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2. Wykaz skrotow:

AKI - acute kidney injury - ostre uszkodzenie nerek

pPRIFLE - pediatric Risk Injury Failure Loss End-stage kidney disease classification -
pediatryczna skala ostrego uszkodzenia nerek RIFLE

KDIGO - Kidney Disease Improving Global Outcomes

RAAS - Renin Angiotensin Aldosterone System - uktad renina angiotensyna aldosteron
GVHD - Graft versus Host Disease - choroba przeszczep przeciw gospodarzowi

eGFR - estimated glomerular filtration rate - szacowana warto$¢ przesgczania
ktebuszkowego

HSCT - hematopoietic stem cell transplantation - przeszczepienie komorek
hematopoetycznych

alloHSCT - allogeneic hematopoietic stem cell transplantation - allogeniczne
przeszczepienie komorek hematopoetycznych

autoHSCT - autologous hematopoietic stem cells transplantation - autologiczne
przeszczepienie komorek hematopoetycznych

TBI - total body irradiation - napromieniowanie catego ciata

BKYV — polyoma BK virus - wirus polioma BK

ADV - adenovirus - adenowirus

DMSO - dimethylosulphooxide - dimetylosulfotlenek

VOD - venoocclusive disease - choroba wenookluzyjna watroby

HSOS - hepatic sinusoidal obstructive syndrome - zespdt niedroznosci zatokowej
watroby

TA-TMA - transplant-associated thrombotic microangiopathy - zakrzepowa
mikroangiopatia zwigzana Z transplantacjg

CMV - cytomegalovirus - cytomegalowirus

ATN - acute tubular necrosis - ostra martwica cewek nerkowych

KIM-1 - kidney injury molecule 1 - czasteczka uszkodzenia nerek 1

NGAL - neutrophil gelatinase-associated lipocalin - lipokalina neutrofilow zwigzana
zZ zelatynaza

NAG - N-acetyl-beta-D-glucosaminidase - N-acetylo-beta-D-glukozaminidaza

MCP-1 - monocyte chemoattractant protein 1 - biatko chemotaktyczne monocytow 1



L-FABP - liver-type fatty acid-binding protein - watrobowe biatko wigzace kwasy
thuszczowe

IL-18 - interleukin-18 - interleukina-18

IGFBP-7 - insulin-like growth factor-binding protein 7 - insulinopodobne biatko
wigzace czynnik wzrostu 7

ELISA - enzyme-linked immunosorbent assay - test immunoenzymatyczny

sCr — serum creatinine - stezenie kreatyniny W surowicy



3. Wprowadzenie

Ostre uszkodzenie nerek (AKI — acute kidney injury) to nagla utrata ich funkcji
objawiajaca si¢ zwigkszeniem stezenia kreatyniny W surowicy, obnizeniem przesgczania
klebuszkowego, nagromadzeniem mocznika i innych produktéw przemiany azotowej

oraz spadkiem diurezy i zaburzeniami gospodarki wodno-elektrolitowej organizmu.

3.1. Klasyfikacje AKI

Sposrod  licznych klasyfikacji AKI dwie zostaly zwalidowane w populacji
pediatrycznej.

PRIFLE jest pediatryczng modyfikacja 5-stopniowej skali RIFLE definiujacej stadia
ostrego uszkodzenia nerek u dorostych, opartg na wielkosci ubytku filtracji klebuszkowej
oraz ilosci moczu oddanego W przedziale czasowym [1,2]. Warto$¢ przesaczania
kiebuszkowego wyliczana jest ze wzoru Schwartza [3].

Poszczegolne stadia zostaty sklasyfikowane w nastepujacy sposob:

R (risk) ryzyko wystapienia uszkodzenia nerek

| eGFR 0 25%, diureza < 0,5 ml/kg/godz. przez 8 godzin
I (injury) uszkodzenie nerek
| eGFR 0 50%, diureza < 0,5 ml/kg/godz. przez 16 godzin
F (failure) niewydolno$¢ nerek
1eGFR 0 75% lub < 35 ml/min/1,73m2,
diureza < 0,3 ml/kg/godz. przez 24 godziny lub anuria przez 12 godzin
L (loss) utrata funkcji nerek
uszkodzenie nerek trwajace powyzej 4 tygodni,
wymagajace leczenia nerkozastepczego
E (end-stage renal disease) schytkowa niewydolnos¢ nerek

leczenie nerkozastepcze > 3 miesigcy

KDIGO uwzglednia 3 kategorie AKI w zalezno$ci od stopnia nasilenia zmian [4,5]:

e 1 stopien - 7 sCr 1,5-1,9 razy w stosunku do wartosci wyjsciowych/1 sCr o 0,3 mg/dl
lub diureza <0,5 ml/godz przez 6-12 godzin

e 2 stopien - T sCr 2-2,9 razy w stosunku do wartosci wyjsciowych
lub diureza <0,5 ml/godz przez >12 godzin

e 3 stopien - T sCr > 3 razy w stosunku do wartosci wyjsciowych/ sCr >4 mg/dl
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lub eGFR<35 ml/min/1,73m?
lub rozpoczecie leczenia nerkozastepczego
lub diureza <0,3 ml/godz oddawanego moczu przez 24 godziny

lub anuria trwajgca co najmniej 12 godzin

3.2. AKI w populacji pediatrycznej

Na podstawie danych literaturowych S$rednia czegstos¢ AKI wsrdd pacjentow
pediatrycznych jest szacowana na 0,7/1000 (0,07%) w populacji og6élnej [6]. WartoSci te roznig
si¢ W zaleznosci 0d regionu, zastosowanych kryteriow rozpoznania lub metody badania, czesto
uniemozliwiajacej ocen¢ wyjsciowego stezenia kreatyniny W surowicy. AKI wystgpowato
u 0,99% dzieci hospitalizowanych w Tajlandii [7], ale wedlug danych walijskich,
amerykanskich, angielskich czy chinskich wartosci te siggaly nawet 20% [8,9,10,11].
Sutherland i wsp. oszacowali czgsto§¢ AKI u hospitalizowanych dzieci na 37-51%,
w zalezno$ci 0d zastosowanych kryteriow rozpoznania (AKIN, KDIGO, pRIFLE), a stopien
zgodno$ci rozpoznan pomigdzy zastosowanymi klasyfikacjami wynosit 84,5-91,7% [12].
Wsrod dzieci leczonych w oddziatach intensywnej opieki medycznej odsetek rozpoznania AKI

byl juz znacznie wyzszy i wynosit W wigkszo$ci publikacji ponad potowg [13,14].

3.3. AKI w przebiegu transplantacji komorek

hematopoetycznych

Transplantacja komorek hematopoetycznych jest stale rozwijajaca si¢ dziedzing
medycyny. Zabieg ten znajduje coraz szersze zastosowanie, zardowno U osob dorostych, jak
i Udzieci. Glownym wskazaniem do jego przeprowadzenia sg nowotwory, W wigkszosci
uktadu krwiotwoérczego, ale takze inne schorzenia hematologiczne, wrodzone niedobory
odpornosci czy choroby metaboliczne. Zabieg ten nie jest pozbawiony powiktan. Wérod nich
opisywane sg zarowno ostre uszkodzenie nerek, jak i przewlekta choroba nerek. Najwigksze
ryzyko rozwoju  AKI towarzyszy mieloablacyjnej allotransplantacji  komorek
hematopoetycznych (50-91%), w niemieloablacyjnym alloHSCT i w przebiegu
autotransplantacji jest nizsze (odpowiednio 29-54% i 12-52%)[15].

Patofizjologia ostrego uszkodzenia nerek w przebiegu transplantacji komorek
hematopoetycznych jest bardzo ztozona, a nefrotoksycznos¢ lekow wydaje si¢ by¢ znaczacym
czynnikiem zwigkszajacym ryzyko rozwoju AKI. Dziatanie takie wykazuja zarowno leki

stosowane w kondycjonowaniu (busulfan, treosulfan, tiotepa, fludarabina, karboplatyna,
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cisplatyna, etopozyd, melfalan, cyklofosfamid, ifosfamid), w profilaktyce choroby przeszczep
przeciw gospodarzowi (cyklosporyna A, takrolimus, metotreksat), jak i w zapobieganiu
lub leczeniu infekcji. Ich wptyw na funkcje nerek obejmuje ostrag martwice cewek nerkowych
w mechanizmie przednerkowym, bezposrednie dziatanie toksyczne lub odktadanie si¢
krysztatow leku powodujace zanerkowa AKI. Dodatkowo efekt moze potegowaé zaleznos$c
toksycznosci od dawki [16].

DMSO stosowany w krioprotekcji mrozonych preparatéw komoérek macierzystych
moze by¢ czynnikiem sprzyjajagcym rozwojowi AKI W przypadku przeszczepow
autologicznych [17]. Do innych waznych przyczyn uszkodzenia nefronu w przebiegu
procedury transplantacyjnej nalezy nefropatia popromienna wywotana TBI, ujawniajaca si¢
zazwyczaj po kilku miesigcach od zabiegu. W patofizjologii AKI u pacjentow
po przeszczepieniu komorek macierzystych istotng rol¢ odgrywa takze choroba przeszczep
przeciw gospodarzowi, ktora wystepuje czesto, choéby w niewielkim nasileniu, mimo
stosowanej profilaktyki [18]. Kolejnym istotnym powiklaniem jest VOD, znane takze jako
HSOS, w ktoérym dochodzi do wioknienia endotelium zatok watroby, nadci$nienia wrotnego,
hipotensji systemowej i AKI wskutek nadmiernej aktywacji uktadu RAA [19]. TA-TMA
to z kolei zesp6t uszkodzen endotelium o zlozonej etiopatogenezie, skutkujacy powstawaniem
mikrozakrzepow W drobnych naczyniach [20]. Wazng role odgrywaja takze infekcje, zwlaszcza
zakazenie CMV, ADV, BKV, EBV oraz uog6lnione reakcje zapalne o etiologii zardGwno
bakteryjnej, wirusowej, jak i grzybiczej [21]. U wigkszosci pacjentdéw wystepuje mnogosé
powiktan, a ich nefrotoksyczny potencjal wzajemnie si¢ sumuje. Powyzsze zagadnienia zostaty
omowione W pracy pogladowej wchodzacej w sktad rozprawy doktorskiej (praca 1) .

W nielicznych doniesieniach dotyczacych populacji pediatrycznej czestos¢ ostrego
uszkodzenia nerek po alloHSCT, wyliczona na podstawie bezwzglednych zmian stezenia
kreatyniny w surowicy oraz zmniejszenia diurezy, waha si¢ W granicach 11-42%[22],
natomiast w przypadku zastosowania kryteriow pRIFLE si¢ga nawet 84%[23]. Zagadnieniu
oceny czestosci AKI u dzieci po alloHSCT jest rowniez poswiecona druga z cyklu prac
stanowigcych rozprawe doktorska (praca 2). Powyzsze rozbiezno$ci W raportowaniu czestosci
wystepowania AKI u dzieci poddawanych HSCT wynikaja z niejednolitych metod pomiaru
I zastosowania roznych kryteriow diagnostycznych.

Wzrost stgzenia kreatyniny W surowicy pacjentow pediatrycznych jest opozniony
w stosunku do realnego czasu uszkodzenia nerek, a takze zalezny od czynnikow
pozanerkowych, takich jak wiek, pte¢, masa mig$niowa, stan nawodnienia i odzywienia

pacjenta. Zmniejszenie diurezy jest waznym czynnikiem diagnostycznym i prognostycznym
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u dzieci z podejrzeniem AKI, jednak ocena bilansu ptynow moze by¢ w tej populacji obarczona
btedem ze wzgledu na trudnosci w pomiarze diurezy u najmtodszych pacjentow, jak rowniez
Z wuwagi na zmienno$¢ stopnia ich nawodnienia wskutek stosowania ptynoterapii
oraz diuretykow.

Tradycyjne metody oceny funkcji nerek, takie jak oznaczenie st¢zenia kreatyniny
w surowicy oraz wartosci eGFR, sg niedoskonate, ale powszechnie uzywane W codziennej
praktyce. Ich analiza byta podstawa retrospektywnej oceny populacji pacjentow poddawanych

alloHSCT, opisanej w drugiej pracy z cyklu tworzacego rozprawe¢ doktorskg (praca 2).

3.4. Nowe markery AKI

Wiele przydatnych wskaznikow ostrego uszkodzenia nerek zostalo przetestowanych
w warunkach in vitro, in vivo, aczes¢ z nich byta zweryfikowana w toku badan nad AKI
w populacji dorostych po zabiegach kardiochirurgicznych i wsréd pacjentow oddziatow
intensywnej terapii [24,25]. Niestety tylko nieliczne z potencjalnych markerow AKI zostaty
zwalidowane w populacji pediatrycznej, natomiast ich ocena u dzieci po alloHSCT nalezy
do rzadkosci.

Wsrdd uznanych markerow uszkodzenia nerek przydatnos¢ w zakresie wykrywania
AKI u pacjentow po alloHSCT stwierdzono dla NGAL, NAG i L-FABP [26-30], przy czym
jedynie NAG byl rozpatrywany jako marker ostrego uszkodzenia nerek w populacji
pediatrycznej po alloHSCT. MCP-1 jest chemoking, dla ktorej wykazano silng korelacje
migdzy stezeniem W moczu a stopniem ostrego uszkodzenia nerek u dorostych pacjentow
leczonych cisplatyng, takrolimusem, a takze zwiazek ze wzrostem stezenia kreatyniny
w surowicy po 5 tygodniach od transplantacji [31]. U dzieci poddawanych HSCT wykazano
znaczacy wzrost MCP-1 pomiedzy 2. a 4. tygodniem po przeszczepieniu komorek
hematopoetycznych, ale nie korelowal on z wystapieniem AKI [32]. Do innych, potencjalnie
przydatnych markerow AKI, nalezg IL-18, IGFBP-7 czy netrin-1 [33-37], jednak nie badano
ich dotychczas u pacjentow poddawanych przeszczepieniu komorek hematopoetycznych.

Powyzsze markery zostaly omdéwione W pracy pogladowej wchodzacej] w  sktad
rozprawy doktorskiej (praca 1). Natomiast na szczegdlng uwage zastuguja wskazniki AKI
- cystatyna C, KIM-11i Klasteryna (ang. clusterin), przebadane w populacji dzieci po alloHSCT
analizowanej w trzeciej publikacji z cyklu stanowiacego podstawg rozprawy doktorskiej (praca
3).

10



3.4.1. Cystatyna C

Cystatyna C to niskoczgsteczkowe biatko, ktéore jest inhibitorem proteinaz
cysteinowych, a takze jednym z najbardziej znanych markeréw uszkodzenia nerek. Jest
produkowana przez jadrzaste komoérki organizmu ludzkiego, znajduje si¢ we wszystkich
tkankach i ptynach ustrojowych. Po przefiltrowaniu przez kigbuszki nerkowe ulega reabsorpcji
i degradacji w cewkach proksymalnych. Przy prawidtowej funkcji nerek jej stezenie w moczu
jest minimalne, ale w warunkach ich uszkodzenia znaczgco wzrasta [38].

Wykazano, ze podwyzszone st¢zenie cystatyny C w surowicy koreluje z wystapieniem
AKI u dzieci z oddziatow intensywnej terapii I po operacjach kardiochirurgicznych, a takze
u dorostych po HSCT [39,40]. Stgzenie tego markera W surowicy jest znacznie lepszym
wyktadnikiem przesaczania kigbuszkowego U dzieci niz warto$¢ kreatyniny. Powyzsze dane
wskazuja na potencjat cystatyny C w wykrywaniu AKI u dzieci po HSCT[41].

Nie jest to jednak wskaznik o wysokiej specyficzno$ci - jego wzrost obserwowano
u dzieci z uszkodzeniem kigbuszkéw nerkowych w przebiegu chemioterapii, ale takze
u dorostych z r6znymi nowotworami (biataczka, rak jelita grubego, rak watrobowokomorkowy,

czerniak) i prawidtowsg funkcja nerek[42,43].

3.4.2. KIM-1

KIM-1 to glikoproteina blonowa obecna W kanalikach nerkowych blizszych, watrobie
i $ledzionie. W warunkach fizjologii stezenie tej czasteczki W moczu jest znikome, ale ro$nie
istotnie w stanach uszkodzenia nerek, takich jak ostra martwica cewek nerkowych, ostre
niedokrwienie oraz wskutek dziatania substancji nefrotoksycznych. W przebiegu ATN
W biopsji nerek wykazano zwigkszong ekspresje KIM-1 w komorkach cewek blizszych [44,45].
Ponadto stwierdzono podwyzszone stezenie tej czagsteczki W moczu w przypadku nowotworéw
wywodzacych si¢ z komorek kanalikow proksymalnych, jajnikéw i macicy [46].

W populacji pediatrycznej wykazano przydatno$¢ tego markera we wczesnej
diagnostyce AKI u pacjentow z hipowolemig W przebiegu wstrzgsu. KIM-1 w moczu byt
czulszym wskaznikiem niz NGAL czy interleukina 18. Jednoczes$nie stwierdzono jego silng
warto$¢ predykcyjng dla koniecznosci rozpoczecia terapii nerkozastepezej [47]. KIM-1 okazuje
si¢ by¢ takze przydatny w ocenie funkcji nerek u pacjentow poddawanych chemioterapii
metotreksatem oraz cisplatyng [48]. Jakkolwiek istniejg badania potwierdzajace przydatnosé
tego markera w wykrywaniu AKI [49], to brakuje danych na ten temat w populacji dzieci

poddawanych przeszczepieniu szpiku kostnego.
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3.4.3. Klasteryna

Klasteryna jest bialkiem szoku cieplnego. Znajduje si¢ we wszystkich ptynach
ustrojowych, jej zwigkszona ekspresja charakteryzuje tkanki i organy poddane stresowi, np.
nerki w fazie niedokrwienia i reperfuzji, wystepuje tez W przypadku niedroznosci moczowodu,
ostrego odrzucania przeszczepionej nerki czy choroby $rodmigzszowej nerek [50-56].
Wykazano jej obecnos$¢ zarowno W komorkach cewek nerkowych, jak i mezangium. Pelni rolg
ochronng i hamuje apoptozg, co zaprezentowano W badaniu in vitro na nerkach mysich [56,57].
Doniesienia na temat klasteryny uludzi dotycza jedynie przydatno$ci oceny jej stezenia
w moczu u chorych z cukrzyca oraz zastosowania w panelu diagnostycznym przewlektej
choroby nerek [59,60]. Marker ten nie byl dotychczas badany w zadnej populacji z AKI

ani u pacjentow po allotransplantacji komoérek hematopoetycznych.
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4. Zalozenia i cele pracy

Ze wzglgdu na niedoskonato$¢ dostgpnych metod oceny funkcji nerek w populacji
pediatrycznej i specyfike warunkow towarzyszacych  przeszczepieniu  komorek
hematopoetycznych, uzasadnionym wydaje si¢ poszukiwanie nowych parametrow
uszkodzenia, umozliwiajacych wykrycie nieprawidlowosci wcze$niej niz pozwalaja na
to klasyczne markery uposledzenia funkcji nerek pod postacig wzrostu stezenia kreatyniny
W surowicy i obnizenia wskaznika filtracji kl¢buszkowe;.

Celem tej pracy jest analiza wplywu =zabiegu przeszczepienia komorek
hematopoetycznych na funkcje nerek u dzieci, oszacowanie czgstoSci wystgpowania ostrego
uszkodzenia nerek z uwzglednieniem réznic migdzy pacjentami poddawanymi temu zabiegowi
ze wskazan onkologicznych lub innych, oraz poszukiwanie nowych markerow,
umozliwiajacych postawienie rozpoznania AKI przed spetnieniem klasycznych kryteriow

wedlug skali pRIFLE.

4.1. Cele szczegolowe:

1. Retrospektywna ocena funkcji nerek za pomocg eGFR u dzieci przed allotransplantacija
komorek hematopoetycznych i do 6 miesigcy po zabiegu w wybranych punktach
czasowych (24 godziny, 1, 2, 3, 4, 8 tygodni, 3 i 6 miesiecy po alloHSCT).

2. Ewaluacja czestosci wystepowania AKI zdefiniowanego wedlug kryteriow pRIFLE
W powyzszych punktach kontrolnych.

3. Analiza poréwnawcza badanych parametrow u dzieci poddawanych alloHSCT
ze wskazan onkologicznych i nieonkologicznych.

4. Prospektywna ewaluacja funkcji nerek przy uzyciu eGFR i czgsto$ci wystepowania AKI
u dzieci leczonych alloHSCT przed i do 4 tygodni po zabiegu.

5. Ocena stezen nowego markera, klasteryny oraz uznanych parametrow uszkodzenia
cewek nerkowych (KIM-1) i ktebuszkéw nerkowych (cystatyna C), w surowicy i moczu
pacjentow pediatrycznych po alloHSCT, a takze ich przydatnosci we wczesnej
diagnostyce AKI.

6. Analiza poréwnawcza stgzen powyzszych parametrow pomiedzy pacjentami
onkologicznymi i nieonkologicznymi poddawanymi transplantacji komorek

hematopoetycznych.

13



5. Material i metody
5.1. Charakterystyka badanych grup

W badaniu retrospektywnym (praca 2) analizowano dokumentacje 178 pacjentéw
poddanych allotransplantacji komorek hematopoetycznych w Klinice Transplantacji Szpiku,
Onkologii i Hematologii Dzieciecej Uniwersytetu Medycznego we Wroctawiu, w latach 2016
- 2018. Do badania wlaczono 135 dzieci (78 chlopcow i 57 dziewczat) w wieku 2-18 lat
(Srednia wieku 8,27 + 5,14 lat). Dokonano rowniez podziatu ze wzglgdu na rodzaj wskazan
do przeszczepienia komorek macierzystych.

Pierwsza podgrupg stanowito 89 0sob (53 chtopcow i 36 dziewczat, srednia wieku 9,84
+ 4,34 lat) poddanych allotransplantacji ze wskazan onkologicznych (praca 2, Fig.1). 45%
badanych z tej grupy zostalo zakwalifikowanych do grupy wysokiego ryzyka, u 22%
stwierdzono nawro6t choroby, au 17% alloHSCT stanowito standardowy etap protokotu
terapeutycznego. U pozostatych 16% pacjentow transplantacja byta wynikiem niepowodzenia
wczesniejszej terapii | niemozno$ci osiggnigcia remisji  choroby innymi metodami.
W wigkszosci przypadkow (71%) przeszczep pochodzit od dawcy niespokrewnionego, w 23%
od spokrewnionego, a w 6% byt to przeszczep haploidentyczny.

Do drugiej podgrupy zakwalifikowano 46 dzieci (25 chtopcow i 21 dziewczat) z innymi
niz nowotworowe wskazania do alloHSCT (praca 2, Fig.2). Srednia wieku tych pacjentow
wynosita 9,16 + 4,78 lat. 72% dzieci otrzymato szpik od dawcow niespokrewnionych, 24%
od spokrewnionych, a 4% od dawcoéw haploidentycznych.

Badaniem prospektywnym (praca 3) objeto 27 pacjentéw (15 dziewczat i 12 chtopcow)
poddanych procedurze allotransplantacji komorek hematopoetycznych Klinice Transplantacji
Szpiku, Onkologii i Hematologii Dziecigcej we Wroctawiu w 2019 roku. Kryteriami
wykluczenia byty: wiek ponizej 2. roku zycia i powyzej 18 lat, przeszczep autologiczny
oraz ponowna transplantacja szpiku. Sredni wiek pacjentéw wynosit 4,5 roku (mediana 4,5 lat,
dolny kwartyl 3,1 lat, gorny kwartyl 8,0 lat). 17 pacjentow zakwalifikowano do alloHSCT
z powodu choroby nowotworowej (mediana 6,6 lat, przedzial miedzykwartylowy 4,0 - 9,8 lat).
u 10 dzieci (mediana wieku 4,5 lat, przedzial migdzykwartylowy 3,1 — 7,0 lat) zabieg wykonano
z innych wskazan (ciezka anemia aplastyczna, wrodzone niedobory odpornosci, choroby
metaboliczne, genetyczne). W 79% przypadkow przeszczep pochodzit od dawcow
niespokrewnionych, w 18% od spokrewnionych, natomiast 3% stanowili dawcy
haploidentyczni. Grupe kontrolng stanowito 18 dzieci (9 dziewczynek, 9 chlopcow, mediana

wieku 7,8 lat, przedziat migdzykwartylowy 7,0 - 9,8 lat) diagnozowanych w Klinice Nefrologii
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Pediatrycznej Uniwersytetu Medycznego we Wroctawiu z powodu podejrzenia

monosymptomatycznego moczenia nocnego, z prawidlowa funkcjg nerek.

5.2. Metodyka oznaczen markeréw w surowicy i moczu

W badaniu retrospektywnym zgromadzono dane od okresu poprzedzajacego
kondycjonowanie do 6 miesi¢cy po alloHSCT. Analizowano stezenia kreatyniny oznaczane
w trakcie rutynowych badan w kilku punktach czasowych: przed rozpoczgciem
kondycjonowania, dobe¢ po przeszczepieniu, tydzien, 2, 3,4 i 8 tygodni po, a takze 3 miesiace
i 6 miesigcy po alloHSCT. Kreatynina byta oznaczana metoda Jaffé, eGFR wyliczano ze wzoru
Schwartza [3]. Stadium ostrego uszkodzenia nerek oceniano w oparciu o kryteria pRIFLE [1,2].
Hiperfiltracjg¢ okreslono jako warto$¢ eGFR przekraczajacg 140 ml/min/1,73m2 [61].

W badaniu prospektywnym obserwacje rozpoczynano W okresie poprzedzajacym
kondycjonowanie, a nast¢gpnie dokonywano oznaczen 24 h po alloHSCT oraz 1, 2, 3 i 4
tygodnie po przeprowadzeniu allotransplantacji.

Podczas rutynowych badan pobierano probki krwi zylnej, pozostawiano do skrzepnigcia
przez 30 min, a nastgpnie wirowano W temperaturze pokojowej i przechowywano az
do wykonania oznaczen w temperaturze - 80 st. C. Probki moczu pobierano z porannej porcji,
wirowano, a nastgpnie mrozono W temp. - 80 st. C do czasu wykonania oznaczen.

Stezenie klasteryny, cystatyny C i KIM-1 oceniano w surowicy i moczu metoda
sandwich ELISA, polegajaca na wigzaniu antygenu pomig¢dzy dwiema warstwami przeciwciat.
Na 96 - dotkowa plytke oplaszczong rekombinowanymi przeciwcialami skierowanymi przeciw
ludzkiej klasterynie, cystatynie C i KIM-1 nanoszono probki krwi i moczu, a nastepnie
wychwycone antygeny rozpoznawano przy uzyciu odpowiednich przeciwciat monoklonalnych
skoniugowanych z peroksydaza chrzanows. W kolejnym kroku dodawano substrat dla
peroksydazy chrzanowej, tetrametylobenzydyne. Natezenie zabarwienia, proporcjonalne
do stezenia badanych molekul, oceniano spektrofotometrycznie czytnikiem fali o dtugosci 450
nm, z korekcjg do 550/650 nm. Stosowano komercyjnie dostgpne zestawy ELISA firm EIAb
i R&D Systems. Wyniki obliczano w oparciu o krzywe standardowe wykreSlone przy uzyciu
wzorcowych stezen producenta. Wartosci stezen klasteryny, cystatyny C i KIM-1 w moczu
byty normalizowane do stezen kreatyniny w moczu.

Wszystkie parametry we Krwi | moczu oznaczano przed rozpoczeciem

kondycjonowania, jedng dobe po alloHSCT, a naste¢pnie tydzien, 2, 3 i 4 tygodnie po zabiegu.
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Metodyka oznaczen podstawowych parametrow biochemicznych nie rdéznita si¢
od zastosowanej w badaniu retrospektywnym.

Oba badania zostaly przeprowadzone po uzyskaniu zgody Komisji Bioetycznej
Uniwersytetu Medycznego we Wroctawiu. Badanie prospektywne bylo poprzedzone
uzyskaniem pisemnej zgody od rodzicow lub opiekunéw pacjentdow oraz od pacjentow

w wieku > 16 lat.

5.3. Analiza statystyczna

W  badaniu retrospektywnym wyniki dotyczace zmiennych ciaglych zostaly
przedstawione pod postacig $redniej i odchylenia standardowego, zmienne jako$ciowe pod
postacig wartosci procentowych. Do pordwnania danych liniowych wykorzystano analizg
wariancji ANOVA i test T-studenta, w przypadku danych nieliniowych réznice migdzy
zmiennymi oceniano w oparciu o test chi-kwadrat oraz test Fishera.

W badaniu prospektywnym, ze wzglegdu na mata liczebno$¢ grupy badanej i,
adekwatnie, grupy kontrolnej, wyniki zostaly przedstawione w postaci mediany, dolnego
I gornego kwartyla. Hipotezg zerowa o rozkladzie normalnym odrzucono przy uzyciu testu
Shapiro-Wilk. Analizy danych dokonano przy uzyciu testéw nieparametrycznych (Friedmana,
Wilcoxona, Kruskala-Wallisa, U-Manna-Whitney’a). Zalezno$ci migdzy zmiennymi
definiowano za pomocg wspotczynnika korelacji rang Spearmana.

Obliczenia statystyczne wykonano w programie Statistica 13.3 (Statsoft). Za wartos¢

istotng statystycznie przyjeto p<0,05.
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6. Omowienie prac oryginalnych wchodzacych w sklad

rozprawy doktorskiej
6.1. Wyniki badania retrospektywnego

Srednie wartosci eGFR u dzieci przed transplantacja, niezaleznie od wskazan
do alloHSCT, przekraczaty 90 ml/min/1,73m?2. U zadnego z pacjentéw nie obserwowano przed
zabiegiem warto$ci mniejszych niz 60 ml/min/1,73m? 24 godziny i tydzien po transplantacji
wystepowal znaczny wzrost przesaczania kiebuszkowego (praca 2, Fig.3, Fig.4). Powrot
do wartosci sprzed zabiegu mial miejsce W 2. tygodniu w przypadku pacjentow
nieonkologicznych i w 3. tygodniu od alloHSCT u pacjentow onkologicznych. Wérod dzieci
poddanych transplantacji ze wskazan onkologicznych od 4. tygodnia nastgpowato dalsze
sukcesywne obnizanie warto$ci eGFR az do 6. miesigca obserwacji, przy czym roznice te byly
istotne statystycznie w stosunku do danych wyjsciowych (praca 2, Fig.3). Po 6 miesigcach u 12
dzieci wartosci eGFR miescity sic miedzy 60 a89 ml/min/1,73m?, a u 2 pacjentdw
przekroczyty dolng granice 60 ml/min/1,73m?. U pacjentéw nieonkologicznych wartosci eGFR
od 3. tygodnia do 6. miesigca byly porownywalne z wielkoscia wskaznika filtracji przed
zabiegiem.

Epizody ostrego uszkodzenia nerek wedtug klasyfikacji pRIFLE odnotowano u 54%
pacjentow podczas catego okresu obserwacji. Stadium ryzyka (R) wystapilo co najmniej raz
u 58 pacjentow, w tym 41 onkologicznych i 17 nieonkologicznych (praca 2, Tab.1). Stadium
uszkodzenia (I) rozwingto 14 pacjentow (11 onkologicznych i 3 nieonkologicznych) (praca 2,
Tab.1). U zadnego z pacjentow nie stwierdzono obnizenia eGFR uprawniajacego
do rozpoznania stadium niewydolnosci (F). U pacjentéw onkologicznych najwiecej epizodow
AKI odnotowano pomigdzy 4. tygodniem a 6. miesigcem po alloHSCT (praca 2, Tab.l).
U pacjentdw nieonkologicznych najwigksza czgsto§¢ AKI zaobserwowano W okresie miedzy
4.tygodniem a 3. miesigcem po alloHSCT. W 8. tygodniu stadium R ostrego uszkodzenia nerek
wykazano u 31 pacjentow onkologicznych i byta to warto$¢ istotnie statystycznie wyzsza
W porownaniu do pacjentow niconkologicznych (8). W zadnym innym punkcie czasowym nie
wykazano istotnej réznicy W czgstosci wystgpowania AKI migdzy badanymi podgrupami.

W trakcie catego okresu obserwacji zmarto 10 pacjentow (0,7%). U jednego z nich zgon
w 20. dobie byt wynikiem powiktan samego zabiegu, U pozostatych dzieci przyczyna byty
powiktania infekcyjne i choroba przeszczep przeciwko gospodarzowi. Zaden z pacjentdw nie

wymagat leczenia nerkozastgpczego W okresie objetym obserwacja.
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6.2. Wyniki badania prospektywnego

Wartosci eGFR U pacjentow przeszczepianych z przyczyn nieonkologicznych byly
porownywalne z obserwowanymi w grupie kontrolnej przez caty czas obserwacji z wyjatkiem
1. tygodnia po zabiegu, kiedy istotnie wzrastaty. Natomiast pacjenci onkologiczni wykazywali
warto$ci eGFR istotnie wyzsze W stosunku do grupy kontrolnej juz przed transplantacja i do 3.
tygodnia po niej. W kazdym punkcie czasowym wartosci eGFR w grupie onkologicznej byty
istotnie wyzsze niz wsrod dzieci przeszczepianych z innych wskazan.

Mediana warto$ci eGFR w obu badanych podgrupach przekraczata przez zabiegiem 90
ml/min/1,73m?, au zadnego z dzieci nie wykazano wartosci ponizej 60 ml/min/1,73m?.
U wigkszosci pacjentow z onkologicznymi wskazaniami do alloHSCT obserwowano
hiperfiltracje, najbardziej nasilong w 1. tygodniu po zabiegu i utrzymujaca si¢ do 3. tygodnia
po wykonaniu procedury. Wsrod pacjentow nieonkologicznych wartosci eGFR  >140
ml/min/1,73m? przed transplantacja nalezaty do rzadkosci, po zabiegu ich odsetek wzrastat, ale
ulegal normalizacji w ostatnim tygodniu obserwacji.

W obu grupach pacjentéw stezenia klasteryny, KIM-1 i cystatyny C w moczu byty
istotnie wyzsze niz W grupie kontrolnej, nawet w okresie przed HSCT. Korekta ich warto$ci
w odniesieniu do stezen kreatyniny W moczu nie zniwelowata tych roznic. W przypadku
klasteryny wzrost w czasie 24 h po alloHSCT byt najbardziej spektakularny, bo prawie 3-
krotny (praca 3, Fig.2). Do 2. tygodnia po zabiegu trwala faza plateau z nastepowym
ponownym wzrostem w 3. tygodniu i spadkiem stezenia po 4 tygodniach od przeszczepienia
komorek macierzystych, jednak do poziomu ciagle istotnie wyzszego niz przed rozpoczgciem
procedury (praca 3, Fig.2). Stezenie KIM-1 w moczu zwigkszyto si¢ o 50% po24 h
od alloHSCT, rosto az do 3. tygodnia, a nastgpnie obnizyto si¢ do wartosci przekraczajacych te
obserwowane przed zabiegiem (praca 3, Fig.3). W przypadku cystatyny C w moczu, wzrost
stezenia byl opdzniony w stosunku do zmian pozostatych parametrow, bo nastapil dopiero
miedzy 2. a 3. tygodniem po transplantacji (praca 3, Fig.4). W 4. tygodniu obserwowano
znaczacy spadek wartosci, cho¢ nadal byly one wyzsze niz przed alloHSCT (praca 3, Fig.4).
Po 4 tygodniach od przeszczepienia stezenia wszystkich marker6w W moczu pozostawaty
podwyzszone W stosunku do wartosci poczatkowych.

Stezenia badanych markerow w surowicy pacjentow poddawanych alloHSCT byly
istotnie wyzsze przed zabiegiem niz W grupie kontrolnej (praca 3, Tab.2). W okresie 24 h
po przeszczepieniu komorek macierzystych stezenie klasteryny wzrosto 2-krotnie, podczas gdy

pozostatych markerow zaledwie o 50-60%. W kolejnych tygodniach obserwowano dalsze
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narastanie st¢zen do 3. tygodnia w przypadku Klasteryny i do 4. tygodnia w przypadku
pozostatych biomarkeréw. Nie wykazano istotnych réznic W stezeniach badanych parametréw
pomiedzy grupami pacjentow onkologicznych 1 nieonkologicznych w zadnym punkcie
czasowym.

Zgodnie z kryteriami pRIFLE ostre uszkodzenie nerek zdiagnozowano u 4 pacjentow
(3 z onkologicznymi i 1 z nieonkologicznymi wskazaniami do alloHSCT), u 3 z nich
stwierdzono stadium ryzyka R, u 1 stadium uszkodzenia I. Zaden z badanych pacjentéw nie

wymagal zastosowania terapii nerkozastepczej.
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7. Podsumowanie wynikow

. W analizie retrospektywnej u wszystkich dzieci poddawanych allotransplantacji
komorek hematopoetycznych wartoéci eGFR rosty znaczgco w 1. dobie po zabiegu
i wracaty do warto$ci wyjsciowych po 1-2 tygodniach. Od 4. tygodnia do 6. miesigca
obserwowano stopniowe obnizanie si¢ wartosci eGFR U pacjentéw przeszczepionych
ze wskazan onkologicznych.

. Hiperfiltracj¢ stwierdzano juz przed zabiegiem przeszczepienia, czgsciej U pacjentow
onkologicznych (51%) niz U pacjentéw nieonkologicznych (21%).

. W analizowanym okresie 6 miesi¢ccy, AKI wedtug kryteriow pRIFLE rozpoznano
u 54% dzieci, a najwyzsze wskazniki zapadalnosci dotyczyty okresu od 4 tygodni do 3
miesiecy po transplantacji. Z wyjatkiem pojedynczej obserwacji w 8. tygodniu
po zabiegu, nie wykazano r6éznic W czgstosci wystepowania AKI miedzy pacjentami
onkologicznymi a nieonkologicznymi.

. W badaniu prospektywnym eGFR u dzieci przeszczepianych ze wskazan
onkologicznych byl przez caly czas obserwacji znaczaco wyzszy niz W grupie
nieonkologicznej. W obu grupach wartosci filtracji kiebuszkowej rosty tuz po zabiegu,
a normalizowaty si¢ po 3 tygodniach.

Stezenia klasteryny, cystatyny C i KIM-1 w surowicy byly znaczgco wyzsze u dzieci
poddawanych alloHSCT w poréwnaniu do grupy kontrolnej juz przed zabiegiem,
a po zabiegu systematycznie rosly przez caly czas obserwacji.

Stezenia klasteryny i KIM-1 w moczu byty podwyzszone w stosunku do grupy
kontrolnej juz przed transplantacjg, rosty znaczaco po zabiegu do 3. tygodnia
I pozostawaly podwyzszone W 4. tygodniu obserwacji. Stezenie cystatyny C,
podwyzszone przed zabiegiem, ulegato dalszemu wzrostowi dopiero 2 tygodnie
po zabiegu i nieznacznemu obnizeniu 4 tygodnie po alloHSCT.

. Nie wykazano istotnych réznic migdzy stezeniami badanych parametrow w grupach

pacjentow onkologicznych i nieonkologicznych.
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8. Dyskusja

Ze wzglegdu na stale rosngcg liczb¢ wskazan do transplantacji  komorek
hematopoetycznych w populacji pediatrycznej, coraz wigkszym wyzwaniem klinicznym staja
si¢ profilaktyka oraz wczesna diagnostyka powiktan tego zabiegu [62-65]. Chociaz decydujacy
wplyw na przezycie pacjentdow maja bezposrednie skutki stosowanej terapii, takie jak ciezkie
infekcje czy uogolniona reakcja immunologiczna pod postacig choroby przeszczep przeciwko
gospodarzowi, na uwage zastugujg rowniez powiklania nefrologiczne, znaczgco pogarszajace
rokowanie [66-69].

Potencjalna nefrotoksycznos¢ lekow stosowanych podczas HSCT, wspotwystepowanie
infekcji czy nadci$nienia tetniczego, sprzyjaja rozwojowi ostrego uszkodzenia nerek w tej
populacji [22,23]. Dodatkowymi czynnikami zwigkszajacymi podatnos¢ na AKI sg stosowane
w przesztosci cykle chemioterapii lub leczenie biologiczne, a takze wrodzone defekty
metaboliczne, z ktorych czgs¢ przebiega z pierwotnymi dysfunkcjami cewek nerkowych.
Znaczacej roli odpowiedzi immunologicznej i rodzaju stosowanej terapii dowodzi fakt, ze
czestos¢ wystepowania AKI jest znaczaco wyzsza U pacjentdw poddawanych allotransplantacji
W poréwnaniu z autologicznym przeszczepieniem szpiku [15].

Bezposrednia konsekwencja powyzszych uwarunkowan sa $cisle zdefiniowane
zalecenia odnos$nie zapobiegania rozwojowi AKI, ujete w protokotach postepowania podczas
I po zabiegu transplantacji komorek macierzystych. Odpowiednie nawodnienie pacjenta (podaz
dozylna ptynéw W ilosci 3 I/m? p.c./dobe) i adekwatne forsowanie diurezy przy uzyciu
diuretykow petlowych przez pierwsze 3 tygodnie po HSCT stanowi w wigkszo$ci przypadkow
skuteczng profilaktyke, o czym §wiadczy fakt, ze w badanym materiale nie odnotowano
ani jednego przypadku wskazan do dializoterapii w 6-miesigcznym okresie obserwacji.

Brak podstaw do rozpoznania stadium 3 AKI nie wyklucza jednak istnienia cech
uszkodzenia struktur nerkowych, czego dowodem byto zakwalifikowanie w analizie
retrospektywnej 46% pacjentow onkologicznych i 37% pacjentow nieonkologicznych
do grupy R oraz 12% pacjentéw onkologicznych i 1% nieonkologicznych do grupy | w okresie
szeSciu miesigcy po alloHSCT. W badaniu prospektywnym odsetek ten byl zdecydowanie
nizszy, bo dotyczyl odpowiednio 11% i 10% dzieci w stadium R oraz 5% pacjentow
onkologicznych w stadium I, ale w zdecydowanie krotszym okresie obserwacji, obejmujgcym
cztery pierwsze tygodnie po zabiegu.

Rozbieznosci dotyczace czgstoSci wystgpowania poszczegolnych stadiow AKI

w zalezno$ci 0d czasu obserwacji moga wynika¢ z opisanej wczesniej specyfiki postepowania
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z pacjentem we wczesnym okresie potransplantacyjnym, ale sg tez pochodng trudnosSci
W ocenie stopnia nasilenia ewentualnych zaburzen, ktore generuje r6znorodno$¢ definicji AKI.

Chociaz obowigzujace klasyfikacje KDIGO, AKIN i pRIFLE operuja zblizonymi
do siebie kryteriami, rozrézniajagcymi trzy podstawowe stadia ostrego uszkodzenia nerek,
to badania poréwnujgce wyniki uzyskane na podstawie poszczeg6lnych skal wykazuja rdéznice
siggajace nawet kilkudziesieciu procent [12-14]. Wszyscy autorzy zgodnie podkreslaja, ze
stezenie kreatyniny W surowicy, a wigc 1 wyliczony na jej podstawie eGFR, sa parametrami
zaleznymi od wielu czynnikow zewnetrznych i zmieniajacymi si¢ stosunkowo pdzno W relacji
do zaistniatego uszkodzenia W obrebie nerek.

Zalezno$¢ stezenia kreatyniny od masy mig$niowej i stanu nawodnienia nabiera
szczegllnego znaczenia W populacji dzieci po przeszczepieniu szpiku, kiedy to katabolizm,
zywienie pozajelitowe I intensywna podaz ptynow zaburzajg bilans wodny i metaboliczny,
tym samym modyfikujac wartosci badanych parametrow. Efektem tych dziatan jest
hiperfiltracja, obserwowana w badanym materiale u pacjentow nieonkologicznych do 2.
tygodnia, a u dzieci przeszczepianych ze wskazan onkologicznych - do 3. tygodnia po HSCT.
Jednak zastanawiajacym okazat si¢ fakt wysokiego odsetka pacjentéw z hiperfiltracja rowniez
przed zabiegiem. Wobec wyraznej dysproporcji miedzy pacjentami nieonkologicznymi
a onkologicznymi na korzy$¢ tych ostatnich, obecno$¢ hiperfiltracji nalezy
najprawdopodobniej przypisa¢ wplywowi wczesniejszego leczenia. Jest to  zgodne
z doniesieniami w literaturze na temat wystepowania hiperfiltracji w populacji chorych
poddawanych chemioterapii i wzrostu natezenia tego zjawiska wraz z kolejnymi cyklami
leczenia [70]. Jednocze$nie podnoszona jest kwestia znaczenia hiperfiltracji jako wczesnego
markera zagrazajacego uszkodzenia nerek u tych pacjentow [71]. Ta sugestia wydaje si¢
znajdowac potwierdzenie W dalszych wynikach badafh wiasnych, ujawniajacych podwyzszone
stezenia markerow uszkodzenia w populacji dzieci poddawanych alloHSCT.

Wprowadzenie w 2013 roku do Klasyfikacji AKI markerow uszkodzenia bylo
nastepstwem nowego spojrzenia na patomechanizmy odpowiedzialne za ostre uszkodzenie
nerek, uwzgledniajacego rownorzedna role uposledzenia funkcji klebuszkéw nerkowych
i cewek nerkowych [72]. Za markery funkcji uznano stezenie kreatyniny i wielkos¢ diurezy,
do kategorii potencjalnych parametrow uszkodzenia wiaczono szereg wskaznikow, poczawszy
od czasteczek zwigkszajacych swojg ekspresj¢ badZz uwalnianych przez nerki wskutek ich
uszkodzenia, poprzez molekuty filtrowane przez nerki, az do substancji przez nie
reabsorbowanych [72]. Wérod kandydatow znalazty si¢ m.in. NGAL, 1L-18 oraz klasteryna,
cystatyna C i KIM-1, oceniane w materiale wtasnym. Podczas 10. konferencji Acute Dialysis
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Quality Initiative wyodr¢bniono cztery nowe kategorie dywersyfikujace rodzaj
obserwowanych zaburzen. Pierwsza opisuje zachowang funkcje kigbuszkow i cewek, czyli brak
AKI, druga definiuje obecno$¢ uszkodzenia cewek nerkowych przy zachowanej funkcji
filtracyjnej kiebuszkéw jako subkliniczne AKI. Uposledzenie filtracji przy braku cech
uszkodzenia cewek zyskato miano czynnosciowego AKI, natomiast wspotistnienie cech
uszkodzenia filtracji i uposledzenia funkcji cewek zostato nazwane typem mieszanym AKI.
Zasadnicza rolg w tej definicji odgrywa potencjalna odwracalno$¢ zmian — czynnos$ciowe
i subkliniczne postaci AKI mogg ustgpi¢ lub ewoluowaé W stron¢ zmian mieszanych,
a w mieszanym AKI moze dojs$¢ do regresji zmian w cewkach i/lub w kigbuszkach nerkowych
[72].

Nowa klasyfikacja pozwala dzigki kryterium subklinicznego AKI rozpoznaé cechy
uszkodzenia nerek zanim dojdzie do podwyzszenia stgzenia kreatyniny W surowicy.
Przydatno$¢ markeréw uszkodzenia zostata potwierdzona W wielu pracach do$wiadczalnych
nad AKI, udowodniono rdéwniez, ze roéwnoczesna ocena markeré6w czynno$ciowych
I uszkodzenia poprawia wczesng wykrywalno$¢ AKI u pacjentéw poddawanych operacjom
kardiochirurgicznym [73-76]. Natomiast ciggle mato jest badan wykorzystujacych markery
uszkodzenia wérod dzieci z AKI, co moze wynika¢ m.in. z braku dostepnosci wartosci
referencyjnych poszczegélnych biomarkerow dla tej grupy wiekowej [77]. W populacji
pediatrycznej takze dominujg badania dotyczace pacjentow kardiologicznych, wida¢ réwniez
wyrazng tendencj¢ do nieinwazyjnego oznaczania markeréw uszkodzenia w moczu [78].

Wsrod dzieci poddawanych zabiegowi transplantacji komodrek hematopoetycznych
zostala dotychczas podjeta tylko jedna préba jednoczesnej oceny markeréw funkcji
i uszkodzenia nerek w kontekscie zagrazajacego AKI w okresie do 28 dni po zabiegu
i odlegltych powiklan w ciggu pierwszego roku od HSCT [79]. Prospektywne badanie
przeprowadzono na grupie 80 dzieci, wsrod ktorych wigkszo$¢, W przeciwienstwie
do materiatu wiasnego, stanowili pacjenci przeszczepiani ze wskazan nieonkologicznych
(70%). Autorzy definiowali AKI oceniajac W odstepach tygodniowych trzy parametry: stezenie
kreatyniny w surowicy, eGFR wyliczany na podstawie stgzenia cystatyny C W surowicy
oraz stezenie NGAL w moczu. Stadium tagodnego AKI oznaczato wzrost st¢zenia kreatyniny
0> 50% lub obnizenie eGFR 0 <30% lub stezenie NGAL > 50 ng/mL. Kryteria cigzkiego AKI
obejmowaty wzrost stezenia kreatyniny o > 100% lub obnizenie eGFR o < 50% lub stezenie
NGAL > 150 ng/mL. Dodatkowo wyrozniono 7 podtypoéw AKI, w zaleznosci od zaistnienia
izolowanych zmian dotyczacych jednego markera (np. NGAL AKI), kombinacji dwoch z nich
(np. kreatynina + cystatyna C AKI) lub wszystkich trzech (kreatynina + cystatyna C + NGAL
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AKI). W calym okresie obserwacji podwyzszone st¢zenia NGAL w kombinacji
ze zwickszeniem stezenia kreatyniny obserwowano U wszystkich pacjentéw, a obnizenie eGFR
wyliczonego na podstawie stezenia cystatyny C u 78 z 80 dzieci. Wystepowanie izolowanego
podwyzszenia stezenia NGAL (NGAL AKI) nie korelowalo z wiekiem, picia, rodzajem
wskazania do HSCT ani wczesniejszg terapia, jednak znaczny wzrost wskaznika byt
czynnikiem prognostycznym wystapienia choroby przeszczep przeciwko gospodarzowi,
dalszego pogorszenia funkcji nerek i dializoterapii, w ciagu roku od przeprowadzenia
transplantacji. Ryzyko GvHD wzrastalo rowniez w przypadku AKI definiowanego przez
zmiany dwoch dowolnych markeréw, a najwyzsze byto wérdd dzieci ze zmianami wszystkich
parametrow.

W materiale wtasnym wzrost parametréw uszkodzenia (klasteryna, KIM-1, cystatyna C
w moczu) i funkcji (cystatyna C w surowicy) byt rowniez zjawiskiem powszechnym, chociaz
zroznicowanym W czasie i zaleznym od lokalizacji. Ste¢zenia wszystkich wskaznikow
w surowicy rosty od pierwszej doby po zabiegu, chociaz w przypadku klasteryny réznice byty
najwigksze, a trend wzrostu z tygodnia na tydzien utrzymywat si¢ do konca obserwacji.
Stezenia KIM-1 i cystatyny C wykazywaty tendencj¢ do stabilizacji odpowiednio w 1. i 2.
tygodniu po HSCT. Utrzymywanie si¢ podwyzszonych wartosci markeréw wydaje sig¢
potwierdza¢ amerykanskie obserwacje, chociaz autorzy nie analizowali ich stezen jako
zmiennych liniowych, ale traktowali jak zmienne jakosciowe stuzace do klasyfikacji pacjentow
w kategoriach brak AKI — tagodne AKI — cigzkie AKI. Zbiezno$¢ w obu pracach dotyczyta
jednak narastajacych wartosci eGFR po HSCT, z charakterystycznym pikiem sygnalizujacym
hiperfiltracje tuz po zabiegu i lagodng tendencja spadkowa do konca obserwacji. Czgsciej
natomiast stwierdzany w amerykanskim materiale wzrost stezenia kreatyniny mogt wynikac
Z zastosowania bardziej doktadnej metody pomiaru tego parametru.

NGAL byt jedynym parametrem oznaczanym W moczu przez Benoit i wsp., jednak
autorzy nie opisywali dynamiki zmian jego stgzen W czasie, analizujac tylko konkretne punkty
odciecia [79]. W materiale wlasnym jednoczesna ocena W moczu i surowicy dotyczyla
wszystkich potencjalnych markerow uszkodzenia. Podwyzszenie W moczu stgzen klasteryny
I KIM-1 nastgpowato w pierwszej dobie po zabiegu i utrzymywalo si¢ na stabilnym poziomie
do 3. tygodnia, kiedy pojawial si¢ kolejny pik, a nastgpnie obnizenie wartosci w 4. tygodniu
obserwacji. Zmiany te ponownie byly bardziej nasilone W przypadku klasteryny niz KIM-1.
Stezenia cystatyny C jako jedyne pozostaly niezmienione w moczu do 1. tygodnia
po transplantacji, po 2 tygodniach nastgpowat ich wzrost, a w 4. tygodniu ponowne obnizenie

warto$ci markera. Czasowe rozbieznosci W dynamice wzrostu st¢zen markeréw bytly

24



najprawdopodobniej zwigzane ze zrodlem pochodzenia poszczegdlnych molekut
pojawiajacych si¢ W moczu.

Cystatyna C jest matg czasteczka (13 kDa), swobodnie filtrowana przez klebuszki
nerkowe, w przeciwienstwie do klasteryny (70-80 kDa) i KIM-1 (90-110 kDa). Opdzniony
w stosunku do podwyzszonego stezenia W surowicy wzrost warto$ci cystatyny C w moczu
wskazuje wiec na jej systemowe pochodzenie i jest wynikiem zwickszonej filtracji czasteczki
przez nerki. Inaczej dzieje si¢ w przypadku klasteryny i KIM-1 - znaczacy wzrost stgzen
W moczu juz W pierwszej dobie po zabiegu sugeruje ich nerkowe pochodzenie. Obie czgsteczki
sg wydzielane w odpowiedzi na stres, przy czym za sekrecje KIM-1 odpowiadaja cewki
proksymalne, a klasteryna jest wydzielana przez komorki cewek proksymalnych, dystalnych
I mezangium, co moze $wiadczy¢ o jej przydatnosci zardbwno jako markera uposledzenia
funkcji filtracyjnej, jak i uszkodzenia cewek nerkowych [54,72]. Potwierdzenie skuteczno$ci
klasteryny we wczesnej diagnostyce subklinicznego i czynnosciowego AKI bedzie wymagac
kolejnych badan, ale jest ona juz testowana W zestawach marker6w oceniajacych funkcje nerek
[60]. Badania eksperymentalne wskazuja tez na rolg klasteryny i KIM-1 w zapobieganiu
apoptozie i widknieniu, co mogloby sugerowaé ich potencjat jako wskaznikéw progresji AKI
do przewlekltej choroby nerek i otwiera nowy rozdzial badan nad ich przydatnoscia jako
markeréw rokowniczych [45,49,50,58,80].

Obserwowana w badaniu retrospektywnym i prospektywnym powszechno$¢ cech
uszkodzenia komorek po transplantacji, zarOwno W obrebie nerek, jak i w krazeniu, byla
zaskakujacym odkryciem. Podwyzszone stgzenia badanych markerow i obecno$¢ hiperfiltracji
wydawaly si¢ jednak wytlumaczalne w kontekscie zastosowanej terapii 0 potencjalnej
nefrotoksycznosci 1 wspdtistniejacych czynnikow ryzyka rozwoju AKI. Bardziej
niepokojacym okazato si¢ jednak stwierdzenie cech uszkodzenia nerek juz przed zabiegiem,
nie opisane dotad W Zadnej publikacji. Przyczyng braku wczesniejszych doniesien mogt by¢
fakt, ze badania pacjentow poddawanych HSCT nigdy nie uwzglednialy pordéwnania
analizowanych parametréw zich warto$ciami w odpowiednio dobranej grupie kontrolnej.
Mylne przekonanie o nienaruszonej funkcji nerek u pacjentow przygotowywanych do zabiegu
przeszczepienia hematopoetycznych komodrek macierzystych moglo opiera¢ si¢ na
prawidlowych, a nawet podwyzszonych warto$ciach eGFR.

Wyniki przeprowadzonych badan sugeruja, ze ewaluacja funkcji nerek u dzieci jedynie
za pomocyg analizy ich zdolno$ci filtracyjnej moze by¢ niewystarczajagca zarOwno przed

zabiegiem HSCT, jak i w okresie potransplantacyjnym. Dlatego nowe markery,
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a W szczego6lnosci klasteryna, mogg stanowi¢ skuteczne narzedzie weryfikacji, pozwalajace na

wczesne wykrycie cech uszkodzenia nerek w tej populacji.
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9. WhiosKi

Czgstos¢ wystepowania AKI U dzieci po przeszczepieniu komorek hematopoetycznych
jest niezalezna od wskazan do transplantacji i ros$nie z czasem, osiggajac najwyzsze
warto$ci miedzy 4. tygodniem a 3. miesigcem po zabiegu.

. Wysoki odsetek dzieci z wyjsciowa hiperfiltracja, ulegajacy dodatkowo zwigkszeniu
po alloHSCT, utrudnia adekwatng ocene¢ funkcji nerek zaréwno przed zabiegiem, jak i
we wczesnym okresie poprzeszczepowym.

eGFR jest jedynym markerem przydatnym w dywersyfikacji pacjentow
onkologicznych i nieonkologicznych.

Cechy subklinicznego uszkodzenia nerek, pod postacia podwyzszonych w stosunku
do grupy kontrolnej stgzen klasteryny, cystatyny C i KIM-1 w surowicy i moczu, sa
obecne u dzieci juz przed alloHSCT i ulegaja nasileniu po zabiegu.

Klasteryna w moczu moze okazaé¢ si¢ przydatnym markerem subklinicznego AKI,
wyprzedzajacym w czasie zmiany funkcji filtracyjnej nerek i umozliwiajagcym wczesne
rozpoznanie dysfunkcji cewek nerkowych.

Ocena funkcji nerek u dzieci poddawanych zabiegowi przeszczepienia komorek
hematopoetycznych powinna obejmowaé analiz¢ klasycznych parametrow filtracji

ktebuszkowej, wzbogacong o oznaczenia nowych markeréw uszkodzenia.
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11. Streszczenie

Ostre uszkodzenie nerek jest czestym powiktaniem towarzyszacym przeszczepieniu
hematopoetycznych komoérek macierzystych w populacji pediatrycznej. W praktyce klinicznej
ocena funkcji nerek bazuje na wartosci stezenia kreatyniny W surowicy i wyliczanym na jej
podstawie wskazniku filtracji ktgbuszkowej eGFR. Kreatynina jest jednak pdznym markerem
uszkodzenia, uwarunkowanym m.in. stopniem nawodnienia pacjenta czy jego masg mi¢Sniowa.
Ponadto czesto$¢ rozpoznania ostrego uszkodzenia nerek zalezy od precyzyjnego
zdefiniowania AKI na podstawie jednej z trzech obowigzujacych klasyfikacji. Specyfika
warunkoéw towarzyszacych transplantacji szpiku wymaga wczesnej diagnostyki ostrego
uszkodzenia nerek, dlatego uzasadnionym wydaje si¢ poszukiwanie nowych parametrow,
umozliwiajacych wykrycie nieprawidlowosci wczesniej niz pozwalaja na to wzrost stgzenia

kreatyniny w surowicy i obnizenie wskaznika filtracji kigbuszkowe;.

Celem tej pracy byta ocena wplywu zabiegu przeszczepienia komorek
hematopoetycznych na funkcj¢ nerek u dzieci, analiza czgsto$ci wystepowania ostrego
uszkodzenia nerek z uwzglednieniem réznic migdzy pacjentami poddawanymi temu zabiegowi
ze wskazan onkologicznych lub innych, oraz poszukiwanie wczesnych markerow,
umozliwiajacych postawienie rozpoznania przed spelnieniem klasycznych kryteriow AKI
wedlug skali pRIFLE. Zaplanowano retrospektywng analiz¢ wartosci eGFR u dzieci
poddawanych alloHSCT, poczawszy od wyjsciowej oceny funkcji nerek przed zabiegiem,
poprzez kontrolg po 24 godzinach, 1, 2, 3, 4, 8 tygodniach, 3 i 6 miesigcach po transplantacji.
Badanie prospektywne uwzgledniato ocen¢ uznanych markerow uszkodzenia nerek (KIM-1,
cystatyne C), wzbogacona o nowy parametr funkcji cewek nerkowych, klasteryne, nie
analizowang dotad W populacji pacjentow po przeszczepieniu szpiku.

Do badania retrospektywnego witaczono 135 dzieci poddanych allotransplantacji
komorek hematopoetycznych w Klinice Transplantacji Szpiku, Onkologii i Hematologii
Dzieciecej Uniwersytetu Medycznego we Wroctawiu, w latach 2016 - 2018. U 89 z nich zabieg
wykonano ze wskazan onkologicznych, u 46 dzieci — z innych przyczyn.

Badaniem prospektywnym objeto 27 pacjentdw poddanych  procedurze
allotransplantacji komorek hematopoetycznych w Klinice Transplantacji Szpiku, Onkologii
i Hematologii Dziecigcej we Wroctawiu w 2019 roku. Grupe kontrolng stanowito 18 dzieci

diagnozowanych w  Klinice Nefrologii Pediatrycznej Uniwersytetu Medycznego
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we Wroctawiu z powodu podejrzenia monosymptomatycznego moczenia nocnego,
z prawidlowg funkcja nerek.

W obu grupach oceniano wielko$¢ wskaznika filtracji kigbuszkowej eGFR
i dokonywano klasyfikacji AKI przy uzyciu kryteriow pRIFLE. W grupie prospektywnej
dodatkowo oceniano w surowicy i moczu st¢zenia nowego potencjalnego markera uszkodzenia
- klasteryny, w poréwnaniu do uznanych parametrow jak KIM-1 czy cystatyna C.

Ocena retrospektywna poszczeg6lnych markerow rozpoczynala si¢ przed zabiegiem
I obejmowata okres do 6. miesigca po transplantacji. Stezenia klasteryny, KIM-1 i cystatyny
C byly oceniane przed transplantacja, 24 godziny po zabiegu i w odstgpach tygodniowych
do 4. tygodnia po przeszczepieniu hematopoetycznych komorek macierzystych.

W analizie retrospektywnej hiperfiltracj¢ stwierdzano juz przed zabiegiem
przeszczepienia szpiku, czgsciej U  pacjentow onkologicznych niz U  pacjentow
nieonkologicznych. U  wszystkich dzieci poddawanych allotransplantacji komorek
hematopoetycznych wartosci eGFR rosty znaczagco w 1. dobie po zabiegu i wracaty
do warto$ci wyjsciowych po 1-2 tygodniach. U pacjentow przeszczepionych ze wskazan
onkologicznych obserwowano stopniowe obnizanie si¢ wartosci eGFR od 4. tygodnia do 6.
miesigca po alloHSCT. Podczas 6-miesi¢cznego okresu obserwacji, AKI wedlug kryteriow
PRIFLE rozpoznano u 54% dzieci. Najwyzsze wskazniki zapadalnosci dotyczyty okresu od 4
tygodni do 3 miesigcy po transplantacji. Poza pojedyncza obserwacja w 8. tygodniu
po zabiegu, nie wykazano roznic W czgstosci wystepowania AKI miedzy pacjentami
onkologicznymi a nieonkologicznymi.

W badaniu prospektywnym wartosci filtracji klebuszkowej rosty tuz po zabiegu w obu
grupach, a normalizowaty si¢ po 3 tygodniach. Przez caly czas obserwacji eGFR u dzieci
przeszczepianych ze wskazan onkologicznych byt znaczagco wyzszy niz W grupie
nieonkologicznej. Przed zabiegiem st¢zenia klasteryny, cystatyny C i KIM-1 w surowicy byty
znaczaco wyzsze U dzieci poddawanych alloHSCT w porownaniu do grupy kontrolnej,
a po zabiegu rosty systematycznie przez caty czas obserwacji.

Przed transplantacja stezenia klasteryny 1 KIM-1 w moczu byly podwyzszone
w stosunku do grupy kontrolnej, nastgpnie rosly znaczaco do 3. tygodnia po zabiegu
I pozostawaly podwyzszone W 4. tygodniu obserwacji. Stezenie cystatyny C W moczu byto
podwyzszone przed zabiegiem, ulegato dalszemu wzrostowi dopiero 2 tygodnie po zabiegu
I nieznacznemu obnizeniu 4 tygodnie po alloHSCT. Nie wykazano istotnych réznic miedzy

stezeniami badanych parametréw W grupach pacjentow onkologicznych i nieonkologicznych.
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Czestos¢ wystepowania AKI U dzieci po przeszczepieniu komorek hematopoetycznych
jest niezalezna od wskazan do transplantacji 1 ro$nie z czasem, osiagajac najwyzsze wartosci
miedzy 4. tygodniem a 3. miesigcem po zabiegu. Wysoki odsetek dzieci z wyjsciowa
hiperfiltracja, ulegajacy dodatkowo zwiekszeniu po alloHSCT, utrudnia adekwatng oceng
funkcji nerek zarowno przed zabiegiem, jak i we wczesnym okresie poprzeszczepowym.
Wskaznik filtracji kigbuszkowej okazat si¢ jedynym markerem przydatnym w dywersyfikacji
pacjentow onkologicznych i nieonkologicznych. Podwyzszone w stosunku do grupy
kontrolnej stezenia klasteryny, cystatyny C i KIM-1 wsurowicy i moczu $wiadcza o
subklinicznym uszkodzeniu nerek, obecnym u dzieci juz przed alloHSCT i ulegajacym
nasileniu po zabiegu. Klasteryna w moczu moze okaza¢ si¢ przydatnym markerem
subklinicznego AKI, wyprzedzajacym w czasie zmiany funkcji filtracyjnej nerek
i umozliwiajacym wczesne rozpoznanie dysfunkcji cewek nerkowych. Ocena funkcji nerek
U dzieci poddawanych zabiegowi przeszczepienia komorek hematopoetycznych powinna
obejmowac analize klasycznych parametrow filtracji kigbuszkowej, wzbogacong o oznaczenia

nowych markerow uszkodzenia.
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12. Summary

Hematopoietic stem cell transplantation in children is often complicated by acute kidney
injury. Assessment of renal function ineveryday practice is usually restricted to serum
creatinine values and creatinine-based estimation of glomerular filtration rate. However, serum
creatinine concentration depends on hydration status or muscle mass and its elevation
in response to damage appears relatively late. Moreover, estimation of AKI incidence relies
on the precision of three available AKI classifications. Conditions under which HSCT is
performed urge early diagnostics of AKI. Thus, search for new parameters of damage,

anticipating serum creatinine rise and eGFR decrease, seems thoroughly justified.

The aim of this study was to analyze the impact of HSCT on kidney function
in children, to assess the incidence of AKI in relation to various indications for the procedure
(oncological versus nononcological), and to search for early markers, able to diagnose AKI
before pRIFLE criteria are fulfilled. Retrospective analysis concentrated on the follow up
of eGFR values in children undergoing alloHSCT, starting the day before the procedure, then
continuing 24 hours, 1, 2, 3, 4, 8 weeks, 3 and 6 months after transplantation. Approved markers
of kidney damage (KIM-1, cystatin C) were analyzed in a prospective way together with
clusterin, a candidate parameter of tubular function, not tested in patients undergoing HSCT so
far.

The data of 135 children undergoing allotransplantation in the Department of Bone
Marrow Transplantation, Pediatric Oncology and Hematology in years 2016-2018 were
analyzed retrospectively. 89 children have undergone alloHSCT due to oncological reasons, 46
patients following nononcological indications.

Prospective study concerned 27 children undergoing allotransplantation in the
Department of Bone Marrow Transplantation, Pediatric Oncology and Hematology in 2019. 18
children with normal kidney function diagnosed for monosymptomatic nocturnal enuresis
in the Department of Pediatric Nephrology served as controls.

eGFR was calculated in all patients, then AKI was diagnosed based on pRIFLE criteria.
Additionally, prospective study was enriched with the assessment of serum and urine
concentrations of clusterin, new potential damage marker, as well as approved parameters
of kidney function, like KIM-1 or cystatin C.

Retrospective analysis of selected parameters started before allotransplantation and has

lasted until the 6th month after the procedure. Concentrations of clusterin, KIM-1 and cystatin
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C were analyzed prospectively before alloHSCT, 24 hours after transplantation and then
on a weekly basis until the 4th week after the procedure.

Retrospective study revealed that hiperfiltration was a common finding even before
transplantation and it affected oncological patients to a greater extent than the nononcological
ones. All children demonstrated eGFR increase within first 24 hours following alloHSCT and
return to pre-transplantation values within 1-2 weeks. Patients transplanted due to oncological
reasons suffered from gradual eGFR decrease since the 4th week until the 6th month after
alloHSCT.

During the 6-month observation AKI was diagnosed in 54% of children according
to pRIFLE criteria. The highest incidence concerned the period between 4 weeks and 3 months.
Except for a single observation after 8 weeks, there were no differences in AKI incidence
between oncological and nononcological patients.

Prospective analysis revealed the rise of eGFR values just after alloHSCT in both
oncological and nononcological patients, with subsequent normalization after 3 weeks.
Throughout the whole observation period oncological children demonstrated higher values
of eGFR than nononcological patients.

Serum concentrations of clusterin, cystatin C and KIM-1 were increased in transplanted
children versus controls and kept rising systematically after the procedure.

Urine concentrations of clusterin and KIM-1 in transplanted children were higher than
in controls already before transplantation. They rose significantly until the 3rd week and then
remained stable until the 4th week. Cystatin C urine concentrations were high already before
alloHSCT, further increased no sooner than after 2 weeks and slightly decreased in the 4th week
after transplantation. None of these parameters could distinguish between oncological and

nononcological patients.

AKI incidence in children after HSCT was independent of indications
for transplantation and rose with time, gaining its maximal values between the 4th week and
3rd month of observation. High percentage of patients with initial hyperfiltration, increasing
additionally after transplantation, affects adequate assessment of kidney function both before
and after it. eGFR turned out the only marker useful in effective differentiation between
oncological and nononcological patients. Increased serum and urine concentrations of clusterin,
cystatin C and KIM-1 testify to subclinical kidney injury, present already before transplantation
and aggravating after it. Clusterin in urine may prove its usefulness as a marker of subclinical
AKI, anticipating eGFR change and enabling early diagnosis of tubular dysfunction. Complex
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analysis of kidney function in children undergoing HSCT should contain evaluation of classical

parameters of glomerular filtration, enhanced by new damage markers.
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Abstract

Acute kidney injury (AKI), one of the major complications in children undergoing hematopoietic stem cell
transplantation (HSCT), is an independent predictor of the patient’s survival and a prognostic factor of pro-
gression to chronic kidney disease (CKD). Despite the multifaceted role of AKI, its early diagnosis in the course
of HSCT remains a challenge. These difficulties may result from the inefficiency of traditional methods used
to assess kidney function, like serum creatinine or estimated glomerular filtration rate. Moreover, the list
of potential AKI markers tested in HSCT conditions is limited and does not involve indexes evaluated in the
pediatric population. This review summarizes current knowledge on the pathophysiology of AKI developing
in the course of HSCT; presents well-known markers of AK that are potentially applicable in children who
have undergone HSCT; discusses the role of new markers in diagnosing AKl and predicting the renal outcome
in children undergoing HSCT; and analyzes the prospects for the use of new tools for assessing kidney injury
in everyday clinical practice.

Key words: chronic kidney disease, nephrotoxicity, acute tubular damage, renal outcome, hematopoietic
stem cell transplantation
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Hematopoietic stem cell transplantation (HSCT) is an
area of medicine under constant development. In recent
years, the number of allogeneic bone marrow transplanta-
tions has increased significantly. In addition to hemato-on-
cological diseases, the indications for HSCT include immu-
nologic, metabolic and genetically determined conditions.

Current methods of assessing
kidney function following
hematopoietic stem cell

transplantation

As HSCT has become more and more frequently the
therapy of choice in children, the number of complica-
tions observed has increased. Among them, acute kidney
injury (AKI) has become one of the major challenges, as
it is an independent predictive factor for patient survival
and progression to chronic kidney disease (CKD).>2

Although there are many reviews on HSCT, few of them
concern the pediatric population,?~® and none of them
concentrate on the nephrological aspects of HSCT.

Moreover, the commonly used classifications of AKI
comprise various criteria established by the Risk, Injury,
Failure, Loss and End-stage (RIFLE) renal failure classifica-
tion system, the Acute Kidney Injury Network (AKIN) and
the Kidney Disease: Improving Global Outcomes (KDIGO)
organization.®~8 However, only pRIFLE criteria apply spe-
cifically to children (Table 1).

Due to the diversity of these classifications, world sta-
tistics on the incidence of AKI in children are very in-
consistent. As shown in a study by Sutherland et al., the
incidence of AKI in a single group of hospitalized children

Table 1. Comparison of various criteria defining acute kidney injury

Pediatric (D)RIFLE |
Risk (Stage 1)
Injury (Stage 2)

Failure (Stage 3)

End-stage kidney disease
AKIN criteria

Stage 1

Stage 2
Stage 3
KDIGO AKI criteria |

Stage 1
Stage 2

Stage 3

decrease <25%
decrease <50%

decrease <75%
or <35 mL/min/1.73 m?

M. Augustynowicz, et al. AKI markers in children undergoing HSCT

varied significantly depending on the criteria used (51.1%,
37.1% and 40.3% according to pRIFLE, AKIN and KDIGO,
respectively).” The AKIN and KDIGO classifications rely
on changes in serum creatinine concentration, while
pRIFLE criteria are additionally based on decreases in the
estimated glomerular filtration rate (¢GFR) and urine out-
put (Table 1). Moreover, the fact that the pRIFLE criteria
take into account the time frame and diversification of the
outcome (reversible injury vs progression to CKD) make
them the most useful for children.

It is worth noting that in cases of kidney function dete-
rioration, increases in serum creatinine concentration are
significantly delayed. Furthermore, many factors, such as
nutrition, hydration, gender, age, and muscle mass, influ-
ence the serum concentration of creatinine. Hydration
status after HSCT varies depending on the time elapsed
from the procedure. During the first few days after HSCT,
the treatment protocol assumes a high fluid intake (3 L/m?
of body surface), resulting in transient hyperfiltration.
Moreover, the method of eGFR calculation raises certain
doubts. The most commonly applied Schwartz formula
overestimates eGFR value, especially when it is higher
than 75 mL/min/1.73 m?% However, attempts to intro-
duce other methods have so far been unsatisfactory.!%-1?
As a consequence, evaluation based on serum creatinine
concentration remains the most frequent tool to assess
kidney function in children undergoing HSCT, despite its
many limitations in terms of sensitivity and specificity for
AKI. However, recent reports show preliminary attempts
to widen the spectrum of AKI indices by testing markers
of inflammation or damage specific to selected compounds
of the renal parenchyma.

The purpose of this review was to briefly present current
knowledge about the pathophysiology of AKI in the course

| Urine output
<0.5 mL/kg/h for 8 h
<0.5 mL/kg/h for 16 h

<0.3 mL/kg/h for 24 h
oranuria for 12 h

Loss failure >4 weeks

persistent failure >3 months

serum creatinine

increase >50% or
>0.3 mg/dL within 48 h

increase >100%
increase >200%
serum creatinine |

increase >50% or
>0.3 mg/dL within 7 days

increase >100%

increase >200%
or =35 mL/min/1.73 m?
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of pediatric HSCT and current diagnostic tools for its as-
sessment. We also aimed to discuss new markers that may
potentially be useful in the early diagnosis of HSCT-related
AKI, although they are not yet used in clinical practice.

Reasons for acute kidney injury
following hematopoietic stem
cell transplantation

The first determinant of post-HSCT AKI is the type
of HSCT itself. Myeloablative allogeneic HSCT is charac-
terized by the highest incidence of AKI (50—91%), whereas
nonmyeloablative allogeneic (29-54%) and autologous
HSCT (12-52%) are less frequently involved in AKL!3

The pathogenesis of AKI following HSCT is complex
and covers pre-renal, renal and post-renal mechanisms.!
Among them, renal causes are the most common, with
ischemia and acute tubular necrosis due to drug nephro-
toxicity playing the main role. The causes of renal impair-
ment after HSCT also strongly depend on the amount
of time since the transplantation, and can be divided into
immediate (tumor lysis syndrome, marrow infusion tox-
icity), early (hypovolemia due to diarrhea, vomiting and
sepsis, drug nephrotoxicity, acute tubular necrosis, in-
terstitial nephritis, reactivation of viral infections result-
ing in hemorrhagic cystitis, graft vs host disease (GvHD),
and hepatic sinusoidal obstruction syndrome (HSOS))
and late (thrombotic microangiopathy, chronic GvHD
and radiation).!

Describing the whole spectrum of HSCT-related factors
predisposing to AKI is beyond the scope of this review; we
are therefore going to focus only on selected ones. Among
them, GvHD seems to be the best example of the multi-
factorial nature of HSCT-related AKI.3

Graft vs host disease

In the course of GvHD, the kidneys become targets for
T cells. During the first month after HSCT, the process
of infiltration of the tubulointerstitial area occurs. Im-
munocompetent cell migration and cytokine-mediated
inflammatory reaction in situ result in damage to the
peritubular capillaries, tubules and glomeruli, and
in thickening of the vascular intima.'® Paradoxically, the
prophylactic regimen against GvHD, containing cyclospo-
rine, tacrolimus or short-term methotrexate, may become
another trigger factor for AKI. Moreover, the indirect
propensity towards reactivation of viral infection that
arises in the course of GvHD adds to the AKI-promoting
background.'®
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Marrow transfusion toxicity

Cryopreservation of stem cells is a standard compo-
nent of the clinical protocol in autologous HSCT, where-
as it is rare in allogeneic HSCT. The collected cells are
washed and resuspended in a solution supplemented with
a cryoprotective agent, most typically dimethyl sulfoxide
(DMSO). Dimethyl sulfoxide is considered the main causal
agent of adverse reactions, such as lysis of erythrocytes,
leading to precipitation of heme proteins in the proximal
tubules and subsequent acute tubular necrosis.®

Hepatic sinusoidal
obstruction syndrome

The pathophysiology of HSOS, present mainly in pa-
tients who have undergone myeloablative allogeneic
HSCT, remains poorly defined. Total body irradiation and
busulfan/cyclophosphamide preconditioning can cause
damage to sinusoidal endothelial cells and hepatocytes.l”
The subsequent subendothelial deposition of morphologi-
cal blood compounds and fibrin results in hepatic venu-
lar narrowing and occlusion; portal hypertension then
evolves. Consequently, the accumulation of vasodilators
in the liver results in systemic hypotension. The com-
pensative activation of the renin-angiotensin-aldosterone
system (RAAS) triggers constriction of renal vessels and
hypoperfusion.”

Infections

The use of immunosuppressive drugs may lead to re-
activation of latent viral infections, affecting approx.
25% of patients who have undergone allogeneic HSCT.!8
The majority of the population is seropositive to the BK
virus — a member of the polyomavirus family with tro-
pism to the urinary tract. The reactivation and massive
replication of the BK virus lead to the formation of decoy
cells (cells with large intranuclear inclusion bodies) pro-
grammed to die and release copied viral components, and
are implicated in the pathogenesis of hemorrhagic cystitis
and urethral stenosis. BK viruria may escalate to viremia
and finally to the presence of the BK virus in the tubular
epithelial cells of the kidney, and to kidney damage in the
course of tubulointerstitial nephritis.

Another potent infectious condition in the course
of HSCT is sepsis, triggering both pre-renal (hypovole-
mia due to inflammatory vasodilation) and renal (direct
tubular damage due to cytokine release) circumstances
facilitating the development of AKI.
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Transplant-associated
thrombotic microangiopathy

Transplant-associated thrombotic microangiopathy
(TA-TMA) is in the spectrum of disorders character-
ized by vascular endothelial injury followed by arteriolar
thrombi, intimal swelling and fibrinoid necrosis. Clini-
cally, it is manifested by thrombocytopenia, hemolytic
anemia and tissue hypoxia. Although TA-TMA may occur
in any organ, the kidneys are affected in 40% of cases, and
20% of them undergo a severe course. The risk factors for
TA-TMA include the use of pharmacotherapy with cal-
cineurin inhibitors, acute GvHD, total body irradiation,
patient-donor gender mismatch, and infections.?

Nephrotoxicity of chemotherapy

Potentially nephrotoxic drugs are used both during
conditioning therapy (busulfan, treosulfan, fludarabine,
thiotepa, melphalan, cyclophosphamide) and as GvHD
prophylaxis (cyclosporin A, tacrolimus, methotrexate).?
The pathomechanisms of nephrotoxicity for calcineurin
inhibitors are not fully defined. Cyclosporin A and tacroli-
mus activate the RAAS, leading to vasoconstriction of the
renal afferent arterioles and subsequent AKI. They also
increase oxidative stress, acting directly on renal endothe-
lial cells. Finally, through increased production of vascular
endothelial growth factor (VEGEF), they trigger peritubular
fibrosis, which is responsible for chronic drug-induced ne-
phropathy. Methotrexate (MTX), especially in high doses,
precipitates in acidic pH in the lumen of the renal tubules,
leading to tubular toxicity.>® Male sex, low serum albu-
min levels, previous kidney pathologies, and interactions
with other drugs (including furosemide) may intensify the
nephrotoxicity of MTX.

The mechanism of the toxicity of cisplatin is attributed
to its accumulation in the kidney, mainly in the epithelial
cells of the proximal tubules, leading to their dysfunc-
tion.?° The epithelium of the distal tubules and glomeruli
are subsequently affected. Cyclophosphamide has a high
affinity to urothelium, so hemorrhagic cystitis is a major
clinical manifestation of its usage. However, it also acts
detrimentally on the renal tubules by inducing oxidative
stress. Isophosphamide is characterized by tropism to the
epithelium of the proximal tubules, causing AKI.

Drugs used in the prophylaxis or treatment of infections,
such as aminoglycosides, amphotericin B or acyclovir, are
well known for their nephrotoxic mechanisms. Ampho-
tericin B acts through renal vasoconstriction and hypoxia
of the proximal tubule cells; aminoglycosides accumulate
directly in the proximal tubules, changing their permeabil-
ity; whereas acyclovir precipitates in the tubules, causing
their obstruction.?°
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Markers of acute kidney injury

The high incidence of AKI in the course of HSCT has
engendered a search for sensitive and specific markers
of kidney damage. Although serum creatinine-based equa-
tions remain the major tool for assessing kidney function
by eGER, there is need for more adequate parameters that
would allow early diagnosis of AKI, preferably at the stage
when it is still reversible. Since the proximal tubule is the
first target cell in AKI-triggered renal damage, the research
should focus mainly on markers that directly characterize
its function.

Parameters of tubular damage
Cystatin C

Cystatin C (CysC) is a low molecular weight (13 kDa)
non-glycosylated protein generated by all nucleated cells,
present in all tissues and physiological fluids. CysC can
be assessed by ELISA in both serum and urine. Serum
CysC outperforms serum creatinine in assessing eGFR
in children.?! Increases in serum CysC have been shown
to correlate with the development of AKI in children from
intensive care units and following cardiac surgery, as well
as in adults following HSCT.?2 However, it has also been
helpful in analyzing glomerular damage due to chemo-
therapy in children.?® Moreover, increased serum CysC
concentrations have been observed in patients with leuke-
mia, melanoma, as well as colorectal or hepatocellular can-
cer, but without renal injury. Therefore, high serum CysC
is not specific for AKI, because it may well be a marker
of malignancy.®*

On the other hand, CysC is filtered by glomeruli, then
reabsorbed and degraded in the proximal tubules. It is not
secreted by the tubules, so its urinary concentration
is minimal in subjects with normal kidney function, but
increases significantly in the course of kidney injury.?
Therefore, urinary CysC may be a potential early marker
of proximal tubule damage in the course of post-HSCT
AKI, but no data are available.

Neutrophil gelatinase-associated lipocalin

Neutrophil gelatinase-associated lipocalin (NGAL) is an-
other low-molecular-weight protein (25 kDa), originally
identified in secondary granules of human neutrophils and
as such, is released into circulation from organs like the
liver, lungs, trachea, colon, uterus, or prostate. It is filtered
by the glomeruli and reabsorbed by the proximal tubules.?®

Serum NGAL acts in a bacteriostatic manner by bind-
ing siderophores — bacterial products that scavenge iron.
Kidney-derived NGAL accompanies the differentiation
and development of the tubular epithelium and is one
of the earliest markers of distal nephron damage.?
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Both serum and urine NGAL are useful predictors
of AKI, although its urinary concentration is more sen-
sitive for kidney injury.?” NGAL is widely used for early
diagnosis of AKI, its monitoring and prognosis. It has also
become useful in pediatric AKI, mainly in its early diag-
nosis after cardiac surgery and as a predictor of mortality.

However, NGAL is also overexpressed in other condi-
tions, such as tumors or inflammatory bowel disease.?®
It is used to monitor the nephrotoxicity of drugs like iphos-
phamide, cisplatin and cyclosporine.?’ Increased plasma
NGAL reflects inflammation, including sepsis, whereas
urinary NGAL points rather to urinary tract infection.3°
NGAL may also suppress metastatic processes.?®

The role of urinary NGAL in predicting AKI has been
demonstrated in adults who have undergone HSCT for
oncological reasons: as markers of AKI, elevated urinary
NGAL preceded increased serum creatinine by 2 days.3!
No such investigation has been performed in children who
have undergone HSCT.

Kidney injury molecule 1

Kidney injury molecule 1 (KIM-1) is a glycoprotein, the
localization of which is limited to the apical membranes
of the proximal tubules. Physiological urinary KIM-1 con-
centration is negligible, whereas it increases after ischemic
or nephrotoxic AKI. Renal biopsies performed after acute
tubular necrosis revealed increased expression of KIM-1
in proximal tubule cells.?? This molecule is also a scaven-
ger receptor of paramount importance for apoptosis and
regeneration of damaged epithelial cells in the proximal
tubules. Urinary KIM-1 has been shown to be useful in the
detection of neoplasms originating in the proximal tu-
bules, ovaries or uterus (clear cell cancer).?®

Increases in urinary KIM-1 have been found to corre-
late with AKI due to acute tubular necrosis.®* In children,
KIM-1 has been shown to be a useful marker for AKI fol-
lowing shock-related hypovolemia — more sensitive and
specific than serum creatinine, NGAL or interleukin-18
(IL-18). However, the correlation with the severity of AKI
in children from an intensive care unit was quite weak,
although KIM-1 could strongly predict the need for renal
replacement therapy.3* Kidney injury molecule 1 is also
a useful marker of kidney function in children undergo-
ing chemotherapy with MTX or cisplatin derivatives.?®
Although the value of KIM-1 as a marker for AKI has been
demonstrated in a recent meta-analysis®, none of the data
concerned the detection of AKI following HSCT.

N-acetyl-beta-D-glucosaminidase

N-acetyl-beta-D-glucosaminidase (NAG) is a lysosomal
enzyme of high molecular weight, found originally in prox-
imal tubule cells, released after their damage and therefore
considered a marker of their dysfunction. The urinary con-
centration of NAG increases in AKI, as has been shown
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in adult patients that have undergone cardiac surgery.?’
Like KIM-1, NAG is a strong predictor of a poor prognosis
in adults with AKI.38

Preliminary reports from animal studies suggest that
NAG may be useful in assessing AKI in the course of acute
GvHD following allogeneic HSCT.* Urinary NAG could
detect tubular damage at the subclinical level and hepatic
veno-occlusive disease, although it did not correlate with
the level of azotemia in patients who had undergone al-
logeneic HSCT.*? Elevated urinary NAG has also been re-
ported in subjects with acute tubular necrosis not related
to HSCT. There are 2 recent studies on increased NAG
concentration in the urine of adults and children who have
undergone HSCT.**2 These results are promising, because
urinary NAG seems to be an ideal marker of early tubular
damage, preceding the development of AKI.

Inflammatory markers
Interleukin-18

Interleukin 18 is a pro-inflammatory cytokine, released
by monocytes/macrophages, activated by caspase-1 and
inducing interferon gamma. Widespread, IL-18 is also
present in various kidney structures, like distal tubules,
collecting ducts and the ascending limb of the loop
of Henle. However, it is not found in proximal tubules
or glomeruli. Increased serum IL-18 concentrations are
typical of many inflammation-related diseases, including
autoimmune disorders like lupus, arthritis, inflammatory
bowel disease, psoriasis, hepatitis, diabetes, or sclerosis
multiplex.*® This multiplicity suggests the weak specific-
ity of this marker.

Animal studies have shown elevated urinary concentra-
tion of IL-18 in AKI following ureteral obstruction.** Due
to its pro-inflammatory activity, IL-18 seems to aggravate
kidney damage in the course of ischemia/reperfusion in-
jury; patients with acute tubular necrosis presented with
higher urinary IL-18 than those with CKD, urinary tract
infection, nephrotic syndrome, or pre-renal azotemia.?®
Urinary IL-18 (like NGAL) has been found to be a strong
predictor of AKI in children who had undergone cardiac
surgery, since the diagnosis was made 12 h earlier than
with serum creatinine.*® The prognostic value of IL-18
in diagnosing AKI, the need for renal replacement therapy
and 90-day mortality was demonstrated in a large cohort
of adults in an intensive care unit.*” However, there is still
a need for thorough investigation of the applicability
of IL-18 to detect AKI following HSCT in children.

Monocyte chemoattractant protein 1
Monocyte chemoattractant protein (MCP)-1 is one of the

key chemokines regulating the migration and infiltration
of monocytes/macrophages to the sites of inflammation.
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It is also a pathogenic factor in many diseases, including
AKTI. Rice et al. noted an elevated urinary concentration
of MCP-1 in mice at 24 and 72 h after renal ischemia.*®
In another study, increased expression of MCP-1 in the
renal cortex of mice with AKI correlated with the level
of kidney damage better than NGAL.* Urinary MCP-1 has
been found to correlate strongly with the level of AKI in pa-
tients treated with cisplatin or tacrolimus, as well as with
serum creatinine increase in adults 5 weeks after HSCT;
it also predicted mortality risk after cardiac surgery.*®
A significant elevation of MCP-1 concentration in chil-
dren undergoing HSCT has been observed between the 2
and 4" week after the procedure, but it was not correlated
with AKL>!

New acute kidney injury indexes
Liver-type fatty acid-binding protein

Liver-type fatty acid-binding protein (L-FABP) is pro-
duced mainly in the liver, but its expression is also no-
ticeable in other organs, including the kidneys. It takes
part in the transport and metabolism of free fatty acids,
acting as an anti-oxidant. In the proximal tubules, it al-
lows intracellular metabolism of fatty acids. It is filtered
by the glomeruli and reabsorbed by the proximal tubules.>?
It is not present in the urine of healthy subjects, but has
been found to be an early predictor of AKI due to sepsis
or drug nephrotoxicity.>>** Increased urinary concentra-
tions of L-FABP have also been described in adults with
acute decompensated heart failure or surgically treated
aortic aneurysm.”>*¢ To date, a single promising report
has been published on urinary L-FABP as a marker of AKI
risk in adult patients following HSCT.5’

Insulin-like growth factor-binding
protein 7

Insulin-like growth factor-binding protein (IGFBP)-7
is another low-molecular-weight protein (30 kDa) freely
filtered by the glomeruli and reabsorbed by the proxi-
mal tubules; its increased urinary concentration is most
probably the consequence of tubular damage.>® Indeed,
increased urinary IGFBP-7 concentrations have been no-
ticed in patients from intensive care units. They could
also predict the renal outcome, distinguishing between
patients with and without AKI, or between those with
early recovery from AKI and late or non-recovery.>* More-
over, IGFBP-7 has been found to be a more useful tool
than NGAL in the differential diagnosis and prognosis
of AKI. Thus, IGFBP-7 seems another ideal candidate
as a diagnostic and prognostic marker of AKI. However,
no data is available on investigations of urinary IGFBP-7
concentrations in patients who have undergone HSCT,
irrespective of their age.
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Netrin-1

Netrin-1 is a 70 kDa axon guidance molecule with
an anti-inflammatory activity, expressed in many organs,
including the kidneys. In vitro investigations have demon-
strated its paramount role in ischemia/reperfusion kidney
injury, during which the expression of netrin-1 increased
in the apical membranes of proximal tubule cells, acting
in a protective manner. Its anti-inflammatory and anti-
apoptotic activity has also been found to be highly efficient
against cisplatin-induced kidney injury.®® Moreover, uri-
nary netrin-1 has been reported to be an early predictor
of AKI following cardiac surgery.® However, no evidence
for its role as a biomarker of HSCT-related AKI has been
presented to date.

Markers of acute kidney injury
progression to chronic kidney
disease

Although potentially reversible, in some cases AKI pro-
gresses into CKD. Long-term unfavorable outcomes for
children with AKI are defined in the pRIFLE criteria as
loss of kidney function (L) and end-stage kidney disease (E).
The major nephrological challenge is therefore to identify
patients at risk of developing CKD after an episode of AKI.
Candidate markers for assessing AKI-to-CKD progression
include NGAL, KIM-1 and L-FABP, although convincing
data on their utility in long-term observation of children
who have undergone HSCT are lacking.®> Another promis-
ing biomarker is clusterin, identified in animal studies as
a factor responsible for anti-inflammatory and anti-fibrotic
activity after ischemia/reperfusion injury.%> However, tools
for predicting AKI-to-CKD progression following HSCT
are yet to be established.

Targeted, pleiotropic
or combined?

Post-HSCT AKI has a multifactorial background, and as
such should be assessed in a complex way. Many questions
about the quantity and quality of markers used to evalu-
ate AKI in these conditions remain unanswered. Can we
rely on single markers specific for (e.g.) tubular damage,
inflammation or drug side effects, or should we search
for markers with pleiotropic functions, designating (e.g.)
both tissue damage and nephrotoxicity? Is urine the only
milieu that adequately shows AKI-related anomalies or
should we implement serum markers as additional pre-
dictors? Is the early diagnosis of AKI our major goal or
should we strive for both protectors of kidney function
and predictors of renal outcomes? These questions also
remain unanswered in the general field of AKI. However,
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some attempts have been made to establish new paradigms
of AKI diagnosis, tailored to various pathologies respon-
sible for kidney injury. Parikh and Mansour have suggested
combinations of new urinary markers helpful in distin-
guishing between acute tubular necrosis and reversible
prerenal azotemia due to hypoxia (IL-18, NGAL, KIM-1),
or between the aforementioned conditions and hepatorenal
syndrome (NGAL, L-FABP, IL-18).%* Another interesting
option is the concomitant evaluation of markers in pairs,
as in the case of association of [TIMP-2] x [[GFBP-7] in the
urine of critically ill adults, where it has identified AKI
patients at increased risk of mortality.%® These examples
represent a promising direction, but more studies are need-
ed to establish guidelines applicable in everyday practice,
including guidelines for patients undergoing HSCT.

Clinical perspective

No guidelines for the early detection of AKI in children
undergoing HSCT exist. Preliminary data suggest the use-
fulness of urinary NGAL and L-FABP in adults following
HSCT, and urinary NAG has been positively tested in chil-
dren following HSCT. However, the use of a marker in pe-
diatric clinical practice demands easily available material
and accessible age-related reference values. Currently,
the data on the latter involve established markers of AKI,
such as urinary IL-18, KIM-1, L-FABP, and NGAL.% For-
tunately, this combination additionally covers differen-
tial diagnostics, essential in cases of HSCT-related AKI,
between pre-renal azotemia, acute tubular necrosis and
liver-based causes of AKI. Moreover, KIM-1, L-FABP and
NGAL may predict AKI-to-CKD progression. Therefore,
this quartet appears to be the most promising and should
be recommended first for clinical testing in children who
have undergone HSCT.

Conclusions

Acute kidney injury is becoming a serious clinical chal-
lenge in the era of widespread HSCT availability. The panel
of candidate AKI markers is wide, although the majority
of them have not yet been tested in post-HSCT conditions.
It is clear that the analysis of diagnostic and prognostic
tools for AKIin children who have undergone HSCT should
take into account the multifactorial nature of the process,
including hypoxia, drug toxicity and immune-mediated
reactions in the course of GvHD. Although none of the
AKI biomarkers discussed in this review is used in every-
day clinical practice, urinary IL-18, KIM-1, L-FABP, and
NGAL seem like promising candidates to be tested in the
pediatric population undergoing HSCT. From a clinical
point of view, a reliable panel of AKI markers is an emerg-
ing necessity, if the therapy introduced today is to be ef-
fective tomorrow.
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Abstract

Background. Acute kidney injury (AKI) is a common feature in adults undergoing allogeneic hematopoietic
stem cell transplantation (alloHSCT). However, accurate assessment of AKl incidence in the pediatric popula-
tion still seems a challenge.

Objectives. To evaluate the incidence of AKl according to the pRIFLE criteria in children undergoing alloHSCT,
with special focus on differences between patients transplanted due to oncological and non-oncological
indications.

Material and methods. A retrospective analysis of data, concerning 135 children undergoing alloHSCT due
to oncological (89 patients) or other (46 patients) reasons, was performed. The values of estimated glomerular
filtration rate (eGFR) were measured before alloHSCT, 24 h after, 1, 2, 3, 4, 8 weeks, 3 and 6 months after
alloHSCT, and the AKl incidence was analyzed.

Results. Acute kidney injury was diagnosed in 54% of all patients. The Risk stage (R) was noticed at least
once in 46% of oncological and 37% of non-oncological children. The Injury stage (1) concerned 12% of on-
cological and 6% of non-oncological patients undergoing alloHSCT. The incidence of AKlin both groups was
comparable. The mean eGFR values in oncological children were higher than those in the non-oncological
patients even before transplantation and until the 4™ week after alloHSCT. The eGFR increased significantly
in all patients 24 h after alloHSCT and returned to pre-transplantation records after 2—3 weeks. Then, onco-
logical patients demonstrated a gradual decrement of eGFR. Six months after transplantation, eGFR values
in oncological children were significantly lower compared to pre-transplantation records, whereas in non-
oncological children, these values were comparable.

Conclusions. Although the type of indication for alloHSCT has no impact on the AKl incidence, children
undergoing alloHSCT due to oncological reasons are at greater risk of renal impairment 6 months after
transplantation than non-oncological patients.

Key words: acute kidney injury, estimated glomerular filtration rate, hyperfiltration, pRIFLE criteria
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Introduction

Hematopoietic stem cell transplantation (HSCT) is a rec-
ognized treatment method in children, and the indications
for it are being constantly expanded.!=* The pediatric popu-
lation undergoing HSCT is unique in that a substantial
number of patients require transplantation as a therapeutic
tool against inborn anomalies. Thus, apart from dominat-
ing oncological reasons, there is a growing number of non-
oncological indications for HSCT in children, such as aplas-
tic anemia, immunodeficiencies or metabolic diseases."?
Aggressive therapy is associated with the occurrence of nu-
merous side effects and the development of life-threatening
complications.>~8 In the early post-transplantation period,
management of opportunistic infections and symptoms as-
sociated with graft-versus-host disease (GVHD) constitute
the main issue. Moreover, the majority of the transplanta-
tion-related conditions, including GVHD, hypertension,
sepsis, or drug nephrotoxicity, compose the list of risk fac-
tors for acute kidney injury (AKI).?

In the light of these findings, AKI in pediatric patients
undergoing HSCT seems to be an underestimated problem.
Multicenter analyses, concerning all children hospitalized
due to AKI, have shown that HSCT patients constitute
the most numerous group among them.!® World reports
also show alarming data on up to 34% of HSCT patients
in whom AKI turns into chronic kidney disease.!!12

So far, there have been few publications attempting to as-
sess the scale of kidney damage in children undergoing he-
matopoietic stem cell allotransplantation (alloHSCT).!31
A systematic review, performed in Australia, has reported
the incidence of AKI in children after HSCT as between
11% and 42%, based on changes in absolute serum cre-
atinine values or decrease in diuresis.!> American data
indicate a significantly higher incidence of AKI (up to 84%),
based on the pediatric (p)RIFLE criteria defining subse-
quent stages of acute kidney injury (Risk, Injury, Failure,
Loss of function, End stage kidney disease).!® The latter
seem to be a more suitable way of AKI evaluation in chil-
dren, because they take into account the eGFR variability
instead of serum creatinine absolute values, which strongly
depend on muscle mass and hydration status.!”

However, none of these reports took into account the pe-
diatric specificity of patients qualified for HSCT, nor com-
pared the subpopulations of patients transplanted due
to oncological and non-oncological reasons.

Objectives

Therefore, the objective of the study was to assess
the AKI incidence based on the pRIFLE criteria in chil-
dren undergoing alloHSCT in the early, intermediate and
late post-transplantation period, with distinction between
children transplanted because of oncological and non-
oncological reasons.

M. Augustynowicz et al. AKI in children undergoing alloHSCT

Material and methods

A retrospective analysis concerned medical records
of 178 patients undergoing first (173 children) or next
(5 patients) alloHSCT in the Department of Bone Mar-
row Transplantation, Pediatric Oncology and Hematol-
ogy (Wroclaw Medical University, Poland) in the years
2016-2018. The observation period started before intro-
ducing conditioning therapy, then control examinations
were performed in the early (after 24 h, and then after 1, 2,
3 and 4 weeks), intermediate (after 8 weeks and 3 months)
and late (after 6 months) post-transplantation period.

The exclusion criteria for the patients were the age be-
low 2 years and over 18 years. The patients’ age varied
from 1.5 months to 26 years. One hundred thirty-five out
of 178 children (78 boys and 57 girls) met the age crite-
ria (mean age: 8.27 +5.14 years). They were divided into
2 groups according to the indications for allotransplanta-
tion: oncological or other.

The 1% group consisted 89 patients (53 boys, 36 girls;
mean age: 9.84 +4.34 years) qualified for transplantation
due to oncological reasons. The detailed indications are
given in Fig. 1. Forty-five percent of these patients were
classified as a high-risk group according to specific treat-
ment protocols, while 22% experienced recurrence. A to-
tal of 17% of children underwent alloHSCT as a standard
intervention, consistent with the primary disease proto-
col; the rest underwent transplantation due to the failure
of previous therapy. In 71% of cases, the donor was unre-
lated, in 23% — related and in 6% — haploidentical.

The 2™ group included 46 patients (25 boys, 21 girls;
mean age: 9.16 +4.78 years) who underwent alloHSCT
following non-oncological indications, listed in detail
in Fig. 2. A total of 72% of children underwent alloHSCT
from an unrelated donor, 24% from a related donor and
4% from a haploidentical donor.

The serum creatinine concentrations were assessed
in the fixed time points according to the hematological
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Fig. 1. Quantity of patients with oncological indications for alloHSCT

HD - Hodgkin disease; NBL — neuroblastoma, CML - chronic myeloid
leukemia; JMML — juvenile myelomonocytic leukemia; NHL — non-
Hodgkin disease; AML — acute myeloblastic leukemia; ALL — acute
lymphoblastic leukemia.
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Fig. 2. Quantity of patients with non-oncological indications for alloHSCT

MPS t. 1 — mucopolysaccharidosis type 1; CVID - common variable
immunodeficiency; WAS — Wiskott-Aldrich syndrome; SCID — severe
variable immunodeficiency; HLH — hemophagocytic lymphohistiocytosis;
MDS — myelodysplastic syndrome; SAA — severe aplastic anemia.

protocols: before conditioning, 24 h after allotransplanta-
tion, and then 1 week, 2, 3, 4, 8 weeks, and 3 and 6 months
after alloHSCT. The creatinine concentration was mea-
sured using modified Jaffé method and eGFR was calcu-
lated based on the Schwarz formula.!® The eGFR changes
were confronted with the pre-transplantation values.

In the majority of patients, conditioning therapy was
myeloablative (busulfan, cyclophosphamide and fluda-
rabine or fludarabine, treosulfan, thiotepa); the minor-
ity followed the non-myeloablative (cyclophosphamide,
fludarabine) regimen. The protocol of prophylaxis against
GVHD contained pre-HSCT ATG, cyclosporine A from
1 day before HSCT and methotrexate given in the 1%, 3t
and 6 day after transplantation. Ninety-eight out of 135
(69% of oncological and 77% of non-oncological) patients
developed GVHD.

Acute kidney injury was diagnosed based on the pRI-
FLE criteria.l” Hyperfiltration was defined according to
recent pediatric guidelines and meta-analysis as eGFR
> 140 mL/min/1.73 m?2.1920

Continuous variables were reported as mean + standard
deviation (SD), and categorical variables as frequencies
and percentages. The comparisons of continuous variables
were performed with analysis of variance (ANOVA) and
Student’s t-test. The relations between categorical vari-
ables were tested with x? test or Fisher’s exact test. A value
of p < 0.05 was considered significant. All calculations were
carried out with the use of STATISTICA v. 13.3 (StatSoft
Inc., Tulsa, USA).

All procedures were performed in accordance with
the 1964 Declaration of Helsinki and its further amend-
ments. The retrospective waiver of consent was obtained
from the University Hospital ethical committee.
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Results

Patients undergoing alloHSCT due to oncological rea-
sons were more numerous than those transplanted because
of non-oncological conditions. The mean eGFR values were
above 90 mL/min/1.73 m?in all patients before transplanta-
tion, independent of the underlying disease (Fig. 3,4). None
of the patients presented with eGFR < 60 mL/min/1.73 m?
before alloHSCT. The peak eGFR values were observed
1 day and 1 week after alloHSCT in both groups (Fig. 3,4).
Then, they returned to those observed before the treat-
ment after 1 week (non-oncological patients) or after
2 weeks (oncological patients). From that turning point,
mean eGFR in oncological children remained lower than
before alloHSCT and decreased significantly at each time
point from the 4" week until the 6™ month of observation
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Fig. 3. The values of estimated glomerular filtration rate (eGFR)
in oncological patients

before — before alloHSCT; directly after — 24 h after alloHSCT; Tw — 1 week
after alloHSCT; 3m — 3 months after alloHSCT; a - p < 0.05 any time point
compared to before alloHSCT; b - p < 0.05 8 weeks compared to 4 weeks
after alloHSCT; ¢ — p < 0.05 3months compared to 8 weeks after alloHSCT;
d - p < 0.05 6 months compared to 3 months after alloHSCT.
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Fig. 4. The values of estimated glomerular filtration rate (eGFR) in non-
oncological patients

before — before alloHSCT; directly after — 24 h after alloHSCT1w — 1 week
after alloHSCT; 3m - 3 months after alloHSCT; a - p < 0.05 any time point
compared to before alloHSCT.
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Table 1. Incidence of acute kidney injury in examined patients

1 week 2 weeks 3 weeks 4 weeks 8 weeks 3 months 6 months
after after after after after after after
alloHSCT alloHSCT alloHSCT alloHSCT alloHSCT alloHSCT alloHSCT

Pediatric(p)RIFLE

1 day after

criteria alloHSCT

Risk 1 . 13 16 31 21 18
Oncological (| eGFR > 25%) (1.1%) (7.9%) (14.6%) (18.0%) (34.8%) (23.6%) (20.2%)
patients Injury 1 0 1 0 2 6 0
(1 eGFR > 50%) (1.1%) (1.1%) (1.1%) (2.2%) (6.7%)
Risk . 1 3 9 8 8 5
Non-oncological | (4 €GFR>25%) (2.2%) (8.9%) (6.7%) (20.0%) (17.8%) (17.8%) (11.1%)
patients Injury 1 0 0 0 1 1 0
(1 eGFR > 50%) (2.2%) (2.2%) (2.2%)

eGFR - estimated glomerular filtration rate; alloHSCT - allogenic hematopoietic stem cell transplantation.

(Fig. 3). Contrarily, mean eGFR in non-oncological patients
remained stable and comparable to pre-transplantation
records, from the 3" week until the 6™ month of follow-up
(Fig. 4).

The incidence of AKI at subsequent time points before
and after alloHSCT varied with time (Table 1). In the en-
tire time interval (0—6 months after transplantation), 54%
of patients demonstrated the features of AKI according
to the pRIFLE criteria. The risk stage (R) appeared at least
once in 58 patients (41 oncological and 17 non-oncological)
and the injury stage (I) in 14 patients (11 oncological and
3 non-oncological). The biggest number of AKI episodes
was noticed 8 weeks after alloHSCT and the R incidence
was then significantly higher in oncological than in non-
oncological patients (x2 = 4.5; p = 0.034). None of the pa-
tients experienced the failure stage (F) with eGFR decrease
exceeding 75%.

After 6 months, oncological patients demonstrated sig-
nificantly diminished eGFR values compared to the pre-
transplantation records, whereas in non-oncological
children these values were comparable (Fig. 3,4). In 12 chil-
dren, eGFR values varied between 60 mL/min/1.73 m?and
89 mL/min/1.73 m?, whereas in 2 patients eGFR dropped
below 60 mL/min/1.73 m?.

During the observation period, 10 patients died (0.7%).
One death was a direct consequence of allotransplantation
(20 days after HSCT), while the remaining ones were as-
sociated with late, non-nephrological complications. None
of the patients, observed for up to 6 months, required renal
replacement therapy.

Discussion

The incidence of AKI throughout the 6-month observa-
tion period in our study group was as high as 54%. Our data
are concordant with the estimations performed by other
authors, stressing the importance of renal function follow-
up in the post-HSCT period.131>1¢

Indeed, the post-HSCT renal dysfunction is a well-docu-
mented phenomenon among adult patients, analyzed from

the perspectives of AKI incidence, other comorbidities,
long-term outcome, and mortality.?! Recent meta-analysis
proved that, despite progress in diagnosing AKI, its inci-
dence in adults remains high and affects more than 50%
of patients undergoing HSCT.?? However, analyses in pe-
diatric patients concentrated rather on the impact of AKI
on overall mortality or long-term prognosis than on as-
pects of early renal dysfunction and its consequences.!-1¢

The higher incidence of AKI among patients after allo-
transplantation compared to autotransplantation is also
well-known and has justified our decision to concentrate
on children undergoing alloHSCT.?22% The pediatric speci-
ficity gave us a unique opportunity to confront the 2 sub-
populations — those with the flagship oncological reason
for HSCT with those who had indications like immune
deficiencies and inborn metabolic disorders, non-existent
in adult patients qualified for HSCT. We have reported
the preponderance of children transplanted due to on-
cological reasons over those treated with HSCT because
of non-oncological indications. The evaluation of AKI in-
cidence in the whole group revealed that R was diagnosed
over 4 times more often than I. In detail, R concerned 43%
of all children after alloHSCT (46% of oncological and
37% of non-oncological patients), whereas I affected 10%
of the whole studied group (12% of oncological patients
and less than 1% of non-oncological patients). Despite
discrepancies in the number and percentage of patients
affected by R or I between 2 subgroups, these differences
reached statistical significance at only 1 time point. Eight
weeks after transplantation, the R incidence was higher
among oncological patients compared to non-oncological
children.

The pattern of fluctuations in the AKI incidence also
seemed similar in both groups. The number of R patients
peaked between the 4 and 8" week after alloHSCT
(irrespective of the analyzed group), then stabilized (non-
oncological) or even diminished (oncological) until the 6"
month of observation. Patients classified to I were clinically
significant in number only in the oncological population
3 months after alloHSCT. Otherwise, single cases were
noticed throughout the whole observation period.
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The similar overall AKI incidence and its fluctuations
during observation period in both groups may result from
the fact that there were no significant differences in treat-
ment regimens or severity of complications between on-
cological and non-oncological patients. The vast majority
of children followed myeloablative protocols and similar
GVHD prophylaxis. The incidence of GVHD or infections
did not differ between the subgroups.

However, the abovementioned similarity in both sub-
groups stayed in contrast with the parameters of renal
function. The eGER values and the incidence of hyperfil-
tration were significantly higher in oncological compared
to non-oncological patients. Hyperfiltration is a recog-
nized condition in children with malignancies, increas-
ing in frequency with subsequent cycles of chemotherapy
and connected with the patients’ hypermetabolic state.?*
The routine procedures during first 3 weeks after HSCT,
like intravenous nourishment and additional fluid intake
at the amount of 3 L/m?/day with subsequent administra-
tion of diuretics if needed, may add to already increased
eGEFR values. Indeed, in our patients a significant eleva-
tion of eGFR values was detected 24 h and one week after
alloHSCT.

Therefore, the eGFR discrepancy between oncological
and non-oncological patients, persisting only until the 4
week after the procedure, was aggravated by iatrogenic
interventions. When intravenous supplementation was
ceased, the tendency reversed and from the 8" week
after alloHSCT eGEFR values were similar in both groups.
However, an alarming trend appeared from the 4" week
after alloHSCT. The eGFR values in oncological patients
decreased systematically until the 6" month of observa-
tion. Such a result may suggest possible long-term renal
function deterioration, but longer observation is needed
to confirm this hypothesis.

Our study has limitations. This retrospective report con-
tained data collected according to hematological protocols.
Therefore, a few nephrological aspects are missing, such
as urine output or cystatin C measurements. Both groups
were heterogeneous, especially in the case of non-onco-
logical patients. The majority of patients were followed up
regularly only until the 3" month after alloHSCT; some
of them were then transferred to the hematological centers
near home. Thus, the analysis longer than 6 months was
not possible.

Conclusions

The AKI incidence in children undergoing alloHSCT
is independent of indication for this procedure, whereas
eGFR values seem conditioned by previous chemotherapy
in oncological patients. Children undergoing alloHSCT
due to oncological reasons are at a greater risk of renal
dysfunction 6 months after transplantation than the popu-
lation with non-oncological indications for this therapy.
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Abstract: Background and aims: The markers of renal damage defining subclinical AKI are not
widely used in children undergoing allogeneic hematopoietic stem cell transplantation (alloHSCT).
The aim of the study was to evaluate serum and urinary clusterin as indices of kidney injury after
alloHSCT in relation to damage (kidney injury molecule (KIM)-1) and functional (cystatin C) markers.
Material and methods: Serum and urinary clusterin, KIM-1 and cystatin C concentrations were
assessed by ELISA in 27 children before alloHSCT, 24 h, 1, 2, 3 and 4 weeks after alloHSCT and in
controls. Results: All parameters were significantly higher in HSCT patients compared to controls
even before the transplantation. The serum concentrations increased after HSCT and this rising trend
was kept until the third (clusterin) or 4th (KIM-1, cystatin C) week. Urinary clusterin and KIM-1 were
elevated until the third week and then decreased yet remained higher than before HSCT. Urinary
cystatin C has risen from the second week after HSCT and decreased after the third week but was
still higher than before alloHSCT. Conclusions: The features of kidney injury are present even before
alloHSCT. Clusterin seems useful in the assessment of subclinical AKI and may become a new early
marker of sublethal kidney injury in children.

Keywords: acute kidney injury; cystatin C; hyperfiltration; kidney injury molecule (KIM)-1;
tubular damage

1. Introduction

Renal tubular epithelial cells are prone to hypoxia and metabolic stress, thus they become first
target cells in the course of kidney injury. Contrast-induced nephropathy is a classic example of
reversible acute kidney injury (AKI) with tubular involvement [1]. Animal and human studies showed
that contrast administration triggers both systemic and renal cytotoxic effects [2,3]. However, if the
conditions are unfavorable, further irreversible changes may lead to progression to chronic kidney
disease [4].

Acute kidney injury is a well-documented phenomenon characteristic for HSCT [5-8]. However,
most studies on AKI take into account the KDIGO classifications, focusing on the serum creatinine
values and diuresis [9]. Such criteria do not ease the AKI diagnosis. In order to secure the patient with
positive fluid balance and prevent oliguria, additional hydration and forced diuresis are implemented.
These conditions may bias the values of estimated glomerular filtration rate (¢GFR) and urine output.
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Recent classifications have expanded the definition of AKI beyond the functional criteria. They
distinguish four options, based on the combined evaluation of function and damage markers [10]. This
new approach defines normal renal function as an absence of any index alteration, subclinical AKI as
an isolated increase of any damage marker, functional AKI when solely function markers are modified
and combined AKI with both function and damage markers altered [10,11].

The search for new markers was conditioned by the failure of serum creatinine as an early marker
of renal function decrement. The indices of cellular damage—especially of tubular injury—are of
particular interest as new markers of the so-called “subclinical AKI” [10]. The preliminary studies
concerning children after cardiosurgery or hematopoietic stem cell transplantation (HSCT) proved that
combination of the biomarkers of renal function and tubular damage may be of added value in the
early diagnosis of AKI [12,13].

Indeed, the risk of AKI is increased in children undergoing hematopoietic stem cell transplantation
(HSCT), mainly due to the nephrotoxicity of drugs. Additionally, renal hypoperfusion, infections and
immune complications (including graft versus host disease) count. Moreover, patients with allogeneic
HSCT suffer from AKI more often than those undergoing the autologous transplantation [14,15].
The assessment of renal function in the early (up to 28 days) post-transplantation period seems of
paramount importance, because it may reveal the potential direction of future changes into either full
renal recovery or acute kidney disease or chronic kidney disease [16,17]. First promising results in
the population of children undergoing HSCT should urge further search for reliable early markers of
kidney injury [13].

2. Aim of Study

Therefore, the objective of the study was to assess the usefulness of serum and urinary clusterin as
new indices of kidney injury in the early post-HSCT period in relation to other renal damage (KIM-1)
and functional (cystatin C) markers and to estimate their potential value as factors differentiating
between children transplanted because of oncological and non-oncological reasons.

3. Material and Methods

3.1. Study Design and Settings

This observational pilot study concerned 27 children (15 girls, 12 boys) undergoing first alloHSCT
in the Department of Bone Marrow Transplantation, Pediatric Oncology and Hematology, in 2019
(patient flow is shown in Figure 1). The observation period started before introducing conditioning
therapy, then parameter examinations were performed 24 h, 1, 2, 3 and 4 weeks after HSCT.

The exclusion criteria for the patients were the age below 2 years and over 18 years, autologous
HSCT and retransplantation. The whole alloHSCT group contained 27 patients (median age 4.5 years,
interquartile range 3.1-8.0 years). The subdivision into two groups was carried out depending on
the indications for allotransplantation. Seventeen patients (median age 6.6 years, interquartile range
4.0-9.8 years) were qualified for transplantation due to oncological reasons, 10 (median age 4.5 years,
interquartile range 3.1-7.0 years) underwent HSCT due to non-oncological indications (mainly severe
aplastic anemia). In 79% of cases the donor was unrelated, in 18%-related and in 3%-haploidentical.

The conditioning therapy concerned myeloablative (busulfan, cyclophosphamide and fludarabine
or fludarabine, treosulfan, thiotepa) or non-myeloablative (cyclophosphamide, fludarabine) regimens.
In most patients graft versus host disease (GvHD) protocol contained pre-HSCT ATG, cyclosporine
A since 1 day before HSCT and methotrexate given in the 1st, 3rd and 6th day after transplantation.
Nineteen out of 27 patients developed GvHD. None of the patients died in the observation period.
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Figure 1. Patient flow.

The control group contained 18 age-matched children (9 girls, 9 boys; median age 7.8 years,
interquartile range 7.0-9.8 years) with monosymptomatic nocturnal enuresis and normal kidney function.
Informed consent was obtained from the patients over 16 and their parents, if necessary.

3.2. Methods

Blood samples were drawn from peripheral veins after an overnight fast. Samples were clotted
for 30 min, centrifuged at room temperature, 1000 g for 15 min, then serum was stored at —80 °C
until assayed. Urine was collected aseptically from the first morning sample, centrifuged at room
temperature, 1000 g for 15 min and then stored at —80 °C until assayed.

The serum and urine concentrations of clusterin, cystatin C and KIM-1 were evaluated by
commercially available ELISA kits (clusterin EIAab, reagent kit E1180h; cystatin C R & D Systems,
reagent kit DSCTCO; KIM-1 EIAab, reagent kit E0785 h). Standards, serum and urine samples were
transferred to 96-well microplates precoated with recombinant antibodies to human clusterin, cystatin
C, KIM-1 and creatinine. Captured proteins were then detected using monoclonal antibodies against
clusterin, cystatin C and KIM-1 conjugated to horseradish peroxidase. Next, the assay was developed
with tetramethylbenzidine substrate and blue color was developed proportionately to the amount
of captured protein. The addition of acid stop solution ended the color development and converted
it to the endpoint yellow. The intensity of the latter was measured in a microplate reader at 450
nm, with the correction wavelength at 550/650 nm. Each sample was tested in duplicate and the
arithmetical mean was considered a final result. Measurements were performed according to the
manufacturer’s instructions; results were calculated by reference to standard curves. Detection limits
were as follows: clusterin 1.56 ng/mL; cystatin C 3.13 ng/mL; KIM-1 0.15 ng/mL. The intra-assay
and inter-assay coefficients of variation (% CV) for examined parameters did not exceed 8.5% and
9.4%, respectively.

The assessment of kidney function relied on hematological protocols assessing serum creatinine
in fixed time points. Serum and urine chemistry parameters were measured using automated routine
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diagnostic tests on the Beckman Coulter AU2700 analyzer. The serum creatinine was assessed
with the use of enzymatic method (creatinine OSR61204 reagent, creatininase—sarcosine oxidase
reactions). Serum and urine concentrations of all parameters was measured before conditioning, 24
h after allotransplantation and then 1 week, 2, 3, 4 weeks after alloHSCT. eGFR was calculated in
all time points, based on the Schwarz formula [18]. The eGFR changes were confronted with the
pre-transplantation values.

All urinary concentrations of evaluated parameters were normalized to urinary creatinine values.

AKI was diagnosed based on the pRIFLE criteria [9]. Hyperfiltration was defined as eGFR > 140
ml/min/1.73 m?, according to recent meta-analysis and pediatric experience [19,20].

3.3. Statistical Analysis

Results were expressed as median values and interquartile ranges. The null hypothesis of normality
of distribution of analyzed variables was rejected by Shapiro-Wilk test. Thus, the comparisons
between paired and unpaired data were evaluated by using nonparametric tests (Friedman, Wilcoxon,
Kruskal-Wallis, Mann-Whitney U). The correlations between parameters were assessed with the use
of Spearman’s correlation coefficient R. Statistical analysis was performed using the package Statistica
ver. 13.3 (StatSoft). A p-value < 0.05 was considered significant.

4. Results

None of the patients presented with eGFR < 60 mL/min/1.73 m? and median eGFR values in
both groups were above 90 mL/min/1.73 m? at any time point (Table 1) Most oncological patients
demonstrated hyperfiltration until the 3rd week after transplantation (with peak incidence in the first
week after HSCT). Non-oncological children with eGFR > 140 mL/min/1.73 m? were in minority. The
median eGFR values in non-oncological children were comparable to those of the controls during the
whole study except for the early (24 h after HSCT) measurement, when they became significantly higher
(Table 1). Contrarily, the eGFR records in oncological patients remained significantly elevated compared
to controls from point zero until the 3rd week after alloHSCT. They were increased throughout the
whole study period compared to the non-oncological patients (Table 1).

Table 1. eGFR values in examined groups.

eGFR (mL/min/1.73 m?)
Median Value
(Interquartile Range)

Oncological patients 142 (112-149) @ 183 (153-216) @ 172 (155-205) @ 188 (166-195) @ 149 (140-174) @b< 134 (123-149) 2¢
Non-oncological patients 107 (96-129) 140 (126-176)® 131 (118-149)®> 130 (114-136) ® 129 (100-145) b 126 (92-134)

Before 24h 1 Week after 2 Weeks after 3 Weeks after 4 Weeks after
alloHSCT after alloHSCT alloHSCT alloHSCT alloHSCT alloHSCT

2 p < 0.05 oncological pts vs. non-oncological pts; ® p < 0.05 any time point vs. before alloHSCT; © p < 0.05 2
weeks after vs. 3 weeks after; eGFR estimated glomerular filtration rate; alloHSCT allogeneic hematopoietic stem
cell transplantation.

The urinary clusterin, KIM-1 and cystatin C concentrations were significantly elevated in all
patients compared to controls, irrespective of the indication for transplantation (oncological or
non-oncological), even before alloHSCT. Normalization of the urinary concentrations of clusterin,
KIM-1 and cystatin C for urinary creatinine maintained these differences (Figures 2—4). In the case
of clusterin, the urinary values have increased nearly 3-fold 24 h after transplantation, then kept the
plateau phase until the second week and rose again in the 3rd week. Finally, they decreased in the
4th week after HSCT, yet remained higher than before HSCT (Figure 2). The urinary KIM-1 values
rose by 50% 24 h after HSCT, then kept growing until the 3rd week and finally decreased (Figure 3).
Urinary cystatin C demonstrated the delayed elevation from the 2nd week after transplantation,
lasting only until the 3rd week and followed by a significant decrease 1 week later (Figure 4). After
4 weeks of observation, all urinary biomarkers were still significantly elevated compared to the
pre-transplantation values.
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Figure 2. Urinary clusterin values in examined groups. before—before alloHSCT; after—24 h after
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Figure 3. Urinary KIM-1 values in examined groups. before—before alloHSCT; after—24 h after

alloHSCT; 1w (2w, 3w, 4 w)—1 week (2, 3, 4 weeks) after alloHSCT.
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Figure 4. Urinary cystatin C values in examined groups. before—before alloHSCT; after—24 h after
alloHSCT; 1w (2w, 3w, 4 w)—1 week (2, 3, 4 weeks) after alloHSCT.

The serum concentrations of clusterin, KIM-1 and cystatin C in children before transplantation
were significantly higher than in controls (Table 2). The serum values further increased 24 h after HSCT
and the rise was most spectacular in the case of clusterin (over 2-fold) compared to 50%-60% elevation
of other markers. Then the concentrations rose systematically until the 3rd week (clusterin) or 4th
week (KIM-1, cystatin C) after alloHSCT. There was no significant difference in the urinary or serum
marker values between oncological and non-oncological patients at any time point (Table 2).

Table 2. Serum parameter values in examined groups.

Serum Parameter . s KIM1 s Cystatin C
Median Value (Interquartile Range) s Clusterin (ng/mL) (ng/mL) (ng/mL)
Control group 1.3 (1.2-1.4) 2.3(2.2-24) 148 (141.7-164.3)
Before alloHSCT 3.1(3.0-3.1)2 42(4.1-43)® 408 (387.6-433) 2
24 hafter alloHSCT 7.9 (7.2-8.4) ab 6.7 (6.3-6.8) @b 634.8 (604.6-689.1) &P
1 week after alloHSCT 8.9 (8.8-9.1) ¢ 6.7 (6.0-6.8) 2 905.6 (879-961.6) &<
2 weeks after alloHSCT 9.5 (9.3-10) a4 8 (7.8-8.2) 2 898 (878.7-926.3) 2
3 weeks after alloHSCT 13.3 (12.8-13.6) @¢ 8.9 (8.8-8.9) a¢ 1106 (1053-1157) @€
4 weeks after alloHSCT 13.3 (12.8-13.6) ® 9.2 (9.1-9.2) af 1262 (1222-1288) &£

2 p < 0.05 any time point vs. control group; ® p < 0.05 24 h after alloHSCT vs. before alloHSCT; € p < 0.05 1 week
after alloHSCT vs. 24 h after alloHSCT; 4 p < 0.05 2 weeks after alloHSCT vs. 1 week after alloHSCT; ¢ p < 0.05 3
weeks after alloHSCT vs. 2 weeks after alloHSCT; f p < 0.05 4 weeks after alloHSCT vs. 3 weeks after alloHSCT. No
significant correlations were detected between the analyzed parameters.
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AKI was diagnosed in 4 patients (3 oncological and 1 non-oncological), according to the pRIFLE
criteria. Risk stage was diagnosed in 3 of them, 1 developed Injury stage. None of the patients required
renal replacement therapy.

5. Discussion

Although AKIis a common finding in the patients undergoing alloHSCT, most of the classifications
assessing the degree of renal impairment concentrate on the functional indices. However, damage
markers seem a promising and objective alternative in the assessment of kidney injury. The fact that
the number of potential AKI markers is increasing proves that the problem is emerging. Thus, our
aim was to confront the known indices of tubular injury (KIM-1) and glomerular function (cystatin C,
eGFR) with a new marker of cellular stress and damage. Clusterin has not been analyzed in a specific
population of patients undergoing HSCT so far.

Every patient in this study group, irrespective of the indication for HSCT, demonstrated the
features of cellular damage seen even before the procedure of transplantation. The interpretation of this
unexpected result was quite challenging, because up-to-date studies on the populations undergoing
HSCT have never compared their records to those of age-matched controls with normal renal function
and no history of kidney injury. The pre-transplantation therapies, including chemotherapeutics and
nephrotoxic drugs, seem of paramount importance as an explanation for this phenomenon. Indeed, all
patients transplanted due to oncological reasons have undergone series of chemotherapies, whereas
many of the non-oncological children were treated with potentially nephrotoxic antibiotics prior
to alloHSCT. All these interventions were related to their primary diagnoses and could trigger the
pre-transplantation subclinical kidney damage. Irrespective of the underlying cause, such observation
would suggest that subclinical background is a common finding and, thus, the key player in the
HSCT-related AKIL

The post-transplantation aggravation of cellular damage was rather predictable, taking into
account the nephrotoxic and cytotoxic potentials of conditioning regimens, anti-GvHD prophylaxis
and treatment of infections. The essential finding was that these signs of injury concerned both serum
and urine, depicting not only renal, but also systemic cell damage after HSCT.

Among all analyzed parameters, the serum and urinary clusterin values have shown the most
spectacular changes in children before HSCT compared to controls and before HSCT compared to 24 h
after HSCT. The serum and urinary values before transplantation were at least two times higher than
in controls and rose over 2.5-fold after transplantation. In the meantime, the other serum markers
increased by no more than 60%, whereas the urinary values became 14% higher (KIM-1) or remained
unchanged (cystatin C). Only in the case of clusterin the post-HSCT response was more spectacular
than the difference between control group and pre-HSCT values.

Clusterin is a 75-80 kDa heat shock protein secreted by both epithelial and secretory cells in
response to stress. Its protective and anti-apoptotic roles against renal ischemia-reperfusion injury
have been demonstrated in murine kidneys [21]. Interestingly, clusterin was detected in both renal
tubular epithelial and mesangial cells. Its decreased expression aggravated postischemic renal injury,
as well as proteinuria in the course of glomerulopathy. Clusterin knockout mice suffered from the
progression of renal inflammation and fibrosis after ischemia-reperfusion injury [22]. Investigation
concerning humans is restricted to single reports on the urinary clusterin in patients with diabetes
mellitus and promising results of a diagnostic multi-biomarker kit including urine clusterin in the
scope of indices of chronic kidney injury [23,24].

Taking into account the experimental data, the above mentioned reports and our results, we could
put forward the hypothesis about the protective role of clusterin in the kidney injury due to HSCT.
Such presumption would provide the explanation for increasing levels in both serum and urine as a
response to systemic and kidney stress conditions. Moreover, clusterin has turned out the most accurate
marker predicting drug-induced AKI in adults, better than cystatin C or KIM-1 [25]. Interestingly, all
three markers became higher compared to non-AKI controls already 1-3 days before the onset of AKL
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This may suggest the reason for the early pre-transplant elevation of all indices compared to healthy
controls. It also shows the added value of all tested markers in diagnosing nephrotoxicity. Moreover,
yet, testing big cohorts may give unequivocal results in the pediatric population, questioning for
example the accuracy of KIM-1 as a predictor of AKI in children [26].

In our study group, urinary KIM-1 behaved similarly to urinary clusterin, although the elevation
after HSCT did not reach 50%. However, the rising trend persisted until the third week and then a
significant decrease was noticed. Yet, the values remained higher than before transplantation. Such
scheme would talk into the tubular damage aggravating since the HSCT procedure. The serum KIM-1
concentrations kept the systematic growth throughout the whole observation period, except for the
plateau phase between 24 h and one week after HSCT. These results have suggested the ongoing tubular
damage in the course of HSCT procedure, triggered most probably by nephrotoxic drugs. Increased
serum KIM-1 could point at its release by the cells damaged in the course of conditioning therapy,
anti-GvHD prophylaxis or current infection treatment, as well as the accumulation of a molecule that
cannot be filtered freely through glomeruli due to its molecular mass of 90-110 kDa. The possible
long-term consequence has been discovered in experimental studies, when chronic KIM-1 elevation in
mice promoted fibrosis, thus linking AKI to CKD [27].

However, both abovementioned markers seemed similar in the mode of early reaction to kidney
injury. The usefulness of clusterin and KIM-1 could be strengthened by the fact that their elevated serum
and urine values were noticed even before transplantation, both in oncological and non-oncological
patients, whereas pre-transplantation eGFR changes concerned only oncological children. In detail,
their eGFR values were significantly higher compared to controls and most of the patients demonstrated
hyperfiltration. This finding was confirmed by other authors, who put the main stress on hypermetabolic
states and previous chemotherapy as causative factors of hyperfiltration [28]. The eGFR discrepancies
could also be the consequence of many transplant-related covariates like catabolism, inflammation or
weight loss, directly influencing serum creatinine [29].

Whether this hyperfiltration could be the early sign of progression into chronic kidney injury,
remains unexplained, because the longer time of observation would be needed. However, the elevation
of both damage parameters and eGFR could be the proof for the pre-transplantation kidney injury in
oncological patients. This finding justifies the current attempts to prevent renal injury or at least to
minimize the impact of potential nephrotoxins on the kidney. The reduction of nephrotoxic exposure
is one of the effective tools already used in oncological patients [30]. The animal models suggest
the possibility to prevent AKI with the use of phosphodiesterase-5 inhibitors prior to potentially
nephrotoxic treatment [31,32]. Independent of the chosen strategy, the threat of renal injury should
urge careful follow-up of the patient in order to avoid additional insults triggering irreversible damage
to the kidney.

Cystatin Cis an established marker of glomerular function and a good predictor of AKI in children,
so it seemed a good candidate to verify the abovementioned discrepant eGFR results. However, it
did not confirm differences between oncological and non-oncological patients [33]. Out of the three
examined markers, cystatin C was the only one with low molecular weight (13 kDa) freely filtered
through glomeruli. Therefore, the fact that the elevation of cystatin C in serum has outrun the increase
of the urinary value was the direct proof of the serum origin of cystatin C found in the urine. Having
said that, the increased values of urinary clusterin and KIM-1, both of higher molecular weight than
cystatin C, must have been of tubular cell origin. Therefore, their elevation was probably proportionate
to the degree of cell damage and, in case of clusterin, to the intensity of protective mechanisms against
kidney injury.

Summarizing, in our study clusterin has outperformed the targeted glomerular (cystatin C) and
tubular (KIM-1) indices of kidney function. Therefore, it seems a promising early marker of the
sublethal kidney injury, covering both tubular and glomerular spectrum of renal damage. Whether
clusterin may become a duplex renal functional and damage marker, is yet to be established in the
studies performed on a larger group of patients.
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We also must acknowledge the limitations of our study. First, the clinical data were collected
according to the hematological protocols, not taking into account all nephrological aspects. Thus, the
full information about urine output is missing. This is the first report on the clusterin serum and
urinary values in children, so it is impossible to confront them with the age-related reference values.
We are also aware of the low number of patients and the heterogeneity of examined groups, which
limits the power of conclusions and urges the continuation of the study throughout a longer period on
a larger group of patients.

6. Conclusions

All children demonstrated the features of cell damage already before alloHSCT; thus, the
subclinical AKI is a common finding in this population. Clusterin seems more useful in the assessment
of subclinical AKI than the classical indices of tubular (KIM-1) and glomerular (cystatin C) damage
analyzed separately. It may become a new early marker of sublethal kidney injury in this group
of patients.
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