byl popsan
Aubaniacem v roce 1952 [1]. Tento pfistup se potom
na dlouha 1éta stal nejuzivanéjsim pro kanylace
centralni Zily v anestezii i intenzivni péci. Pro
potencialni riziko komplikaci, predev§im pneu-
motoraxu, byly vyvijeny nové pristupy a metodiky,
které mély jeho vyskyt minimalizovat. Jednou
z téchto metodik je pouziti ultrazvukové kontroly
a nebo navigace v redlném case k zobrazeni Zily,

Anest. intenziv. Med., 24, 2013, ¢. 4, s. 263-267

jeji punkci a zavedeni katétru. Peters v roce 1982
poprvé publikoval své zkusenosti s pouzitim dop-
plerovského ultrazvuku pfi infraklavikularnim

s v

pristupu do podklickové Zily [2].

ZOBRAZENI JEDNOTLIVYCH
CENTRALNICH ZIL

Pro zdkladni orientaci jsou centralni zily vét-
Sinou zobrazovany v pricném (transverzalnim)
obrazu. U vétSiny pacientli pouzivime linedrni
sondy s frekvenci obvykle 6-13 MHz. V oblastech,
které jsou pouzivany pro kanylaci, zila doprovazi
pfislusnou tepnu. Na krku je zobrazena vena ju-
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Souhrn

Sepse a septicky Sok jsou jednou z nejéastéjsich pfic¢in smrti na jednotkach intenzivni péce. Trombocyto-
penie a/nebo porucha funkce krevnich desti¢ek jsou pomérné €astou soucasti syndromu multiorganové
dysfunkce, pficemz trombocyty nemusi hrat v patofyziologii téchto stavli pouze pasivni roli. Krevni destic-
ky plnici primarné hemostatickou funkci pfi poruseni integrity endotelu, zastavaji, obdobné jako leukocyty,
dilezitou funkci v primarnich obrannych mechanismech hostitele. Tyto bunééné fragmenty na svém povr-
chu exprimuji a secernuji fadu adhezivnich a prozanétlivych molekul, které slouzi k iniciaci a modulaci pri-
marni imunitni odpovédi. Tyto hemostatické a zejména nehemostatické funkce trombocytt a jejich tloha
v patogenetickych mechanismech pfi systémovém zanétu budou autory shrnuty a autofi o nich budou dis-
kutovat v tomto prehledovém ¢lanku.

Klicova slova: trombocyty — sepse — pfirozena imunita — intercelularni interakce

Abstract

Thrombocytes in sepsis

Sepsis and septic shock are the most frequent causes of death in intensive care units. Thrombocytopenia
and/or platelet function impairment are common parts of the multiple organ dysfunction syndrome.
However, thrombocytes are not mere bystanders as documented in the present literature. Platelets, prima-
ry actors in haemostasis and thrombin generation during endothelial integrity disruption, similarly to leu-
kocytes, maintain important functions of innate defense mechanisms of the host. These cellular fragments
express and secrete numbers of adhesive and pro-inflammatory molecules that serve to initiate and modu-
late the primary immune response. Such haemostatic and especially non-haemostatic functions of platelets

and their role in the pathogenesis of systemic inflammation will be discussed in this review.
Keywords: platelets — sepsis — innate immunity — intercellular interaction

Anest. intenziv. Med., 21, 2010, C. 6, s. 342-350

Uvod

Sepse a septicky Sok jsou desatou nejCastéjsi pfri-
¢inou smrti vSeobecné a nejcastéjsi pfiCinou smrti na
nekoronarnich jednotkach intenzivni péce. Incidence
sepse je 50-95 pfipadl na 100 000 obyvatel a zvySuje
se cca 0 9 % roCné. | pfes znaCné pokroky v dia-
gnostice a lé¢bé je mortalita téchto stavi 30—90%
a koreluje s poctem dysfunkénich organi/systémi
a s délkou trvani téchto stavli [1, 2].

Trombocyty jsou bezjaderné a nejmensi krevni ele-
menty (3,6 x 7,0 um; povrch 8 um2; objem 7 fl) vznik-
Ié odstépenim z megakaryocytl v kostni dfeni. Proli-
ferace a diferenciace megakaryocytl a nasledna pro-
dukce krevnich desticek je pod kontrolou trombopoe-
tinu (a v mensi mife i jinych cytokin(: IL-3, IL-6, IL-11,
G-CSF atd.). Trombopoetin (TPO) je produkovan kon-
stantni rychlosti v jatrech a ledvindch a néasledné
z cirkulace vychytavan vazbou se specifickym recep-
torem (c-Mpl) na povrchu trombocytld a megakaryo-

cytll. Desticky slouzi i jako zadsobarna TPO a po jejich
aktivaci dochazi v procesu degranulace k jeho zpétné-
mu uvolnéni do cirkulace [3, 4]. Trombopoetin je elimi-
novan/metabolizovan vyhradné cirkulujicimi trombo-
cyty. Pokles poctu cirkulujicich desti¢ek tudiz vede ke
zvySeni hladiny trombopoetinu a naopak [5]. Trombo-
cyty sehravaji centralni Ulohu v procesu hemostazy
a trombdzy. Navic jsou i specializovanymi burikami pfi-
rozené imunity, modulatory zanétlivé odpoveédi hostite-
le; jsou zavzaty do procesu hojeni ran a hemato-
gennich metastaz [6]. Jsou vyznamnym zdrojem vel-
kého mnozstvi bioaktivnich mediatord, které produku-
ji, skladuji a secernuji [7]. Za normalnich okolnosti,
primérné 1 x 1012 desticek, cirkuluje v krevnim fecis-
ti podél endotelu cév o ploSe az 1000 m2, aniz by do-
chazelo k jejich aktivaci, adhezi, agregaci a de-
granulaci. PFi jakémkoliv porudeni integrity cévni sté-
ny dochazi k nastartovani procesu vzajemnych inter-
akci cirkulujicich trombocytd, endotelidlnich bunék
a subendotelidlnich struktur v procesu hemostazy [8].
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Trombocytopenie v sepsi

Trombocytopenie, arbitrarné definovana jako pocet
trombocytdl < 150 x 109/, je ¢astym jevem v sepsi Ci
septickém Soku. Jeji incidence je pfiblizné 35-44 %.
U 20-25 % téchto nemocnych zjiStujeme pocet desti-
¢ek <100 x 1091 a 12-15 % pacientll ma téZkou trom-
bocytopenii (< 50 x 109/) [9, 10, 11, 12]. Pocet desti-
Cek typicky klesa v prvnich &tyfech dnech pobytu na
JIP [13]. Mechanismus vzniku trombocytopenie
v sepsi/septickém Soku neni v sou€asnosti zcela jas-
ny (tab. 1). Vysvétleni snizenou produkci trombocytl
v kostni dfeni je v logickém rozporu s vysokymi hladi-
nami produkce destiCek stimulujicimi prozanétlivymi
cytokiny (TNF-, IL-6 atd.) a trombopoetinu u nemoc-
nych v sepsi [3, 4]. Jednou z moznych pfi¢in mize byt
nekontrolovana fagocyt6za krevnich elementl a jejich
prekurzorll v procesu systémového zanétu aktivova-
nymi makrofagy. Tyto tzv. hemofagocytarni syndromy
(HPS) tvofi vzacnou skupinu vrozenych a ziskanych
onemocneéni, pro ktera je spole€na neadekvatni bu-
nécna imunitni odpovéd u nemocnych s defektem cy-
totoxické aktivity T-lymfocytli a NK-bunék. Hemofago-
cytéza se mlze podilet na jinak nevysvétlené trombo-
cytopenii u nékterych pacientll v sepsi/septickém $o-
ku. Za téchto klinickych situaci muze byt tento proces
relativné casty [14, 15]. Kromé trombocyt( jsou
Castym cilem hemofagocytdzy i erytrocyty a jejich ja-
derné prekurzory v kostni dfeni. Pravé erytrofagocyto-
za je potentnim stimulem pro zvySeni exprese hemo-
xygenazy-1 (HO-1), proteinu, jenz ma svuj podil
v protektivnich mechanismech v sepsi/septickém So-
ku [16]. HO-1 je enzym Ucastnici se degradace hemu.
Jeho zvySena aktivita je spojena s protizanétlivymi,
antiapoptotickymi a antioxdativnimi efekty. Tyto nejsou
zprostfekovany enzymem samotnym, ale pravé degra-
dacnimi produkty hemu — bilirubinem, oxidem uhelna-
tym (CO) a ferritinem [17]. Jako fadu jinych patofyzio-
logickych mechanisml v sepsi nelze ani hemofagocy-
tézu, i pres jeji dopad na pocty cirkulujicich krevnich
elementd, z vySe uvedenych divodl povazovat za jed-
noznacné negativni proces.

Imunitni (autoprotilatkami zprostfedkovana) trom-
bocytopenie muize byt pfi¢inou snizeného poctu krev-
nich desti¢ek u kriticky nemocnych v daleko vétsi mi-
fe, nez jak je na ni pomys$leno. Nespecifické autopro-
tilatky proti trombocytim mohou byt dekekovany az
u 30 % téchto jedincli [18]. VétSina IgG autoprotilatek
se vaze samostatné na bakterialni komponenty na-
chazejici se na povrchu aktivovanych desti¢ek nebo
ve formé imunokomplexu. Pouze u mensi ¢asti nemoc-
nych (30 % [18]) nachazime specifické autoprotilatky
namifené na membranové glykoproteiny (GPllb/llla,
GPIb/IX). Takto vyvolana trombocytopenie tak pravdé-
podobné sdili fadu patofyziologickych mechanismu
popsanych u imunitni (idiopatické) trombocytopenic-
ké purpury (ITP). Pacienti s trombocytopenii
a detekovatelnymi autoprotilatkami maji mensi prav-
dépodobnost normalizace poctu desti¢ek nez jedinci

bez téchto protilatek, nicméné nevyzaduji vétsi sub-
stituci krevnimi derivaty (trombokoncentraty) [18]. Dal-
8im patologickym stavem charakterizovanym ¢asto
tézkou trombocytopenii s pfitomnosti autoprotilatek je
heparinem-indukovana trombocytopenie (HIT). Tyto
protilatky tfidy IgG jsou namifeny proti komplexu de-
stiCkovy faktor 4 a heparin (PF4/heparin, HIT-IgG) [19].
Incidence je odhadovana na 1-3 % vSech nemocnych
IéCenych nefrakcionovanym heparinem (UFH), az
0,8 % pfi aplikaci nizkomolekularnich heparinl
(LMWH) [20, 21] a typicky se rozviji po vice nez 5
dnech léCby. | pfes Casto zavaznou trombocytopenii je
HIT stavem jednoznacné prokoagulaénim, diky uvol-
néni velkého mnozstvi prokoagulaénich substanci (se-
rotonin, histamin, ADP) pfi degranulaci trombocytu sti-
mulované navazanim multimerd PF4/HIT/HIT-IgG na
jejich Fc Rlla receptory [19]. PFi suspekci na HIT je ne-
zbytné neprodlené ukoncit IéCbu heparinem, stejné ja-
ko odstranit vSechny heparin obsahujici intravaskular-
ni katétry a jiné zafizeni, prerusit extrakorporalni o€is-
tovaci (CRRT) a podpulrné (ECMO) metody uzivajici
jako antikoagulans heparin. Pouhé vysazeni heparinu
vS8ak neni adekvatni Ié¢bou HIT. U 30-50 % nemoc-
nych, ktefi v dobé HIT neméli HIT-asociovanou trom-
bozu, se do jednoho mésice rozvine trombembolicka
pfihoda, pokud nejsou léCeni alternativnim antikoagu-
lanciem (pfimé inhibitory trombinu) [22]. Mnohem &as-
t&jSi nez vySe popsana autoprotilatkami zprostfedko-
vana HIT je neimunitni HIT (nonimmune-HIT, N-HIT,
dfive HIT type 1). Mechanismem je nejspiSe pfima
vazba heparinu na trombocyty [23]. Takova trombocy-
topenie je vétSinou pouze mirna a rezultuje i bez pfe-
ruseni [éCby heparinem.

Relativné vzacnéjsi pfi¢inou trombocytopenie
u kriticky nemocnych v&etné téch v sepsi/septickém
Soku muze byt tzv. etylendiamintetraacetat-depen-
dentni pseudotrombocytopenie (EDTA-PTCP). Litera-
tura udava incidenci 0,1% [24, 25]. Jedna se o in vitro

Tabulka 1. Zakladni pfi€iny trombocytopenie nemocnych
v intenzivni péci

Snizena produkce Polékova trombocytopenie
Primarni onemocnéni kostni
dfené/hematologické
malignity

Hemofagcytéza

Infekce

Nutriéni deficity (vitamin By,
zelezo atd.)

Krevni ztraty

Koagulopatie

Infekce

Polékova trombocytopenie
Hypersplenismus

Imunitné podminéné
trombocytopenie

(ITP, TTP-HUS, HELLP)
EDTA-asociovana aglutinace
Hemodiluce

ZvySena
eliminace/konzumpce

Pseudotrombocytopenie

(upraveno podle [10])
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fenomén agregace destiCek v pritomnosti EDTA
a autoprotilatek proti trombocytim (tfid IgG, IgM i IgA;
ligand: GPIIb/llla) [26]. Automatické analyzatory neby-
vaji schopny pfitomnost shlukl krevnich desti¢ek vy-
hodnotit a vysledkem byva nespravné udany nizky po-
Cet trombocytU. Tento fenomén by mél byt vzdy zvazen
v diferenciélni diagnostice trombocytopenie (nejen kri-
ticky nemocnych) a skute¢ny pocet destiCek ovéren
analyzou z krevniho vzorku odebraného do odbéro-
vych souprav s Na-citratem jako antikoagulans.

Konzumpce trombocytl hraje také dualezitou roli
v rozvoji trombocytopenie v sepsi, a to v disledku vy-
soké produkce trombinu, ktery je nejvice potentnim
aktivatorem desti¢ek in vivo. Trombocyty mohou byt
také aktivovany pfimo endotoxinem a dalSimi proza-
nétlivymi mediatory (PAF atd.) [15, 16].

Primarnim dasledkem trombocytopenie u kriticky
nemocnych je zvy$eni rizika krvaceni. U pacienti
s tézkou trombocytopenii (< 50 x 109/1) je toto riziko
Ctyfikrat az pétkrat vyssi [11, 12] a obecné se zvySu-
je pfi systémovém zanétu [17]. Riziko intracerebralni-
ho krvaceni nemocnych pfijatych na JIP je relativné
nizké (0,3—-0,5 %), ale az 88 % téchto nemocnych ma
soucasné pocet krevnich desti¢ek < 100 x 109/1 [18].
Bez ohledu na pfi€inu je trombocytopenie nezavislym
prediktorem mortality na JIP s relativnim rizikem
1,9—-4,2 podle multivariantnich analyz [11, 12]. Trom-
bocytopenie perzistujici déle nez 4 dny po pfijeti na
JIP &i pokles poctu krevnich desti¢ek o > 50 % vycho-
zich hodnot v prabéhu pobytu na JIP jsou spojeny se
¢tyfnasobnym az Sestinasobnym zvySenim mortality
[11, 13]. PocCet trombocytd se ukazuje byt silnéjSim ne-
zavislym ukazatelem mortality na JIP nez nékteré sko-
rovaci systémy (APACHE Il, MODS). Sepse je jasnym
nezavislym rizikovym faktorem pro rozvoj trombocyto-
penie a soucasné tize sepse/septického Soku korelu-
jeisjeji zavaznosti [11, 12, 19]. Trombocytopenie mu-
ze byt dusledkem i jinych stavli nesouvisejicich se se-
psi/septickym Sokem (tab. 2).

Tabulka 2. Diferencialni diagnéza trombocytopenie v intenzivni
péci

Sepsel/infekce

Disseminovana intravaskularni koagulace (DIC)
Masivni krevni ztraty

Trombotick& mikroangiopatie

Heparinem indukovana trombocytopenie (HIT)
Imunitni trombocytopenie

Léky indukovana trombocytopenie (DIT)

(upraveno podle [17])

Funkce trombocytt v sepsi

Trombocyty jsou vysoce diferencované buriky se-
hravajici esencialni ulohu v procesu primarni zastavy
krvaceni a sou€asné i v pfirozenych obrannych me-
chanismech hostitele. Tvorbou trombu zajistuji he-
mostazu a brani krevnim ztratam pfi poruseni cévni

stény, produkci cytokind, expresi adhezivnich molekul
s naslednou pfimou intercelularni interakci a signa-
lizaci (trombocyt-endotelialni burika, trombocyt-neu-
trofil) iniciuji @ moduluji imunitni odpovéd [7, 10, 20,
21, 22, 28, 24]. Nelze pominout ani vliv vazoaktivnich
latek secernovanych trombocyty na tonus cév pfi
systémovém zanétu (tab. 3). Funkce desti¢ek mlze
byt primarné rozdélena do Ctyf fazi: adheze, aktivace,
agregace a sekrece.

Tabulka 3. Vazoaktivni substance secernované aktivovanymi
trombocyty

Serotonin
Tromboxan A2
Adrenalin
Noradrenalin
Fibrinopeptidy
Trombin
Prostacyklin
Prostaglandin E2
Histamin
Bradykinin
Fibrin-degradaéni produkty
Trombin

Vazokonstrikéni efet

Vazodilataéni efekt

(upraveno podle [10])

VSechny zminéné funkce a interakce trombocytl
jsou podminény intaktni kaskadou zmén, kterymi pro-
chazeji v pribéhu jejich aktivace. Pfi poruseni integri-
ty cévni stény dochazi k odhaleni subendotelidlniho
kolagenu. Na ten se vazou cirkulujici multimery von
Willebrandova faktoru (VWF), které se déle vazou na
membranovy receptorovy komplex trombocytl — gly-
koprotein Ib/V/IX (GP Ib/V/IX). Dochazi k aktivaci
a zmeéneé tvaru desti¢ek. Diskoidni tvar s homogenni
distribuci granul trombocytl v klidovém stavu se mé-
ni s charakteristickou excesivni tvorbou pseudopodii
za aktivni ucasti cytoskeletu [25], fuzi granul
S membranou v procesu exocytdzy a sekreci jejich ob-
sahu (tab. 4). Adheze desti¢ek je mozna i pfimou inter-
akci membranového komplexu GP la/lla (eventualné
i GP VI ¢i CD36) s kolagenem jako jeho ligandem. Ak-
tivace je provazena expresi a konfirma¢ni zménou in-
tegrinu allbB3 — receptorového komplexu GPIlIb/llla
(CD41/CD61). Nasleduje vzajemna agregace trombo-
cytll pomoci tohoto receptoru a cirkulujiciho fibrinoge-
nu jako ligandu pro tento receptor. Lipoproteiny
s nizkou denzitou (low-density lipoproteins, LDL) jsou
rovnéz ligandem GPIIb/llla a modulatorem destiCko-
vych funkci. Uvadi se vztah vysoké hladiny LDL
a hyperreaktivity trombocytl [26]. Mozny vztah mezi
LDL a protrombotickym stavem muze vysvétlovat vys-
8i vyskyt kardiovaskularnich komplikaci po vysazeni
statin(l (inhibitord HMG-CoA reduktazy). DalSi konse-
kvenci aktivace desticek je sekrece obsahu granul —
degranulace. Dochazi k uvolnéni nékolika agonist( de-
stiek, koagulaénich faktor(l, heparin-binding protei-
nd, rastovych faktor(l, vazoaktivnich latek a k expresi
membranovych receptorl zprostfedkovavajicich inter-
akce s leukocyty &i endotelialnimi burikami. Rada
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Tabulka 4. Obsah jednotlivych typ( granul trombocytl

Denzni granula Nukleotidy Adenin: ADP, ATP
Guanin: GDP, GTP
Aminy Serotonin
Histamin
RANTES
Bivalentni kationty
alfa-granula adhezni molekuly P-selektin (CD62p)
platelet endothelial cell adhesion molecule-1 (PECAM-1, CD31)
GPlIb/llla (af3 integrin, CD41/CD601)
von Willebranduv faktor (VWF)
thrombospondin-1 (TSP-1)
vitronectin
fibronectin
mitogenni faktory platelet-derived growth factor (PDGF)
vascular endothelial growth factor (VEGF)
endothelial cell growth factor (ECGF)
epidermal growth factor (EGF)
platelet factor-4 (PF-4)
insulin-like growth factor-1 (IGF-1)
transforming growth factor-f (TGF-B)
koagula¢ni faktory fibrinogen, plasminogen, protein S, kininogeny
koagulaéni faktory V, VII, XI, Xl
inhibitory proteaz C1 inhibitor
plasminogen activator inhibitor-1 (PAI-1)
o2-plasmin inhibitor (a2- Pl)
tissue factor pathway inhibitor (TFPI)
imunoglobuliny
albumin
Lysozomy glykosidazy
proteazy
kationické proteiny

z takto uvolnénych molekul (ADP, serotonin atd.) po-
tencuji  stimulaci a aktivaci dalSich trombocytd
a atrahuji je do mista poskozeni cévni stény ¢&i infek-
ce (tab. 4).

Jen nékolik malo kvalitnich studii se dosud zabyva-
lo problematikou alterace funkce desti¢ek v sepsi. Pra-
ce Yaguchiho et al. za pouziti flowcytometrie, agrego-
metrie a imunoanalyzy prokazuje snizeni agregability
kontrastujici se zachovanim exprese adhezivnich mo-
lekul, intaktni sekreci obsahu o-granul a zvySeni uvol-
novani nékterych ristovych faktorli (VEGF) trombo-
cytll jedincl v sepsi v porovnani se zdravymi kontro-
lami [27].

Produkce bioaktivnich mediator(i trombocyty

Krevni desticky nejsou jen pasivni zasobarnou bio-
aktivnich latek. V pribéhu jejich aktivace je fadou en-
zymatickych pochodi produkovano mnozstvi lipido-
vych derivatll — eikosanoidl, jako tromboxan A2
(TXA2) a prostaglandiny. Sou¢asné v transcelularnim
metabolismu produkuji prozanétlivé i protizanétlivé cy-
tokiny. Trombocyty maji navic nékolik jedine¢nych ex-
tranuklearnich cest translace mRNA na proteiny tzv.
signal-dependentnim mechanismem, na jejichz konci
je sekrece mimo jiné i IL-1B ¢i TF a tedy i propojeni
hemostazy a zanétu [28].

(upraveno podle [22])

Vascular endothelial growth factor (VEGF) je kliCo-
va molekula v kontrole cévni permeability. Jeji plsobe-
ni je zprostfedkovano vazbou s povrchovym VEGF-re-
ceptor-2 v membrané endotelidlnich bunék. Kromé to-
ho ma vyznamnou roli v angiogenezi a hojeni ran.
VEGF je produkovan fadou bunék, mimo jiné monocy-
ty periferni krve a trombocyty. Mnozstvi stimul(l aso-
ciovanych se zanétem/sepsi (jako LPS, TNF-a)
a hypoxii (cestou hypoxia-inducible factor 1a trans-
cription factor) zvySuje produkci a sekreci VEGF [29].
Rada studii prokazuje asociaci mezi zvysenou plas-
matickou hladinou VEGF a sepsi [29, 30]. Navic nékte-
ra data ukazuji na moznou souvislost mezi plasmatic-
kou hladinou VEGF a tizi sepse/organové dysfunkce
a mortalitou [29]. Platelet-derived growth factor
(PDGF) Ize pouzit jako jeden z laboratornich markert
degranulace trombocytl [27].

Trombocyty a pfirozena imunita

Pfirozend imunita je tvofena fyzikalnimi, chemicky-
mi a bunéénymi komponentami, které dohromady tvo-
fi prvni obrannou linii organismu pfed invazi mikroor-
ganismU. Zapojeni téchto antigen-nespecifickych me-
chanism je bezprostfedni (v nékolika sekundach) po
rozpoznani infek€éniho agens. Kaskada imunitni odpo-
védi organismu a propojeni pfirozené a adaptivni imu-
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nity cestou rozpoznani specifickych molekularnich
charakteristik konkrétnich patogenu (pathogen-asso-
ciated molecular patterns, PAMPS), jejich zpracovani
a prezentace antigen-prezentujicimi burikami (APCs)
v asociaci s HLA molekulami s naslednou aktivaci
(efektorovych) bunék a mechanisml specific-
ké/ziskané imunity jsou popsany v fadé studii
a prehlednych ¢lanku [31, 32, 33].

Trombocyty jsou schopny aktivné a ucinné propojit
primarni imunitni reakce se specifickymi ziskanymi
mechanismy. Na svém povrchu exprimuji imunostimu-
lacni molekuly, jako napf. CD40L (CD154), a touto
cestou mohou napf. stimulovat specifické antivirové
CD8+ T-lymfocyty [34].

Invadujici patogeny jsou rozpoznavany Toll-like re-
ceptory (TLRs) na profesionalnich fagocytech. TLRs
vazou fadu molekularnich struktur a jsou klicové
v procesu stimulace imunitniho systému [35, 36, 37].
TLRs jsou exprimovany na nejriznéjSich imunitnich
bunkach a recentni literatura dokumentuje pfitomnost
nékterych subtypt TLRs (TLR 1, 2, 4 a 9) i na neakti-
vovanych trombocytech [38, 39]. Jejich aktivace vaz-
bou specifickych PAMPs spousti kaskadu dobfe po-
psanych déju, které vedou k aktivaci desti¢ek, produk-
bocytl v mikrocirkulaci, zejména plic a jater (TLR-de-
pendentni trombocytopenie), a aktivaci imunitniho
systému cestou prezentace PAMPs klasickym bufikam
imunitniho systému [23,40—43]. TLRs jsou pfitomny
rovnéz na megakaryocytech v kostni dfeni [4]
a existuje rada dukazu experimentalnich studii o jejich
roli v trombopoéze [44]. Nicméné, logicky odvozeno,
aktivované desticky (vCetné aktivace cestou TLRs) se-
cernuji TPO a dalSi cytokiny stimulujici jejich produk-
ci, jak jiz bylo zminéno vyse [3, 4].

Jednim z mnoha mechanism( pfirozené imunity je
i fagocytdza zprostfedkovana granulocyty a monocyty/
makrofagy, podilejici se na izolaci, destrukci a pre-
zentaci antigend invadujicich agens. Trombocyty jsou
rovnéz schopny internalizace mikroorganismu ¢i jejich
¢asti v procesu pseudofagocytdzy (,engulfment®) [24].
Ackoliv byla dokumentovana parcialni digesce bakte-
rii v desti¢kovych lysozomech [45], trombocyty nejsou
v téchto kompartmentech schopny generovat bakteri-
cidni pH vzhledem ke komunikaci téchto intracelular-
nich prostor s okolnim prostfedim kanalikularnim
systémem [46].

Intercelularni interakce trombocytl

Aktivované trombocyty exprimuji na svém povrchu
fadu adhezivnich molekul slouzicich k mezibu-
néénému kontaktu
a signalizaci (tab. 5

Tabulka 5. Vybrané membranové receptory pfi intercelularnich
interakcich trombocytd

Povrchové molekuly Ligandy
P-selectin (CD62p) PSGL-1 na neutrofilech,
monocytech, Th1-lymfocytech
ICAM-1 LFA-1 na neutrofilech
a monocytech
GPIb vWF
vWF GPIb
CD32 obligatorni koreceptor GPVI
GPllb/llla fibrinogen, fibronectin, vitronectin,
VWF a trombospondin
GPVI kolagen
CD40L CD40 na monocytech
a endotelialnich burikach

(upraveno podle [22])

se na povrchu nejen desti¢ek, ale i makrofagi/mo-
nocytl a aktivovanych endotelialnich bunék. DalSimi
selektiny jsou E-selektin exprimovany na membrané
aktivovanych endotelialnich bunék a L-selektin na po-
vrchu leukocytl. P-selektin hraje esencialni roli
v interakci trombocytl s leukocyty. Jeho vazebnym
protéjSkem s velkou afinitou je tzv. P-selektin glyco-
protein ligand-1 (PSGL-1), ktery se nachazi na povr-
chu leukocytl i samotnych desti¢ek. Vazba P-selektin
— PSGL-1 (eventualné soucasné GP Ib/V/IX — vWF &i
GP la/lla — kolagen pfi poruSeni integrity endotelu)
a naslednd silnd vazba komplexu GPllb/llla
v membrané trombocytl pfes fibrinogenovy mistek
na intercelular adhesion molekule-1 (ICAM-1) na po-
vrchu endotelu umoziuje adhezi desti¢ek v misté in-
vaze patogenl i poruseni cévni stény. Souc¢asné do-
chazi obdobnymi mechanismy (selektin, ICAM-1) na
stejném misté i k adhezi leukocytl (polymorfonuklea-
r{i, monocytd/makrofagud). Nicméng, k zachyceni, ad-
hezi a aktivaci leukocytll mize dojit i mechanismem
tzv. second capture, kdy k endotelu pevné adherujici
trombocyty zachytavaji cirkulujici (,resting®) leukocyty,
dochazi k interakci trombocyt-leukocyt (polymorfonuk-
leary, PMN), aktivaci PMN a nasledné k ,rollingu” téch-
to PMN po vrstvé desti¢ek a postupnému priniku pres
cévni sténu [22]. Stabilni kontakt trombocytu s PMN
muze byt zprostfedkovan i vazbou ICAM-2 (trombo-
cyt) s lymphocyte function-associated antigen-1
(LFA-1, CD11a/CD18, PMN) [47].

Sepse je provazena signifikantni aktivaci neutrofil .
PAMPs jako lipopolysacharid (LPS) spousti kaskadu
zmén vedouci k strukturalnim zménam neutrofill, zvy-
Seni jejich rigidity, expresi adhezivnich molekul, jejich
cilenou migraci (,homing“) do mikrocirkulace plic

Tabulka 6. Receptory a jejich ligandy pfi interakcich trombocyt-endotelialni burika-neutrofil

a 6). Jednou z nich je Endotelialni bufky < trombocyty < neutrofily

i P-selektin (CD62p), | cp4o & CD4oL < CD40

integralni membrano- Fibrinogen, fibronectin < GPlib/llla < makrofagy antigen-1 (Mac-1

vy glykoprotein patfi- P-selektin, VWF < GPIb <> Mac-1, ICAM-1

ci do rodiny selekti- ICAM-2 < LFA-1

novych adhezivnich Neznamy, suspektné GPllb < P-selektin < PGSL-1, L-selektin

receptort. Nachazi ;raveno podie [22))
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a jater, coz mlze byt jednim z mechanismd nasledné
dysfunkce téchto organl. Na druhou stranu mize byt
migrace neutrofild do plic i aktivnim mechanismem
imunitniho systému v pribéhu systémového zanétu.
Sekvestraci PMN do téchto organd zahy nasleduje
i akumulace trombocytl v takto postizené mikrocirku-
laci. Uloha neutrofilii se v tomto procesu jevi jako
esencialni, jak dokumentuji nékteré experimentalni
prace [39]. Patofyziologické pochody tohoto fenoménu
nejsou zcela objasnény. Existuje nékolik moznosti: pfi-
ma interakce trombocytd s imobilizovanymi PMN
a aktivovanymi ECs v cilové oblasti, atrakce desti¢ek
jejich agonisty (ADP, trombin) secernovanymi v téchto
cilovych tkanich aktivovanymi PMN a ECs [22, 48],
zvySena vazba trombocytd exponovanych LPS na
imobilizované neutrofily [49]. Aktivované neutrofily na-
vazané na trombocyty uvolfuji do cirkulace fadu bio-
logicky aktivnich molekul a navic i DNA a dohromady
vytvareji tzv. neutrophil extracellular traps (NETS), kte-
ré hraji roli v zachytavani a likvidaci bakterii v cévnim
recisti [50, 51].

Dalsi cestou intercelularni komunikace trombocyta
s bufikami pfirozené imunity je interakce receptoru
CD40 a jeho ligandu CD40L. Exprese transmembra-
nového proteinu CD40L (CD154) na povrchu desti¢ek
se zvySuje po jejich aktivaci [52]. Vazba na jiz zminé-
ny CD40 na povrchu endotelialnich bunék, monocyt(,
dendritickych bunék, B-lymfocytli a trombocytl vede
ke zvy8eni exprese adhezivnich molekul (ICAM-1,
VCAM-1), produkci cytokin( a tim dalSi aktivaci imunit-
niho systému [52, 53, 54, 55]. Trombocyty interakci
CD40L-CD40 indukuji maturaci dendritickych bunék,
coz je centralnim mechanismem v rozvoji ziskané
imunity proti invadujicim patogenim [56]. Dendritické
buriky jsou rovnéz velmi potentnimi APCs, a mohou
tak sehrat roli i v imunitné podminéné trombocytope-
nii. Stejnym mechanismem mohou desti¢ky indukovat
zménu izotypu B-lymfocytl a augmentaci odpovédi
CD8+ T-lymfocytu, coz vede k lepSi obrané proti viro-
vym infekcim [56]. CD40L se z membrany trombocy-
tl uvoliiuje do cirkulace jako 18-kDa solubilni CD40L
(sCD40L). Tento jiz neni schopen aktivovat endoteli-
alni bunky [52, 57], ale stale si zachovava potencial
stimulovat desti¢ky pres jejich receptor CD40 s jiz vy-
Se diskutovanou konsekvenci. Nékolik studii poukazu-
je na moznost vyznamného podilu vyplaveni sCD40L
z trombocytd (eventualné po jejich aktivaci via TLRs)
na patogenezi transfuzi indukovaného postizeni plic
(transfusion-related acute lung injury, TRALI). T lymfo-
cyty s exprimovanymi CD40L jsou schopny aktivovat
trombocyty k uvolnéni RANTES, které zpétnovazeb-
né stimuluji a aktivuji dalsi T lymfocyty, a potencuiji tak
specifickou imunitni odpovéd organismu hostitele [55].

Trombocyty a infekéni agens

Interakce bakterii s krevnimi destiCkami je mozna
tfemi mechanismy. Tim prvnim je nepfimé pusobeni
cestou aktivace trombocytl zvySenim hladiny proza-
nétlivych cytokinl v odpovédi imunitniho systému na
pfitomnost invadujicich bakterii. Dale mohou destiCky

reagovat na latky secernované (toxiny; toxiny syndro-
mu toxického Soku, enterotoxiny aj.) &i uvolnéné (kom-
ponenty bunéénych stén bakterii; LPS E. coli O157)
ze samotnych mikroorganisma. V neposledni fadé ma-
ze dojit k vazbé samotnych bakterii s trombocyty. Ta-
to vazba mize byt pfima ¢&i zprostfedkovana spolec-
nym ligandem (vétSinou plasmaticky protein). V&ech-
ny zminéné interakce mohou pfi dostate¢né intenzité
spoustét jiz vySe diskutovanou kaskadu zmén vedou-
ci k aktivaci desti¢ek [58, 59, 60]. Rovnéz bakterialni
fenotyp hraje vyznamnou roli v intenzité a rychlosti od-
povédi trombocytu na tuto stimulaci [58]. | pfes znac-
nou variabilitu mechanismU pfimé interakce bakterii
s trombocyty vede zablokovani destickového recepto-
ru pro Fc fragment IgG (Fc Rlla) k prevenci aktivace
a agregace trombocytll v pfitomnosti bakterii [61].
Trombocytopenie je ¢astym jevem pfi systémovych
virovych infekcich. Podle okolnosti a zavaznosti miize
vyustit az do formy idiopatické trombocytopenické pur-
pury (ITP) [58]. Trombocyty hraji dileZitou roli v obrané
organismu proti invazi a/nebo progresi virovych infek-
ci. Detailni mechanismy vSak nejsou dosud znamy.

Testovani funkce trombocytu

Kromé obligatorniho stanoveni poctu krevnich de-
stiek je k testovani jejich stavu a funkci, eventualné
i k funkci hemostatického systému jako celku, mozno
vyuzit fadu etablovanych metod, jejichz podrobny po-
pis je nad ramec tohoto sdéleni. Jejich stru¢ny se-
znam a popis je uveden v tabulce 7.

Naopak relativné novou a vykonnou metodou
s potencionalnim Sirokym uplatnénim je proteomicka
analyza. Proteomika analyzuje proteiny, jako komple-
mentarni slozky ke genlim, které je kdduji. Umozniuje
tedy identifikaci, kvantifikaci a analyzu funkci proteint
[62]. Zejména v oblasti intenzivni péce muze byt —
a také jiz je — proteomika metodou, jez detailné odha-
luje mechanismy patologickych stavi, protoze pravé
proteiny a peptidy, jako kone¢né produkty transkripce
a translace genu aktivovanych v kaskadé systémové
zanétlivé odpovédi a multiorganového selhani, jsou
efektorovymi molekulami. Jejich identifikace, znalost
funkce a vzajemnych interakci mize vést k nalezeni
novych biomarkeru a terapeutickych cilt [63].

Vzhledem k absenci buné&ného jadra a jen malé-
mu obsahu mRNA, jsou trombocyty vybornym cilem
pro proteomické studie. Existuje fada praci popisuji-
cich proteom desti¢ek v riznych stavech aktivace.
Mnozstvi proteomickych technik (2-DE ¢&i chromato-
grafie nasledovana riznymi variantami hmotnostni
spektrometrie) umoznujicich charakterizaci riznych
skupin protein trombocyti — proteiny cytoskeletu,
proteiny uplatfiujici se v pfenosu signall, proteiny
syntetizované destickami v neaktivhim stavu
a proteiny syntetizovanymi a secernovanymi aktivo-
vanymi trombocyty. Technologie a metodika proteo-
mické analyzy trombocytu je shrnuta v pfehledné pra-
ci Angela Garcii [64].
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Tabulka 7. Vybrané funkéni testy trombocytd

Funkéni test trombocytt

Testované parametry

Vyhody

Nevyhody

Test krvacivosti

in vivo screeningovy test

fyziologicky

nesenzitivni, invazivni, vysoka
interoperatorova variabilita

Tromboelastografie (TEG)

globalni hemostaza

predikuje krvaceni

analyzuje pouze vlastnosti
krevni srazeniny,
nesenzitivni na ASA

Tromboelastometrie (ROTEM)

globalni hemostéaza

predikuje krvaceni

nesenzitivni na ASA

Pratokova cytometrie
(flow cytometry, FCM)

membranové glykoproteiny,
adhezni molekuly,

markery aktivace,
trombocyt-neutrofil agregaty

testovani z pIné krve,
flexibilni,

reproducibilni, velka Sife
moznych testl

nakladné vybaveni i provoz (kity),
nezbytny zkuSeny operator

Impedanéni agregometrie

reakce trombocytl na
panel jejich agonistl

testovani z piné krve,
flexibilni, reproducibilni,
velka $ife moznych testl

malo senzitivni

Turbidimetricka agregometrie

reakce trombocytl na
panel jejich agonistd

diagnosticka metoda

nefyziologické, naro¢na
laboratorni prace

Platelet function analyser
(PFA-100)

shigh shear” adheze
a agregace

rychly a jednoduchy
screening, in vitro
test krvacivosti

malo flexibilni

Proteomicka analyza

identifikace proteinG

detailni

nékladné vybaveni i provoz,

jednotlivych kompartment(
trobmocytu

nezbytny zkuSeny operator,
naro¢na laboratorni prace

Trombocyty jako cil Ié€ebnych intervenci v sepsi

Ackoliv je normalni pocet krevnich desticek 150 az
350 . 109/, pouze malé ¢ast z tohoto poctu (< 10 . 109/)
je za normalnich okolnosti skute¢né tfeba k prevenci
béznych krvaceni. K hemostaze pfi vétsich poranénich
a béznych chirurgickych vykonech je zpravidla trombo-
cytll potfeba vice (40-50 . 109/), podle zavaznosti sta-
vu, rozsahu poranéni a vykonu [58, 65]. Také od toho-
to poznani by se méla odvijet i strategie v jejich substi-
tuci. Excesivni pfevody trombocytarnich koncentratu
mohou zvySovat ,klasicka“ rizika spojena s prevodem
krevnich derivatd/trombocytl, ale pfi znalostech vyse
diskutovanych nehemostatickych funkci desti¢ek mo-
hou vést i k potenciaci a zhorSeni systémoveé inflamace
a MODS.

Recentni literatura dokumetuje minimalné asociaci
ALI/ARDS s transfuzemi krevnich produktt bohatych
na plasmu (plasma-rich blood derivates; ¢erstva zmra-
zena plasma, trombokoncentraty), a to zejména
u kriticky nemocnych v sepsi/septickém Soku a/nebo
s pneumonii €i po aspiraci zalude¢niho obsahu [78].
Trombocyty v€etné téch transfundovanych se také mo-
hou podilet na poskozeni, ale na druhé strané i na re-
generaci jater po jejich primarnim postizeni [79].

Spolu s rostouci incidenci zavaznych onemocnéni
vyvolanych polyrezistentnimi mikroorganismy se sta-
va |éCba téchto infekci ¢im dal tim narocnéjsi
a komplikovanéjsi. Nahlizime-li na trombocyty jako na
velmi potentni iniciatory a modulatory imunitni odpo-
védi hostitele, jevi se cileni naSich |é¢ebnych &i pfi-
padné preventivnich snah na tyto elementy jako racio-
nalni. Napfiklad antagonizace/blokéda destickového
receptoru FcyRlla mize zabranit ¢i zmirnit aktivaci
trombocytl a tim neadekvatni odpovédi imunitniho
systému, jez muze vést k septickému Soku a MODS

[61]. Inhibice Fc Rlla neovliviiuje reakce trombocytl
na jiné agonisty, a tedy ani napf. jejich hemostaticke
funkce [61].

V neposledni fadé mlze byt rezoluce trombocyto-
penie v sepsi/septickém Soku povazovana za jednu ze
znamek spravné zvolené |éCebné strategie a pfizni-
vého ovlivnéni zakladniho onemocnéni [11, 12, 13].

Zaver

Trombocyty tvofi nedilnou soucast hemostatického
systému nezbytného k udrzeni homeostazy organis-
mu. Nicméné, jak ukazuje soucasny vyzkum
a literatura, jejich funkce zasahuiji daleko a intenzivné
do vrozené i adaptivni imunity a velkou mérou se po-
dileji na imunitni odpovédi organismu hostitele pfi in-
vazi patogend. | kdyz je fada patofyziologickych me-
chanisml, kterymi mohou trombocyty iniciovat
a modulovat zanétlivou odpovéd, znama, je tfeba dal-
Siho vyzkumu k podrobnému odhaleni jejich funkci
a pfipadnému nalezeni novych biomarker(
a terapeutickych cild.

Pouzité zkratky:

JIP — jednotka intenzivni péce

APACHE Il - acute physiology and chronic health
evaluation score

MODS — multiple organ dysfunction syndro-
me/score

EC(s) — endotelidlni burika (bunky)

DC(s) — dendriticka burika (buriky)

PMN — polymorfonukleary
APC(s) antigen prezentujici bunka (bunky)
NET(s) neutrophil extracellular trap(s)
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PAMP(s) — pathogen-associated molecular pat-
tern(s)

TLR — Toll-like receptor

TPO — trombopoetin

EPO — erytropoetin

G-CSF — granulocyte-colony stimulating factor

M-CSF — macrophage/monocyte-colony stimu-
lating factor

HLA — human leukocyte antigen

IL-1P — interleukin-18

IL-3 — interleukin-3

IL-6 — interleukin-6

IL-11 — interleukin-11

TNF-o — tumor necrosis factor o

PAF — platelet activating factor

VEGF — vascular endothelial growth factor

PDGF — platelet-derived growth factor

GP — glykoprotein

PSGL-1 — P-selectin glycoprotein ligand-1

RANTES - regulated on activation normal T-cell
expressed and secreted

vWF — von Willebrandlv faktor

LDL — low-density lipoprotein

ADP — adenindifosfat

TXA2 — tromboxan A2

TF — tissue factor

LPS — lipopolysacharid

ICAM-1 — intercellular adhesion molekule-1

ICAM-2 — intercellular adhesion molekule-2

VCAM-1 — vascular-cell adhesion molekule-1

LFA-1 — lymfocyte function-associated anti-
gen-1

2-DE — dvojdimenzionalni elektroforéza
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