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1. Wykaz stosowanych skrotow

ABMR - odrzucanie zalezne od przeciwciat (ang. antibody-mediated rejection)
DSA — przeciwciata swoiste dla dawcy (ang. donor-specific antibodies)

HLA — ludzkie antygeny leukocytarne (ang. human leukocyte antigens)

KTx — przeszczepienie nerki (ang. kidney transplantation)

MFI — $rednia intensywnos$¢ fluorescencji (ang. mean fluorescence intensity)



2. Streszczenie w jezyku polskim

Monitorowanie odpowiedzi immunologicznej jest obecnie jednym z wazniejszych
aspektow opieki nad pacjentem po przeszczepieniu nerki. Swoiste dla dawcy przeciwciata
(DSA), skierowane przeciwko ludzkim antygenom leukocytarnym (HLA) sa udowodnionym
czynnikiem ryzyka rozwoju procesu odrzucania humoralnego oraz utraty przeszczepu.
Przeciwciatla moga uszkadza¢ przeszczep w roznych mechanizmach, takich jak aktywacja
uktadu dopehlniacza, bezposrednie oddzialywanie na komorki $rodbtonka czy tez
cytotoksycznos¢ zalezna od przeciwcial. Na patogennos¢ anty-HLA DSA maja wpltyw ich
dodatkowe wiasciwosci: klasa HLA, specyficzno$¢, srednia intensywnosé fluoroscencji (MFI),
zdolnos¢ wiagzania dopetniacza Clq, subklasa IgG. Zidentyfikowano trzy wzorce kliniczne
ewolucji anty-HLA DSA po przeszczepieniu: zanikle preformowane DSA, przetrwate

preformowane DSA i de novo DSA.

Niniejsza rozprawe doktorska tworzy cykl dwoch publikacji bedacych wynikiem
projektu badawczego dotyczacego oceny przydatnosci monitorowania anty-HLA DSA
U pacjentow po przeszczepieniu nerki, ktory zostal zrealizowany w ramach programu
,,Diamentowy Grant”. Przeprowadzone badania mialy na celu: 1) ocen¢ wptywu krazacych
anty-HLA DSA z uwzglednieniem ich wiasciwosci (klasa HLA, specyficznosé, $rednia
intensywnos$¢ fluoroscencji (MFI), zdolnos¢ wigzania dopeliacza Clq, subklasa IgG)
na odlegte wyniki przeszczepienia nerki od dawcy zmartego; 2) okreslenie znaczenia ewolucji
anty-HLA DSA (zanikle preformowane, przetrwate preformowane, de novo) dla odlegtych
wynikdw przeszczepienia nerki od dawcy zmarlego oraz identyfikacja czynnikow majgcych

wplyw na te ewolucje.

Do badania zostalo wiaczonych 108 pacjentow, u ktorych wykonano zabieg
przeszczepienia nerki od dawcy zmarlego. Od wszystkich pacjentow pobrano surowice
w trakcie hospitalizacji celem biopsji przeszczepu w okresie 3 do 24 miesiecy po zabiegu
przeszczepienia nerki. W surowicach analizowano obecnos¢ przeciwciat przeciwko anty—HLA
DSA oraz w przypadku ich wykrycia, okreslono ich charakterystyke. W badaniu przyjeto
ztozony punkt koncowy: utrzymujacy sie spadek szacunkowego wskaznika filtracji
kiebuszkowej powyzej 30% w odniesieniu do wartosci w czasie wykonania biopsji
lub niewydolnos¢ nerki przeszczepionej. Mediana czasu obserwacji pacjentéw od momentu

biopsji wynosita 39 miesiecy.



U 19 pacjentow (17,6%) wykryto anty-HLA DSA. Osmioro pacjentow miato
immunodominujace anty-HLA DSA (przeciwciato z najwigksza wartoscia MFI) w klasie |
(42,1%), natomiast 11 pacjentow w Kklasie 1l (57,9%). U 10 pacjentow (52,6%)
immunodominujace anty-HLA DSA mialo zdolno$¢ wigzania dopetniacza Clq.
Najpowszechniej wystgpowata subklasa IgG1 (73,7%), nastgpnie 19G3 (36,8%), 1gG4 (21,1%)
1 1gG2 (10,5%). W analizie wieloczynnikowej predyktorem punktu koncowego byto wykrycie
anty-HLA DSA podczas biopsji (HR=5,133; 95% CI 2,150 — 12,253; p=0,0002) oraz zdolnos¢
anty-HLA DSA do wigzania dopetlniacza Clq (HR=14,639; 95% CI 5,320 — 40,283;
p=<0,0001).

Ponadto stwierdzono, ze u 9 pacjentow (8,3%) po przeszczepieniu zaniknety preformowane
przeciwciata. Dziewigciu pacjentow (8,3%) miato przetrwate preformowane anty-HLA DSA,
natomiast u 10 pacjentow (9,3%) wystepowaly anty-HLA DSA de novo. Obecnosé
przetrwatych preformowanych DSA byta predyktorem ztozonego punktu koncowego badania
(HR =5,96; 95% CI 2,041-17,431; p = 0,0011), podobnie jak wystgpowanie anty-HLA DSA
de novo (HR = 4,48; 95% CI 1,483-13,520; p = 0,0079). Nie zaobserwowano zwigkszonego
ryzyka u pacjentow, u ktérych zanikngty preformowane DSA (HR = 1,10; 95% CI 0,139-8,676;
p = 0,9305). Zaniknigcie preformowanych anty-HLA DSA bylo zwigzane z uzyciem globuliny
antytymocytarnej jako indukcji immunosupresji. Przetrwanie preformowanych anty-HLA DSA
byto zwigzane z wczedniejszg transplantacja i starszym wiekiem dawcy. Ponadto stwierdzono,

ze wcezesniejszy przeszcezep byt czynnikiem ryzyka rozwoju anty-HLA DSA de novo.

Podsumowujac, U pacjentdw po przeszczepieniu nerki od dawcy zmartego wykrycie
przeciwcial przeciwko antygenom zgodnos$ci tkankowej dawcy oraz ich zdolnos¢ wigzania
dopelniacza Clq sa predyktorami gorszej czynno$ci narzadu przeszczepionego oraz utraty
przeszczepu. Obecnie analiza zdolno$ci wigzania Clq jest badaniem kosztownym,
ale nieinwazyjnym, dostepnym i moze by¢ brana pod uwage w praktyce klinicznej w opiece
nad pacjentem po przeszczepieniu nerki. Stwierdzenie u biorcy nerki przeszczepionej
anty-HLA DSA, a w szczegolnosci tych wigzacych Clq powinno skutkowa¢ zwiekszeniem
czujnosci lekarza transplantologa, doktadng analizg leczenia immunosupresyjnego

czy tez zorganizowaniem czgstszych kontroli pacjenta.

Pacjenci z zaniktymi preformowanymi anty-HLA DSA po przeszczepieniu nerki maja podobne
wyniki odlegle jak pacjenci bez nich. Stwierdzenie przetrwatych preformowanych anty-HLA
DSA oraz pojawienie si¢ anty-HLA DSA de novo po przeszczepieniu nerki

sa predyktorami gorszej czynnosci i niewydolno$ci nerki przeszczepionej. Na ewolucjg



anty-HLA DSA po przeszczepieniu nerki ma wptyw leczenie indukcyjne za pomoca globuliny
antytymocytarnej, poprzednie przeszczepienie czy tez wiek dawcy. Kandydatow
do przeszczepienia nerki, a zwlaszcza do retransplantacji nalezy poddaé starannej ocenie
ryzyka immunologicznego. Powyzsze badania moga by¢ szczegdlnie przydatne w $wietle

rozwoju nowych protokotéw odczulania przed przeszczepieniem.

Immunologia transplantacyjna rozwija si¢ bardzo dynamicznie, ale istnieje wiele watpliwosci

wymagajacych kolejnych badan.
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3. Streszczenie w jezyku angielskim

Value of donor-specific anti-human leukocyte antigen antibodies monitoring in Kidney

transplant recipients for immunological risk stratification of graft loss

Immune monitoring is currently one of the important aspects of post-transplant care of kidney
transplant recipients. The presence of donor-specific antibodies (DSAs) directed against human
leukocyte antigen (HLA), is a proven risk factor for the development of antibody-mediated
rejection (ABMR) and kidney allograft loss. Antibodies can damage renal graft through
different mechanisms: activation of the complement cascade, direct interactions with
the vascular endothelium, and antibody-dependent cellular cytotoxicity. The pathogenicity
of anti-HLA DSAs is determined by antibody classes, specificity, mean fluorescent intensity
(MFI), Clg-binding capacity, and 1gG subclasses. There are three identified clinical patterns
of anti-HLA DSAs post-transplant evolution: persistent preformed DSAs, resolved preformed
DSAs, and de novo DSAs.

The doctoral dissertation consists of two articles that are the result of the “Diamond Grant”
program research project regarding the value of anti-HLA DSAs monitoring in kidney
transplant recipients. The aims of the conducted studies were: 1) to investigate the association
of circulating DSAs and their characteristics, including antibody class, specificity, mean
fluorescent intensity (MFI), C1g-binding capacity, and 1gG subclasses, with renal allograft
function and long-term outcomes; 2) to analyze the impact of resolved preformed, persistent
preformed, and de novo anti-HLA DSAs on long-term renal allograft outcomes and to identify

factors affecting the post-transplant evolution of anti-HLA DSAs.

The study included 108 consecutive patients from our transplant center who underwent kidney
allograft biopsy 3 to 24 months after kidney transplantation from brain-dead deceased donors.
From all the patients at the time of the biopsy, sera were collected for analysis of circulating
anti-HLA DSAs and their characteristics. The primary endpoint was the composite of sustained
30% reduction from the estimated glomerular filtration rate at biopsy or death-censored graft

failure. Patients were followed for a median time of 39 months.

Nineteen patients were identified with circulating anti-HLA DSAs at the time of the biopsy
(17.6%). The immunodominant anti-HLA DSAs (antibody with the highest MFI) were
class | in 8 patients (42.1%) and class Il in 11 patients (57.9%). Ten patients (52.6%)
had immunodominant anti-HLA DSAs with Clg-banding capacity. The most frequent
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19G subclass was 1gG1 (73.7%), followed by 1gG3 (36.8%), 1gG4 (21.1%), and 1gG2 (10.5%).
The detection of anti-HLA DSAs at the time of biopsy (HR = 5.133, 95% CI 2.150-12.253,
p = 0.0002) and their C1qg-binding capacity (HR = 14.639, 95% CI 5.320-40.283, p < 0.0001)

were independent predictors of the primary endpoint.

Based on the DSA status at the time of the biopsy, there were identified 9 patients (8.3%) with
resolved preformed anti-HLA DSAs, 9 patients (8.3%) with persistent preformed anti-HLA
DSAs and 10 patients (9.3%) with de novo anti-HLA DSAs. The identification of persistent
preformed DSAs at the time of biopsy was the most significant predictor of the primary
endpoint of the study (HR = 596, 95% Cl 2.041-17.431,p= 0.0011), followed
by the occurrence of de novo DSAs (HR = 4.48, 95% CI 1.483-13.520, p = 0.0079).
No increased risk was observed in patients with resolved preformed DSAs (HR = 1.10,
95% CI 0.139-8.676, p = 0.9305). The use of anti-thymocyte globulin as an induction
of immunosuppression was a risk factor for resolved preformed anti-HLA DSAs.
The persistence of preformed anti-HLA DSAs was associated with previous transplantation
and the increased age of the donor. Moreover, a prior transplant was identified to be a risk factor

for the development of de novo anti-HLA DSAs.

To summarize, identification of circulating anti-HLA DSAs and their C1qg-binding capacity
are independent predictors for inferior renal allograft function and graft failure after kidney
transplantation from a brain-dead deceased donor. Currently, analysis of C1q is limited
by its cost, but it is noninvasive, easily accessible, and might be considered in routine clinical
practice in post-transplant management. Detection of circulating DSA (in particular those
binding C1q) should result in a thorough analysis of immunosuppressive treatment and careful

patient monitoring.

Patients with resolved preformed anti-HLA DSAs have similar graft prognoses as patients
without DSAs. The persistence of preformed anti-HLA DSAs after kidney transplantation
and the occurrence of de novo anti-HLA DSAs are independent predictors of inferior kidney
graft function and graft failure. Post-transplant evolution of anti-HLA DSAs is associated with
anti-thymocyte globulin therapy, prior transplantation, and the donor’s age. Candidates
for renal transplantation (particularly for retransplantation) should undergo a cautious
immunological risk assessment. These findings are valuable in light of the development of new

desensitization protocols.
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Transplant immunology evolves rapidly, but there are many gaps in the current knowledge,

and therefore further studies are needed to answer clinical questions.
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4. Wstep

Przeszczepienie nerki (KTx) jest preferowang metoda leczenia pacjentow ze schytkowsa
niewydolno$cig nerek [1]. W ostatnich latach, dzigki wprowadzeniu nowoczesnych lekoéw
immunosupresyjnych, rozwoju technik chirurgicznych oraz lepszej opiece pooperacyjnej
krotkoterminowe wyniki u biorcow przeszczepu nerki ulegty znaczacej poprawie, natomiast
dlugoterminowe wyniki nie poprawily si¢ w podobnym stopniu [2]. Odrzucanie zalezne
od przeciwcial (ABMR) jest glowna przyczyna dysfunkcji przeszczepionej nerki, a nastgpnie
jej utraty [3]. Obecnos¢ u biorcy swoistych dla dawcy przeciwcial (DSA), zwlaszcza
skierowanych przeciwko ludzkim antygenom leukocytarnym (HLA), jest udowodnionym
czynnikiem ryzyka rozwoju ABMR [4]. Wystepuja réwniez DSA nie-anty-HLA, takie
jak przeciwciata przeciwko receptorowi angiotensyny Il typu 1 lub przeciw receptorowi

endoteliny-1 typu A, ktérych rola jest obecnie analizowana [5,6].

W ciagu ostatniej dekady metody oznaczania anty-HLA DSA poprawily sie
diametralnie dzigki zastosowaniu techniki fazy stalej z wykorzystaniem mikrokulek
optaszczonych antygenami HLA [7]. DSA uszkadzajg przeszczep w réznych mechanizmach,
takich jak aktywacja uktadu dopetiacza, bezposrednie oddziatywanie na komorki §rodbtonka
czy tez cytotoksyczno$¢ zalezna od przeciwciat [8]. O patogennosci DSA decyduje szereg ich
dodatkowych wiasciwosci: klasa HLA, specyficznos¢, srednia intensywnos¢ fluoroscencji
(MFI), zdolnos¢ wigzania dopetiacza C1q, subklasa IgG [9-11] Przeciwciata przeciwko HLA
klasy II wystepuja czesciej niz przeciwko HLA klasy 1 [12,13]. Stwierdzono zwigzek migdzy
wysokimi  wartosciami  MFI anty-HLA DSA, a czgstszym wystgpowaniem ABMR
i zmniejszong przezywalno$cig przeszczepu [14,15]. Wykazano, ze zdolno$¢ wigzania
dopetniacza C1q jest predyktorem ABMR i koreluje z przezyciem przeszczepu [16,17].
Jednakze nie jest jasne czy zwiekszone ryzyko jest zwigzane ze zdolno$cig wigzania
dopelniacza lub wysokimi warto§ciami MFI, poniewaz istnieje silna korelacja miedzy
zdolnoscig DSA do wigzania Clg, a MFI [18,19]. Podklasy IgGl i IgG3 sg silnymi
przeciwcialami wiazacymi dopetniacz, podczas gdy podklasy IgG2 1 IgG4 sa uwazane
za przeciwciala niewigzgce dopetniacza [20]. Udowodniono, ze IgG3 i IgG4 sg silnie zwigzane
z ABMR i skorelowane z jego fenotypami (IgG3 z ostrym ABMR, 1gG4 z subklinicznym
ABMR). Ponadto immunodominujgce DSA subklasy IgG3 sg zwigzane z niewydolno$cig
przeszczepu [21].

Anty-HLA DSA mogg powsta¢ jeszcze przed przeszczepieniem (przeciwciata preformowane)

lub mogg rozwingé¢ sie de novo po przeszczepie [22]. Preformowane DSA moga powstaé
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w wyniku ekspozycji na alloantygeny podczas ciazy, transfuzji krwi lub podczas
weczesniejszego przeszczepu [23,24]. Obecnie jednym z elementéw doboru biorcy do dawcy
jest wirtualna proba krzyzowa, ktdra ma na celu unikniecie kojarzenia dawcow z biorcami
z obecnymi DSA [25,26]. Anty-HLA DSA de novo zwykle pojawiaja si¢ w ciggu roku
od przeszczepu i sg zazwyczaj skierowane przeciwko HLA klasy Il [9]. Rozwoj DSA de novo
moze by¢ zwigzany ze zmniejszeniem immunosupresji (z réoznych przyczyn, np. dziatania
niepozadane lekoéw, nieprzestrzeganie zalecen lekarskich), z cigza, transfuzja krwi badz
wszczepieniem homograftu [27-29]. Istniejg trzy zidentyfikowane wzorce kliniczne ewolucji
DSA po przeszczepieniu: zanikle preformowane DSA, przetrwale preformowane DSA
I de novo DSA [30]. Pacjenci z przetrwalymi DSA sg bardziej narazeni na ABMR lub utrate
przeszczepionej nerki w poréwnaniu z pacjentami, u ktorych DSA nie wykryto badz ustgpity
po KTx. Czynnikami zwigzanymi z przetrwaniem DSA po przeszczepieniu sg klasa II, wysokie
MFTI i zdolnos$¢ wigzania dopelniacza C1q [30,31]. Pokazano rowniez, ze pacjenci z wykrytymi
de novo DSA wykazujg istotnie zwigkszone ryzyko przewlektego ABMR i utraty przeszczepu
nerki w poréwnaniu z pacjentami z wykrytymi DSA przed KTx [32,33]. Ukazaly si¢ prace
dowodzace, ze niezaleznie od statusu przeciwciat (preformowane badz de novo), ich obecnosé
odpowiada wigkszej czgstosci rozpoznania subklinicznego ABMR  [34,35]. Ponadto
stwierdzono, ze obecno$¢ DSA po KTx wigze si¢ ze zwigkszong ekspresja gendw zwigzanych

z ABMR, nawet w bioptatach, w ktérych nie stwierdzono odrzucania [36].

W przypadku przeszczepow narzadow migzszowych monitorowanie anty-HLA DSA jest
obecnie przedmiotem intensywnych badan. W styczniu 2023 roku opublikowano rekomendacje
dotyczace oceny anty-HLA DSA po przeszczepieniu [37]. W publikacji przedstawiono rowniez
wiele watpliwosci, ktore wiaza si¢ z tym zagadnieniem. Nie jest wiadome, kiedy i jak czgsto
wykonywa¢ badania przesiewowe anty-HLA DSA u biorcow ze stabilng funkcja przeszczepu
nerki oraz jakie dodatkowe wlasciwosci przeciwcial bra¢ pod uwage [11]. Ponadto
nie ma konsensusu co do postgpowania z biorcami z krazgcymi de novo DSA bez dysfunkcji
przeszczepu [35]. Badany jest rowniez zwigzek miedzy pojawieniem si¢ anty-HLA DSA
de novo, arozwojem ABMR, poniewaz nie u wszystkich pacjentow DSA-dodatnich rozwija si¢
ABMR [38,39]. Obecnie nie ma skutecznej metody leczenia ABMR, dlatego wykrycie DSA
stanowi dla lekarza transplantologa wazng informacj¢ umozliwiajacg podjecie wczesnej
interwencji, takiej jak optymalizacja leczenia immunosupresyjnego, czestsze kontrole pacjenta
czy wykonanie biopsji nerki przeszczepionej, ktora pozwala zdiagnozowa¢ ABMR na etapie
subklinicznym [40,41]. W ostatnich latach stworzono model iBox okreslajacy ryzyko

niewydolnosci nerki przeszczepionej. Bierze on pod uwage osiem zmiennych m.in. czas
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od przeszczepienia, szacunkowy wskaznik filtracji kilebuszkowej, biatkomocz, dane
histopatologiczne oraz obecno$¢ anty-HLA DSA z wartoscia MFI [42]. Nadto wydaje sig,
ze ewolucja DSA po KTx ma wplyw na wyniki przeszczepienia [37]. Dalszych badan
wymagaja okolicznoséci, ktére prowadza do =zaniknigcia badz przetrwania po KTX
preformowanych anty-HLA DSA [31]. Jest to szczegdlnie wazne w kontekscie pojawiania si¢
nowych terapii odczulajgcych, ktdre moga prowadzi¢ do zanikniecia preformowanych

przeciwciat [26,43].

Przedstawiony cykl publikacji jest wynikiem projektu badawczego dotyczacego oceny
przydatnosci monitorowania anty-HLA DSA u pacjentow po KTx, ktory zostal zrealizowany
w ramach programu ,,Diamentowy Grant”. Oba artykuly dotycza tej samej grupy pacjentow
po KTx od dawcy zmartego hospitalizowanych w Klinice Medycyny Transplantacyjnej,
Nefrologii i Chorob Wewnetrznych Warszawskiego Uniwersytetu Medycznego.

W pierwszej publikacji (Gniewkiewicz M, Czerwinska K, Zielniok K, Durlik M. Association
of Circulating Anti-HLA Donor-Specific Antibodies and Their Characteristics, including
Clg-Binding Capacity, in Kidney Transplant Recipients with Long-Term Renal Graft
Outcomes. Journal ~ of  Clinical  Medicine.  2023; 12(4):1312.  https://doi.org/
10.3390/jcm12041312) przedstawiono wyniki analizy wptywu obecnych po KTx anty-HLA
DSA oraz ich wiasciwos$ci (klasa HLA, specyficznos¢, $rednia intensywnos¢ fluoroscencji
(MFI), zdolno$¢ wigzania dopeliacza Clq, subklasa IgG) na wyniki dlugoterminowe

przeszczepienia nerki.

Kolejna publikacja (Gniewkiewicz M, Czerwinska K, Zielniok K, Durlik M. Impact
of Resolved Preformed, Persistent Preformed, and De Novo Anti-HLA Donor-Specific
Antibodies in Kidney Transplant Recipients on Long-Term Renal Graft Outcomes. Journal
of Clinical Medicine. 2023; 12(10):3361. https://doi.org/10.3390/jcm12103361) ukazuje
wyniki analizy znaczenia ewolucji anty-HLA DSA po KTx (przeciwciala zanikle
preformowane, przetrwate preformowane, de novo) dla odlegtych wynikow przeszczepienia.
Ponadto w pracy zidentyfikowano czynniki majace zwigzek z ewolucja przeciwciat

PO przeszczepieniu.
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5. Zalozenia i cel pracy

Monitorowanie odpowiedzi immunologicznej jest obecnie jednym z wazniejszych
aspektéw opieki nad pacjentem po przeszczepieniu nerki. Naukowcy i klinicysci starajg
sig wydhuzyé przezycie przeszczepu, co w sytuacji niedoboru narzadéow do transplantacii jest
szczeg6lnie wazne. Przeciwciala przeciwko antygenom zgodnosci tkankowej dawcy
sa udowodnionym czynnikiem ryzyka rozwoju procesu odrzucania humoralnego oraz utraty

przeszczepu.
Cele pracy:

1. Ocena wplywu krazacych przeciwcial przeciwko antygenom zgodnosci tkankowej
dawcy z uwzglednieniem ich wiasciwosci (klasa HLA, specyficznos$é, MFI, zdolnosé
wigzania dopelniacza Clq, subklasa IgG) na odlegte wyniki przeszczepienia nerki

od dawcy zmartego.

2. Okreslenie znaczenia ewolucji przeciwcial przeciwko antygenom zgodnosci tkankowe;j
dawcy (zanikte preformowane, przetrwate preformowane, de novo) dla odlegtych
wynikOw przeszczepienia nerki od dawcy zmartego oraz identyfikacja czynnikéw

majacych wptyw na te ewolucje.
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Abstract: Post-transplant antihuman leukocyte antigen donor-specific antibodies (anti-HLA DSAs)
monitoring in kidney transplant recipients remains unclear and is currently under investigation. The
pathogenicity of anti-HLA DSAs is determined by antibody classes, specificity, mean fluorescent
intensity (MFI), C1g-binding capacity, and IgG subclasses. The aim of this study was to investigate the
association of circulating DSAs and their characteristics with renal allograft long-term outcomes. The
study included 108 consecutive patients from our transplant center who underwent kidney allograft
biopsy between November 2018 and November 2020, 3 to 24 months after kidney transplantation. At
the time of biopsy, patients’ sera were collected for analysis of anti-HLA DSAs. Patients were followed
for a median time of 39.0 months (Q1-Q3, 29.8-45.0). Detection of anti-HLA DSAs at the time of
biopsy (HR = 5.133, 95% CI 2.150-12.253, p = 0.0002) and their C1q-binding capacity (HR = 14.639,
95% CI 5.320-40.283, p < 0.0001) were independent predictors of the composite of sustained 30%
reduction from estimated glomerular filtration rate or death-censored graft failure. Identification
of anti-HLA DSAs and their Clg-binding capacity could be useful in identifying kidney transplant
recipients at risk for inferior renal allograft function and graft failure. Analysis of C1q is noninvasive,
accessible, and should be considered in clinical practice in post-transplant monitoring.

Keywords: antihuman leukocyte antigen donor-specific antibodies; Clq-binding DSA; kidney
transplantation

1. Introduction

Kidney transplantation (KTx) is the treatment of choice for patients with end-stage kid-
ney disease (ESKD) [1]. Despite improvements in short-term outcomes in kidney transplant
recipients due to potent immunosuppressive therapy, advanced surgical techniques, and
better post-transplant care, long-term outcomes have not improved to a similar extent [2].

Antibody-mediated rejection (ABMR) is the main cause of kidney allograft dysfunction
and kidney allograft loss [3]. The presence of donor-specific antibodies (DSAs), particularly
those against human leukocyte antigen (HLA), is a proven risk factor for the development
of ABMR [4]. The role of nonanti-HLA DSA such as antibodies against angiotensin II type 1
receptor or against endothelin-1 type A receptor has been broadly analyzed [5,6]. Anti-HLA
DSAs can be preexisting (preformed) or may develop de novo after transplantation [7].
Preformed DSAs are caused by exposure to the alloantigens during pregnancy, blood
transfusion, or previous transplantation [8,9]. The virtual crossmatch is used to aid in
renal allograft allocation and to avoid matching donors to recipients with preformed
DSAs [10,11].

De novo anti-HLA DSAs develop after KTx in 13-27% of previously nonsensitized
patients [12]. Usually, they emerge within 1-year post-transplant and are directed against
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HLA class II [13]. DSA screening in recipients with stable renal allograft function remains
unclear and is currently under investigation [14,15]. Moreover, there is no consensus
regarding the management of renal transplant recipients without allograft dysfunction with
circulating de novo DSAs [16]. The impact of de novo anti-HLA DSAs on the development
of ABMR is under investigation, as not all DSA-positive patients develop ABMR [17,18].

The pathogenicity of DSAs is determined by several characteristics, including antibody
classes, specificity, strength (expressed by mean fluorescent intensity (MFI)), Cl1q-binding
capacity, and IgG subclasses [19]. Antibodies against HLA class II occur more frequently
than against HLA class I [20,21]. Patients with both anti-HLA DSA class I and II, or even
class alone II, are at increased risk for ABMR [22]. The association between high MFI
levels of DSAs and the increased occurrence of ABMR and decreased graft survival has
been reported [23,24]. It has been demonstrated that C1q-binding capacity is a predictor
of ABMR and correlates with graft survival [25,26]. However, it is not clear whether this
increased risk is connected to complement-binding capacity or high MFI levels, as there
is a strong correlation between the ability of DSAs to bind C1q and their strength [27,28].
IgG1 and IgG3 subclasses are strong complement-fixing antibodies, whereas IgG2 and 1gG4
subclasses are considered noncomplement-fixing [29]. It was found that IgG3 and IgG4 are
highly associated with ABMR and correlated with its phenotypes (IgG3 with acute ABMR,
IgG4 with subclinical ABMR). Furthermore, IgG3 immunodominant DSAs are strongly and
independently associated with allograft failure [19].

The aim of this study was to investigate, in a cohort of kidney transplant recipients
from our center, the association of circulating DSAs and their characteristics, including
MFI level, Clg-binding capacity, and IgG subclasses, with renal allograft function and
long-term outcomes.

2. Materials and Methods
2.1. Study Design

The study included 108 consecutive patients from our transplant center (Department
of Medical Transplantation, Nephrology and Internal Medicine, Medical University of
Warsaw) who underwent kidney allograft biopsy between November 2018 and November
2020, 3 to 24 months after kidney transplantation from brain-dead deceased donors.

All kidney transplants required ABO blood group compatibility and a negative
complement-dependent cytotoxicity crossmatch. All patients were of white ethnicity
and had triple maintenance immunosuppression consisting of tacrolimus or cyclosporine,
mycophenolate mofetil, and prednisone. The biopsy was performed using an 18-gauge
needle with ultrasound guidance. The biopsy specimens were evaluated based on Banff
criteria [30]. From all the patients at the time of biopsy, sera were collected for analysis
of circulating anti-HLA DSAs and their characteristics (specificity, HLA class, MFI level,
Clg-binding capacity, and IgG subclasses).

The primary outcome was the composite of sustained 30% reduction (defined as two
consecutive results at least 3 months apart) from estimated glomerular filtration rate (eGFR)
at biopsy or death-censored graft failure (defined as return to dialysis or retransplantation).
EGEFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration 2009
(CKD-EPI) creatinine equation. All participants were followed through November 2022
(unless patient lost graft or died). Clinical data were obtained from the medical records.

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the medical ethics committee of the Medical University of Warsaw (Warsaw,
Poland). Informed written consent was obtained from all patients.

2.2. Detection of Anti-HLA DSAs and Characterization

Sera samples were collected at the time of biopsy and stored at —80 °C for further
analysis. All samples were analyzed for anti-HLA using LABScreen Mixed Class I and II
(#LSM12, One Lambda, Inc., Los Angeles, CA, USA). When positive, samples were tested
using LABScreen Single Antigen HLA class I and II assays (#L.S1A04 and #LS2A01, One
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Lambda, Inc., CA, USA) on a Luminex platform. Antibodies with MFI > 500 were consid-
ered positive. Donor specificity for anti-HLA antibodies was determined by comparison of
the HLA antibody specificities with the HLA of the donor for HLA-A, -B, and -DR.

The presence of Cl1g-binding anti-HLA DSAs was assessed using single antigen flow
bead assays according to the manufacturer’s instructions (ClgScreen, #C1Q, One Lambda,
Inc., CA, USA).

Detailed analysis of HLA DSA antibody subclasses was performed based on the
method published by Honger et al. [31]. The modification of the standard single antigen
flow bead assay involved replacing the reporter PE-conjugated goat antihuman IgG an-
tibody (#LS-AB2, One Lambda, Inc., CA, USA) with one of the monoclonal antibodies
specific for the IgG subclass, that is, IgG1 (# mouse antihuman IgG 1 Fc-PE clone HP6001,
# 9054-09), IgG2 (mouse antihuman IgG 2 Fc-PE clone 31-7-4, #9060-09), IgG3 (mouse
antihuman IgG 3 Hinge-PE clone HP6050, #9210-09), and IgG4 (mouse antihuman IgG 4
Fc-PE clone HP6025, #9200-09) (all Southern Biotech, Birmingham, AL, USA). The detection
of IgG subclasses 1-4 was conducted separately for each subclass on the sera of patients
positive for HLA class I using the magnetic beads of the LABScreen Single Antigen HLA
class I assay kit (Lot 013, #LS1A04, One Lambda, Inc., CA, USA) and the sera of patients
positive for HLA class II using the magnetic beads of the LABScreen Single Antigen HLA
class II assay kit (Lot 015, #L.S2A01, One Lambda, Inc., CA, USA). Directly before analysis,
the sera were centrifuged at 10,000 g for 10 min to remove aggregates or contamination.
The initial procedure was conducted according to the manufacturer’s protocol. A 30 min
incubation was performed on 20 uL of patient serum with 5 uL. of LABScreen beads in
V-bottom 96-well microplates. After washing the plate three times, in the modified part
of the procedure, the beads were incubated for 30 min with 100 pL of PE-conjugated
secondary antibody solution detecting IgG1, IgG2, IgG3, or IgG 4. After incubation, the
beads were washed three times, resuspended in 80 uL of sterile phosphate buffered saline,
and immediately proceeded to data acquisition on a Luminex LABScan 100 analyzer. The
anti-HLA reactivity of the patients’ sera, corrected for nonspecific binding of the beads to
negative control serum (#LS-NC, One Lambda, Inc., CA, USA), was calculated from the
raw MFI values for each HLA-coated bead using HLA Fusion software v. 4.6 (#fUSPGR,
One Lambda, Inc., CA, USA).

2.3. Statistical Analysis

The R software was used for statistical analysis. Categorical data were described as
numbers (percentages), and continuous data were expressed as mean values with standard
deviations or medians with quartiles 1 and 3 (Q1-Q3). The %2 test or Fisher exact test was
used for categorical variables, and the 2-sample t-test or Mann-Whitney test for continuous
variables. The normality of distribution was assessed by the Shapiro-Wilk test. The primary
study outcome was composite of sustained 30% reduction from eGFR at biopsy or death-
censored graft failure. Event-free survival was estimated with the Kaplan—-Meier method
and compared according to anti-HLA antibody status with the use of the log-rank test.
Cox proportional hazards models were used to estimate hazard ratios and 95% confidence
intervals for the study outcomes. Variables with significant contributions in univariate Cox
models were entered into the multiple adjusted Cox models to determine the independent
association with outcomes. Backward stepwise elimination method with a p-value of <0.05
necessary for retention in the multivariate model was performed. p values of <0.05 were
considered significant.

3. Results
3.1. Characteristics of Study Population

In the study, 108 consecutive kidney transplant recipients from brain-dead deceased
donors who underwent kidney allograft biopsy 3 to 24 months after transplantation were
included. At the time of biopsy, patients with present circulating DSAs were identified
(N = 19). The characteristics of the study population at the time of biopsy are summarized
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in Table 1. There was no statistical difference between DSA (—) and DSA (+) patients
regarding age at biopsy, sex, BMI, renal replacement therapy, cause of end-stage renal
disease, cold ischemia time, HLA mismatches, and clinical characteristics, including type of
calcineurin inhibitor (tacrolimus versus cyclosporine), eGFR at biopsy, proteinuria at biopsy,
protocol biopsy, time from transplantation to biopsy, and occurrence of C4d deposition in
biopsy. A higher percentage of patients with DSAs at the time of biopsy compared with
DSA (—) patients had received a prior transplant (78.9% vs. 4.4%, p < 0.0001), had PRA > 5%
(36.8% vs. 9.0%, p = 0.0048), had induction therapy (73.7% vs. 21.3%, p < 0.0001), had ABMR
diagnosed at the time of biopsy (21.0% vs. 5.6%, p = 0.0492), and had anti-HLA DSAs
before transplantation (47.4% vs. 10.1%, p = 0.0005). Out of 18 patients with anti-HLA DSAs
before transplantation, 9 patients had them detected post-transplant at the time of biopsy.
The characteristics of anti-HLA DSAs before transplantation were not statistically different
between groups regarding number, class, and MFI of immunodominant anti-HLA DSAs.

Table 1. Characteristics of the study population.

All Patients (N = 108) DSA (-) (N =89) DSA (+) (N=19) p-Value
Recipient characteristic
Age at biopsy, years, median (Q1-Q3) 48.5 (38.8-61.0) 46.0 540 0.6054
(38.0-61.0) (44.0-58.5)
Male, n (%) 69 (63.9%) 58 (65.2%) 11 (57.9%) 0.7368
Body mass index at biopsy, kg/m?, 2524 4 3.848 25.52 4 3.934 23.93 + 3.188 0.1031
mean + SD
Previous transplantation, n (%) 19 (17.6%) 4 (4.4%) 15 (78.9%) <0.0001
Renal replacement therapy, n (%) 0.6326
Pre-emptive transplantation 12 (11.1%) 11 (12.4%) 1(5.3%)
Hemodialysis 83 (76.9%) 67 (75.2%) 16 (84.1%)
Peritoneal dialysis 13 (12.0%) 11 (12.4%) 2 (10.6%)
Cause of ESRD, n (%) 0.2384
Glomerulonephritis 48 (44.4%) 36 (40.4%) 12 (63.2%)
ADPKD 19 (17.6%) 15 (16.8%) 4(21.1%)
Diabetes 16 (14.8%) 14 (15.7%) 2 (10.5%)
Congenital anomaly 5 (4.6%) 5 (5.6%) 0
Other 20 (18.5%) 19 (21.5%) 1 (5.2%)
Diabetes, n (%) 31 (28.7%) 26 (29.2%) 5 (26.3%)
Donor characteristic
Age, years, mean £ SD 46.2 = 14.88 45.0 +14.9 52.0 £13.8 0.0616
Male, n (%) 68 (63.0%) 58 (65.2%) 10 (52.6%) 0.4439
Transplant characteristic
Cold ischemia time, minutes, 1268 + 575.4 1239 + 582.9 1416 + 559.8 0.4972
mean + SD
Induction therapy, n (%) <0.0001
None 75 (69.4%) 70 (78.7%) 5 (26.3%)
Basiliximab 18 (16.7%) 10 (11.2%) 8 (42.1%)
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Table 1. Cont.

All Patients (N = 108) DSA () (N =89) DSA (+) (N =19) p-Value
ATG 15 (13.9%) 9 (10.1%) 6 (31.6%)
HLA mismatches, median, (Q1-Q3)
A 1.0 1.0 1.0 0.5127
(1.0-2.0) (1.0-2.0) (1.0-1.5)
B 1.0 1.0 1.0 0.4485
(1.0-2.0) (1.0-2.0) (1.0-2.0)
DR 1.0 1.0 1.0 0.1550
(1.0-1.0) (1.0-1.0) (1.0-1.0)
Total 3.0 3.0 4.0 0.4000
(3.0-4.0) (3.0-4.0) (3.0-4.0)
Panel-reactive antibody >5%, n (%) 15 (13.9%) 8(5.0%) 7 (36.8%) 0.0048
Panel-reactn(zgigg)o dy, median 0(0-0) 0(0-0) 0(0-18.5) 0.0043
- [0-86] [0-86] [0-66] :
[min-max]
Clinical characteristic
Immunosuppression, n (%) 0.3223
Tacrolimus 106 (98.1%) 88 (89.9%) 18 (94.7%)
Cyclosporine 2 (1.9%) 1(1.1%) 1(5.3%)
- - >
eGFR atbiopsy, mL/min/1.73 m, 53.2 +20.76 54.6 + 21.24 463 +17.19 0.1107
mean + SD
Proteinuria at biopsy 16 (14.8%) 11 (12.6%) 5 (26.3%) 0.2306
> 50 mg/dL, n (%) = e = :
Proteinuria at biopsy,
! ° 0 (0-10.0) 0 (0-10.0) 0 (0-30.0)
medla'n (Q1-Q3) [0-100] [0-100] [0-50] 0.1363
[min-max]
Protocol biopsy o o o
n (%) 61 (56.5%) 52 (58.4%) 9 (47.4%) 0.4483
Time from transplantation to biopsy, 5.0 5.0 4.0 0.4374
months, median (Q1-Q3) (3.0-12.0) (3.0-12.0) (3.0-10.5) ’
ABMR at the time of biopsy, n (%) 9 (8.3%) 5 (5.6%) 4(21.0%) 0.0492
C4d in biopsy, n (%) 14 (13.0%) 10 (11.2%) 4(21.1%) 0.2651
Anti-HLA DSA '::’E(}r;’ transplantation, 18 (16.7%) 9.(10.1%) 9 (47.4%) 0.0005
Number, median (Q1-Q3) 1.0 (1.0-1.8) 1.0 (1.0-1.0) 1.0 (1.0-2.0) 0.5008
Anti-HLA DSA class, n 1
1 11 6 5
1T 6 3 3
I+10 1 0 1
MFI of immunodominant anti-HLA
DSA before transplantation, mean 2009 + 1230.5 1807 + 1347.3 2211 £ 1144.6 0.5022

(SD)

Abbreviations: DSA, donor-specific antibodies; Q1-Q3, quartile 1-3; SD, standard deviation; ESRD, end-stage

renal disease; ADPKD, autosomal dominant polycystic kidney disease; ATG, anti-thymocyte globulin; HLA,
human leukocyte antigen; eGFR, estimated glomerular filtration rate; ABMR, antibody-mediated rejection; MFI,

mean fluorescent intensity.
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3.2. Characteristics of Anti-HLA DSAs at the Time of Biopsy

Characteristics of anti-HLA DSAs at the time of biopsy are depicted in Table 2. Out
of 19 patients with identified circulated anti-HLA DSAs at the time of biopsy, 7 patients
(36.8%) had anti-HLA DSA class I, 10 patients (52.6%) had anti-HLA DSA class II, and
2 patients (10.5%) had anti-HLA DSA class I and II. The immunodominant anti-HLA DSAs
were class I in 8 patients (42.1%) and class II in 11 patients (57.9%), with a median MFI
(Q1-Q3) of 2900 (1284—4648). A total of 10 patients (52.6%) had immunodominant anti-HLA
DSAs with Clg-banding capacity (3 patients with immunodominant anti-HLA DSA class
I and 7 patients with immunodominant anti-HLA DSA class II). The most frequent IgG
subclass of immunodominant anti-HLA DSA was IgGl1 (14 patients, 73.7%), followed by
IgG3 (7 patients, 36.8%), IgG4 (4 patients, 21.1%), and IgG2 (2 patients, 10.5%). The most
predominant pattern was IgG1 alone (7 patients, 36.8%), followed by IgG3 alone (4 patients,
21.1%), 1gG1 + IgG3 (3 patients, 15.8%), IgG1 + IgG4 (3 patients, 15.8%), IgG1 + IgG2
(1 patient, 5.3%), and IgG2 + IgG4 (1 patient, 5.3%).

Table 2. Characteristics of anti-HLA DSAs.

All Anti-HLA DSA

Number, median (Q1-Q3) 1.0 (1.0-1.0)
HLA class specificity, n (%)
I 7 (36.8)
I 10 (52.6)
I+11 2(10.5)
iDSA
HLA class specificity, n (%)
I 8(42.1)
I 11 (57.9)
MEFI, median (Q1-Q3) 2900 (1284-4648)
Clq binding, n (%) 10 (52.6)
IgG subclasses, n (%)
IgG1 14 (73.7)
1gG2 2 (10.5)
1gG3 7 (36.8)
1gG4 4(21.1)

Abbreviations: HLA, human leukocyte antigen; DSA, donor-specific antibodies; Q1-Q3, quartile 1-3; iDSA,
immunodominant specific antibody; MFI, mean fluorescent intensity.

3.3. Clinical Outcomes

Patients were followed for a median time of 39.0 months (Q1-Q3, 29.8-45.0) following
the biopsy after transplantation. Clinical outcomes during follow-up are shown in Table 3.
There was a statistical difference between DSA (—) and DSA (+) patients regarding eGFR at
the end of follow-up (51.5 mL/min/1.73 m? (Q1-Q3, 34.8-63.3) vs. 36.0 mL/min/1.73 m?
(Q1-Q3, 26.0-42.0), p = 0.0049), the occurrence of >30% decline in eGFR (10.1% vs. 57.9%,
p <0.0001), and death-censored graft loss (1.1% vs. 15.8%, p = 0.0168). There was no
statistical difference regarding proteinuria at the end of follow-up. The combined endpoint
was reached by 10 patients (11.2%) in the DSA (—) group vs. 11 patients (57.9%) in the
DSA (+) group, p < 0.0001. The mean time from biopsy to the combined endpoint was
25.0 + 10.69 months. During follow-up, four patients experienced a death-censored graft
loss: one patient in the DSA (—) group and three patients in the DSA (+) group. The causes
were ABMR (N = 2), BK virus nephropathy (N = 1), and recurrence of native kidney disease
(N =1). During follow-up, six patients died, of which four patients died with a functioning
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graft. The deaths were the result of cardiovascular causes (N = 3), infections (N = 2), and

malignancy (N = 1).

Table 3. Clinical outcomes.

All Patients (N = 108) DSA () (N =89) DSA (+) (N=19) p-Value
Follow-up postbiopsy, months, median 39.0 37.0 44.0 0.0631
(Q1-Q3) (29.8-45.0) (28.0-44.0) (37.5-47.0) ’
e(rflf{/?rtlﬁ/e 18171§l rifzf(r)gs;i]a-\ﬁpl 48.0 515 360 0.0049
y ! 33.0-62.0 34.8-63.3 26.0-42.0 ’
OL03) ( ) ( ) ( )
Proteinuria at the end of follow-up,
>50 mg/dL, n (%) 6(5.6) 3(3.4) 3(15.8) 0.1110
Proteinuria at the end of follow-up, 0 0 0
(I(nﬁilg;l) (0-0) (0-0) (0-6.8) 0.4113
) [0-311.0] [0-311.0] [0-81.0]
[min-max]
>30% decline in eGFR, n (%) 20 (18.5) 9(10.1) 11 (57.9) <0.0001
Death-censored graft loss, n (%) 43.7) 1(1.1) 3(15.8) 0.0168
Combined endpoint, >30% decline in
eGFR or graft loss, n (%) 21 (19.4) 10 (11.2) 11 (57.9) <0.0001
Time from biopsy to combined
endpoint, months, mean 4 SD 25.0 +10.69 26.9 +9.79 23.4 +11.60 0.482
Death event, n (%) 6 (5.6) 4(4.4) 2 (10.5) 0.2842

Abbreviations: DSA, donor-specific antibodies; Q1-Q3, quartile 1-3; eGFR, estimated glomerular filtration rate;
SD, standard deviation.

3.4. Survival Analysis

Combined endpoint-free survival analysis according to anti-HLA DSA status at the
time of biopsy is depicted in Figure 1. Reduced survival was associated with the presence of
circulating DSAs (p < 0.0001) and Clg-banding capacity (DSA (+) Clq (=) vs. DSA (+) Clq
(+), p-value = 0.01). No statistical difference was observed between DSA (+) Kaplan-Meier
curves regarding MFI > 2000 vs. MFI < 2000 (p = 0.4), HLA class I vs. HLA class II (p = 0.9),
IgG1 (+) vs. IgG1 (=) (p = 0.5), IgG2 (+) vs. IgG2 (—) (p = 0.2), IgG3 (+) vs. IgG3 (—) (p = 0.8),
and IgG4 (+) vs. IgG4 (—) (p =0.2).

Univariate and multivariate Cox regression models for risk of the combined endpoint
of >30% decline in eGFR or graft loss is shown in Table 4. The following independent
predictors of >30% decline in eGFR or graft loss were identified in all models: age of
the donor and proteinuria at the time of biopsy >50 mg/dl. Occurrence of circulating
anti-HLA DSAs at the time of biopsy (HR = 5.133, 95% CI 2.150-12.253, p = 0.0002) and C1q-
binding capacity of anti-HLA DSAs at the time of biopsy (HR = 14.639, 95% CI 5.320-40.283,
p < 0.0001) were independent predictors of the >30% decline in eGFR or graft loss, and
each variable was analyzed separately in a correspondent multivariate model.
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Figure 1. Event-free Kaplan-Meier survival curves according to detection of anti-HLA DSAs at the
time of biopsy (A) and their characteristics: C1q- binding capacity (B), MFI (C), HLA class (D), IgG

subclasses (E-H). Event defined as composite of sustained 30% reduction from eGFR at biopsy or
death-censored graft failure. Abbreviations: DSA, donor-specific antibodies; MFI, mean fluorescent
intensity; iDSA, immunodominant donor-specific antibody; HLA, human leukocyte antigen.
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Table 4. Univariate and multivariate Cox regression models for risk of the combined endpoint of >30% decline in eGFR or death-censored graft loss.

Univariate Multivariate 1 Multivariate 2
HR 95% CI p-Value HR 95% CI p-Value HR 95% CI p-Value
Recipient characteristic
Age at biopsy (per 1-year increase) 1.001 0.969-1.035 09486
Male (vs. female) 1291 0518-3216 05835
Body mass index at biopsy (per 1 kg/m? increase) 0953 0.855-1.063 03918
Previous transplantation (yes vs. o) 3728 1568-8.864 00029
Renal replacement therapy
re-emptive Ref.
Hemodialysis 0821 0239-2822 0754
Peritoneal dialysis 0.761 0.127-4.571 0.765
Donor characteristic
Age (per 1-year increase) 1045 1.010-1.081 0.0106 1.0 1.002-1.067 00382 1040 1.005-1.077 0.0259
Male (vs. female) 0.353 0.146-0.852 .0205
Transplant characteristic
Induction therapy
No Ref.
Basiliximab 3.294 1.224-8.862 0.0182
ATG 2925 0.980-8.735
Total HLA mismatches (per 1-mismatch increase) 1.349 0.860-2.116
Panel-reactive antibody >5% (vs. <5%) 1309 0.479-3.579
Clinical characteristic
eGFR at biopsy (per 1-mL/min/1.73 m? increase) 0992 0.971-1.013 0.4490
Proteinuria at biopsy
R e r B L) 2628 1019-6.776 0.0457 2612 1.006-6.783 00486 3504 1281-9.588 0.0146
ABMR at the time of biopsy (yes v. 10) 2361 0.692-8.054 0169
C4d in biopsy (yes vs. no) 1.426 0.479-4.245 0.5234
Anti-HLA DSAs before transplantation (yes vs. o) 3031 12217524 0.0168
Anti-HLA DSAs at biopsy 601 2546-14.190 <0.0001 5133 2150-12253 0.0002
(yes vs. no) *
Clg-binding status
No anti-HLA DSAS at biopsy ** Ref. Ref.
Anti-HLA DSAS (+) Clq () at biopsy ** 2501 0.687-9.107 0164 1927 05247084 03236
Anti-HLA DSAs (+) C1q (+) at biopsy ** 12.844 5.010-32.926 <0.0001 14.639 5.320-40.283 <0.0001

* Included in multivariate model 1. ** Included in multivariate model 2. Abbreviations: HR, hazard ratio; CI, confidence interval; ATG, antithymocyte globulin; HLA, human leukocyte
antigen; eGFR, estimated glomerular filtration rate; ABMR, antibody-mediated rejection; DSA, donor-specific antibodies.
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4. Discussion

In this study, the utility of the identification of anti-HLAs and their characteristics
after kidney transplantation to determine patients at risk for inferior allograft function and
allograft failure was analyzed. A total of 19 out of 108 patients (17.6%) were identified with
circulating anti-HLA DSAs at the time of biopsy, 3 to 24 months after kidney transplantation.
Ten patients (52.6%) had immunodominant anti-HLA DSAs with Clg-banding capacity.
The most frequent IgG subclass of immunodominant anti-HLA DSA was IgG1, followed by
IgG3. These results are consistent with the available literature [31,32]. The development of
anti-HLA DSAs may be caused before transplantation by pregnancy, blood transfusion, or
prior transplantation, or anti-HLA DSAs may develop after transplantation [8]. In patients
with circulating anti-HLA DSAs, 47.4% had anti-HLA DSAs detected before transplantation,
and 78.9% had previous transplantation. There are several clinical events that contribute
to the formation of de novo anti-HLA DSAs, including blood transfusion, pregnancy,
homograft implantation, nonadherence, and immunosuppression minimization [33-35].
Patients with de novo anti-HLA DSAs display a 25% to 53% incidence of subclinical ABMR
at the time of anti-HLA DSA identification, whereas 31% to 50% of patients with preformed
anti-HLA DSAs develop subclinical ABMR by 3 months post-transplant [36]. Patients
with anti-HLA DSAs have an increased risk of chronic ABMR and kidney allograft loss
compared with patients with preformed anti-HLA DSAs [37,38]. However, the detection
of circulating anti-HLA DSAs, regardless of their status, is associated with increased
expression of rejection transcripts in renal transplant biopsies classified as no rejection [39].

The identification of anti-HLA DSAs was an independent predictor of the composite
of sustained 30% reduction from eGFR at biopsy or death-censored graft failure. Previous
studies showed an association between circulating anti-HLA DSAs and increased C4d
deposition in the peritubular capillaries of the allograft, as well as increased microvascular
inflammation, which leads to ABMR and kidney graft failure [40-42]. Moreover, it was
discovered that the course of fibrogenesis in renal allograft is significantly accelerated by
circulating anti-HLA DSAs independent of ABMR [43]. Recently, the strong association
of proinflammatory blood cytokine profiles was demonstrated with the presence of HLA
DSAs, even in the absence of histology of rejection [44]. In previous papers, it was reported
that the presence of anti-HLA DSAs was associated with inferior graft outcomes and graft
failure [45,46]. However, some studies demonstrated contrasting findings [47].

To better evaluate the predictive value of anti-HLA DSAs for renal graft outcomes,
their characteristics, including MFI level, C1g-binding capacity, and IgG subclasses, have
been broadly analyzed [19]. In this study, the Clg-binding capacity of anti-HLA DSAs
was proved to be an independent predictor of inferior renal graft outcomes. This is
consistent with what has been found in previous papers [25,26]. A recent meta-analysis
by Kang et al., which included relevant studies comparing the clinical outcomes between
DSA Clq (+) and DSA Clq (—) kidney transplant recipients, demonstrated that Clq-
binding DSAs are associated with increased risks of ABMR, renal allograft failure, and
patient death [48]. The pathogenic potential of C1q DSA is explained by the fact that
binding complement fraction C1 is the first step in the activation of the classic complement
pathway, which results in the formation of a membrane attack complex that contributes
to vascular injury and causes target cell damage [49]. Detection of C1q DSA could have
therapeutic consequences, as there are available complement-targeting agents, such as
eculizumab [26,50]. It has been shown that circulating C1g-binding anti-HLA DSAs after
therapeutic intervention for ABMR may reflect the effect of treatment and predict long-term
allograft survival [51]. In a recent study, it was demonstrated that timely treatment with an
augmented immunosuppressive protocol of C1g-binding anti-HLA DSA-associated ABMR,
with early detection and elimination of C1g-binding anti-HLAs, may be associated with
better outcomes [52]. A large multicenter randomized clinical trial is needed to assess the
role of the Cl1g-binding capacity of anti-HLA DSAs in kidney transplant recipients.

The study included a relatively small number of patients with DSA positivity; there-
fore, it was not possible to fully characterize the utility of IgG subclasses on renal allograft
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clinical practice. In line with previous studies, the IgG1 subclass was the most common [53].
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rejected renal allografts [56].

In our study population, patients with immunodominant anti-HLA DSA MFI values
of >2000 vs. <2000 did not have significantly different event-free survival. Analysis of
MFI values is challenging, as there is no international threshold for MFI values and a lack
of standardization [57]. Therefore, regulatory agencies do not accept single antigen bead
assays as quantitative measurements [51].

The results of the study must be interpreted with caution, and several limitations
should be borne in mind. This was a single-center study with a relatively small number of
patients with DSA positivity. The presence of DSA in patients was tested at different points
in time but within 3 to 24 months after kidney transplantation at the time of renal allograft
biopsy. The DSAs and their characteristics were not monitored during follow-up. The
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To conclude, our data reported that the identification of circulating anti-HLA DSAs
and their Clg-binding capacity are independent predictors for inferior renal allograft
function and graft failure after kidney transplantation. Even though analysis of Clq is
limited by its cost, it is noninvasive, easily accessible, and should be considered in routine
clinical practice in post-transplant monitoring. This could improve the optimization of
post-transplant care. Our research adds to the literature supporting the use of the Clq
assay in the immunological stratification of kidney transplant recipients for long-term renal
allograft outcomes.
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Abstract: The post-transplant evolution of antihuman leukocyte antigen donor-specific antibodies
(anti-HLA DSAs) includes three clinical patterns: resolved preformed DSAs, persistent preformed
DSAs, and de novo DSAs. The aim of this retrospective study was to analyze the impact of resolved
preformed, persistent preformed, and de novo anti-HLA-A, -B, and -DR DSAs in kidney transplant
recipients on long-term renal allograft outcomes. This is a post hoc analysis of the study conducted
in our transplant center. One hundred eight kidney transplant recipients were included in the study.
Patients were followed for a minimum of 24 months after allograft biopsy, which was performed 3 to
24 months after kidney transplantation. The identification of persistent preformed DSAs at the time
of biopsy was the most significant predictor of the combined endpoint of the study (>30% decline
in estimated glomerular filtration rate or death-censored graft loss; HR = 5.96, 95% CI 2.041-17.431,
p =0.0011), followed by the occurrence of de novo DSAs (HR = 4.48, 95% CI 1.483-13.520, p = 0.0079).
No increased risk was observed in patients with resolved preformed DSAs (HR = 1.10, 95% CI
0.139-8.676, p = 0.9305). Patients with resolved preformed DSAs have similar graft prognoses as
patients without DSAs, therefore, the persistence of preformed DSAs and development of de novo
DSAs are associated with inferior long-term allograft outcomes.

Keywords: resolved preformed DSAs; persistent preformed DSAs; de novo DSAs

1. Introduction

The presence of donor-specific antibodies (DSAs) directed against human leukocyte
antigens (HLA) is a risk factor for antibody-mediated rejection (ABMR) and allograft loss in
kidney transplant (KTx) recipients [1]. Over the last decade, the identification of anti-HLA
DSAs and their characteristics has improved due to the use of solid-phase assay technology,
particularly single antigen bead (SAB) testing [2]. In addition, the destructive effect of
anti-HLA DSAs is determined by antibody characteristics including class, specificity, mean
fluorescent intensity (MFI), complement-biding ability, and IgG subclass [3,4].

DSAs may occur before transplantation (preformed) or arise de novo after transplanta-
tion. Alloimmunization before KTx can be caused by pregnancy, blood transfusion, or prior
transplant [5,6]. The development of de novo DSAs is associated with several clinical events
such as pregnancy, blood transfusion, minimization of immunosuppression, nonadherence,
and implementation of a homograft [7-9]. Regarding the post-transplant evolution of DSAs,
there are three identified clinical patterns: persistent preformed DSAs, resolved preformed
DSAs, and de novo DSAs [10]. Patients with persistent preformed DSAs are at a higher
risk of ABMR or kidney allograft loss compared to patients with resolved or no preformed
DSAs. Factors associated with the persistence of DSAs after transplantation are class II, high
MFI, and complement-binding ability [10,11]. However, independently of the evolution
status after KTx, preformed DSAs (even with low MFI values) are an important risk factor
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for decreased graft survival [12]. Patients with identified circulating de novo DSAs display
a significantly increased risk of chronic ABMR and renal allograft loss compared to patients
with preexisting DSAs [13,14]. Regardless of the preformed/de novo status, the presence of
DSAs corresponds with a higher incidence of diagnosis of subclinical ABMR [15,16]. DSA
positivity after KTx is associated with increased ABMR-related gene expression, even in
biopsy samples with no molecular or histologic rejection [17].

In solid-organ transplantation, the monitoring of anti-HLA DSAs is currently under inves-
tigation. Recently, clinical recommendations for the post-transplant assessment of anti-HLA
DSAs were published [18]. Nevertheless, there are some deficits in the existing knowledge
that should be addressed. There is a need for a better understanding of the clinical role of
persistent preformed anti-HLA DSAs and to investigate factors that lead to the clearance of
preformed anti-HLA DSAs after transplantation [11]. As the evolution of DSAs after KTx may
modify the outcomes, therapeutic interventions could be implemented [18].

The aim of this retrospective study was to analyze the impact of resolved preformed,
persistent preformed, and de novo anti-HLA-A, -B, and -DR DSAs in kidney transplant
recipients with long-term renal allograft outcomes.

2. Materials and Methods
2.1. Study Design and Data Collection

This is a post hoc analysis of the study conducted in our transplant center [19]. All
108 consecutive kidney transplant recipients from brain-dead deceased donors from the
mentioned study were included in this retrospective study. All patients underwent an
ultrasound-guided renal allograft biopsy between 2018 and 2020, 3 to 24 months after KT,
and were followed for a minimum of 24 months after the biopsy (except in cases of death
or graft failure).

Patients were divided post hoc into four groups according to their DSA status at
the time of biopsy: no anti-HLA DSAs, resolved preformed anti-HLA DSAs, persistent
preformed anti-HLA DSAs, and de novo anti-HLA DSAs.

All transplantations were performed with negative complement-dependent cytotoxi-
city crossmatch. Donor-recipient pairs were ABO blood group compatible. All patients
were of white ethnicity. None of the patients received a desensitization protocol before
KTx. The decision of whether and what induction therapy (basiliximab or anti-thymocyte
globulin (ATG)) to administer was made individually for each patient after the assessment
of their immunological risk. Mostly, patients with a high immunological risk received
ATG while patients with an intermediate immunological risk received basiliximab. In all
patients, the maintenance immunosuppressive regimen consisted of the standard of care
agents: a calcineurin inhibitor (tacrolimus or cyclosporine) with mycophenolate mofetil and
prednisone. Only two patients were treated with cyclosporine due to tacrolimus intolerance.
Biopsies were assessed using Banff classification criteria [20].

At the time of biopsy, serum samples were obtained from all the patients and stored
for further analysis. Sera were tested for the presence of anti-HLA DSAs and their charac-
teristics including class, specificity, MFI, C1g-binding capacity, and IgG subclass according
to the protocol described previously [19]. Clinical and laboratory data including the DSA
status of the patients before KTx were retrospectively extracted from the medical records.
All patients were tested for anti-HLA DSAs by SAB assay before transplantation. Antibod-
ies with MFI values above 500 were determined as positive. The identification of donor
HLA antibody specificity was limited to HLA-A, HLA-B, and HLA-DR. Donor typing
was only available for HLA-A, HLA-B, and HLA-DR; the cross-reactive epitope groups
were not considered. The resolved preformed anti-HLA DSAs were defined as antibodies
detected before KTx but not detected at the time of the kidney transplant biopsy procedure.

The primary outcome of the study was defined as a permanent 30% decline (two
consecutive laboratory assessments > 3 months apart) in the estimated glomerular filtration
rate (eGFR) compared to the baseline at the time of biopsy or death-censored graft loss (need
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for dialysis or retransplantation). The Chronic Kidney Disease Epidemiology Collaboration
2009 (CKD-EPI) creatinine equation was used to determine the eGFR.

Approval of the study was obtained from the Medical University of Warsaw medical
ethics committee (Warsaw, Poland). The study was performed according to the principles
expressed in the Declaration of Helsinki. All patients provided informed written consent.

2.2. Statistical Analysis

Statistical analysis was conducted using R software. The Shapiro-Wilk test was used
to assess the normality of distribution. Continuous variables were presented as the means
with standard deviation (SD) or medians with quartiles 1 and 3 (Q1-Q3) as appropriate.
Categorical variables are presented as frequencies and percentages. Differences between
continuous variables were assessed using the t-test, Mann—Whitney U test, and one-way
analysis of variance (F-test or Kruskal-Wallis test), depending on the number and distri-
bution of the compared variables. The Chi-square test was used to compare categorical
variables. The Yates continuity correction was used when the frequency of events was
low (<5). Logistic regression was performed to identify variables associated with DSA’s
status. Event-free survival was assessed using the Kaplan-Meier method and log-rank
test. Univariate and multivariate Cox proportional hazards models were used to quantify
the hazard ratios for the study outcome. A backward stepwise elimination method was
applied. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Demographic and Clinical Characteristics

A total of 108 consecutive patients who received kidney transplants from brain-dead
deceased donors and underwent renal allograft biopsy 3 to 24 months post-KTx were
included in the study. Based on the DSA status at the time of biopsy, four groups were
identified: no anti-HLA DSAs (N = 80), resolved preformed anti-HLA DSAs (N = 9),
persistent preformed anti-HLA DSAs (N =9), and de novo anti-HLA DSAs (N = 10). The
demographic and clinical characteristics of the groups are provided in Table 1. The groups
did not differ in age, sex, body mass index, type of renal replacement therapy, cause of end-
stage renal disease, age and sex of the donor, duration of cold ischemia, or number of HLA
mismatches. Moreover, no statistical difference was found in terms of clinical characteristics
such as the use of tacrolimus versus cyclosporine for maintenance immunosuppression,
eGFR and proteinuria at biopsy, protocol biopsy, time from KTx to biopsy procedure,
and C4d deposition in biopsy specimens. There was a statistical difference regarding the
history of previous renal transplantation, induction of immunosuppression, panel-reactive
antibodies, and diagnosis of ABMR at biopsy. The prior KTxs had 2.5% of patients without
DSAs, 22.2% of patients with resolved preformed DSAs, 77.8% of patients with persistent
preformed DSAs, and 80% of patients with de novo DSAs. The transplant procedure was
performed without the induction of immunosuppression in 85% of patients without DSA.
In patients with preformed DSAs (resolved and persistent), the induction protocol with
anti-thymocyte globulin was the most popular. Half of the patients with de novo DSAs
received basiliximab as an induction of immunosuppression. The panel-reactive antibody
>5% was the most common in patients with persistent preformed anti-HLA DSAs (55.6%).
ABMR was diagnosed in 2.5% of patients without DSAs and in 22.2% and 20% of KTx
recipients with preformed and de novo DSAs, respectively.

3.2. Characteristics of Anti-HLA DSAs before and after Transplantation

Table 2 depicts the characteristics of anti-HLA DSAs before transplantation. No
significant difference was shown between the number, HLA class specificity, and MFI of
resolved and persistent anti-HLA DSAs. Nevertheless, the median MFI level of resolved
preformed DSAs was lower compared to the median MFI level of persistent preformed
DSAs (983 vs. 1905, not statistically significant).
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Table 1. Characteristics of the groups.
) Re;olved Perfsisternt De Novo
DSAS(No8)  AMHLADSAs  AnHIADSAs  AMFHLADSAS p-Value
(N=9) (N=9)
Recipient
characteristic
A§e§1:;0$¥j;5rs' 45.0 (38.0-62.0) 49,0 (45.0-54.0) 54.0 (44.0-61.0) 51.0 (45.3-55.0) 0.9637
Male, n (%) 53 (66.3) 5 (55.6) 4 (44.4) 7 (70.0) 0.5517
Body mass index at biopsy, 249 + 4.03 26.6 +3.15 242 +282 24.3 +3.56 0.1589
kg/m*, mean £ SD
Previous t:‘(rjii’lantaﬁon' 2(25) 2(222) 7 (77.8) 8 (80.0) <0.0001
Renal replacement therapy, 0.9640
n (%)
Pre-emptive transplantation 10 (12.5) 1(11.1) 0 1(10.0)
Hemodialysis 60 (75.0) 7 (77.8) 8 (88.9) 8 (80.0)
Peritoneal dialysis 10 (12.5) 1(11.1) 1(11.1) 1(10.0)
Cause of ESRD, n (%) 0.6475
Glomerulonephritis 31 (38.8) 5 (55.6) 5 (55.6) 7 (70.0)
ADPKD 13 (16.3) 2(22.2) 2(22.2) 2 (20.0)
Diabetes 14 (17.5) 0 1(11.1) 1 (10.0)
Congenital anomaly 4 (5.0) 1(11.1) 0 0
Other 18 (22.4) 1(1L.1) 1(11.1) 0
Diabetes, n (%) 24 (30.0) 2(22.2) 2(22.2) 3(30.0) 0.9311
Donor characteristics
Age, years, mean + SD 44.8 +£15.04 469 £+ 14.07 579 +9.24 46.7 £15.44 0.1306
Male, n (%) 53 (66.3) 5 (55.6) 5 (55.6) 5 (50.0) 0.6789
Transplant characteristics
Ig::g::f;igﬁ 1“;‘]3 1239 + 607.1 1242 + 450.9 1271 + 390.3 1562 + 753.3 0.4476
Induction therapy, n (%) <0.0001
None 68 (85.0) 2(22.2) 1(11.1) 4 (40.0)
Basiliximab 8 (10.0) 2(22.2) 3(33.3) 5 (50.0)
ATG 4(5.0) 5 (55.6) 5 (55.6) 1(10.0)
HLA mismatches, median,
(Q1-Q3)
A 1.0 (1.0-2.0) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.0 (1.0-1.8) 0.3588
B 1.0 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 0.5407
DR 1.0 (0.8-1.0) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.3914
Total 3.0 (3.0-4.0) 3.0 (3.0-4.0) 3.0 (3.04.0) 4.0 (3.0-4.0) 0.7966
P a“d'ga‘,/it’i‘f(;:;ﬁb"dy 7(8.8) 1(11.1) 5 (55.6) 2(20.0) 0.0017
Panel-reactive antibody, 0 (0-0) 0 (0-0) 57 (0-33) 0 (0-0) 0.0015

median (Q1-Q3)
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Table 1. Cont.

Resolved Persistent De Novo
No Anti-HLA Preformed Preformed .
DSAs(N=80)  Anti-HLADSAs  Anti-HLA DSAs A““;S'ﬁ (]3 SAs  p-Value
(N=9) (N=9) B
Clinical characteristics
Immunosuppression, n (%) 0.2455
Tacrolimus 79 (98.7) 9 (100.0) 9 (100.0) 9 (90.0)
Cyclosporine 1(1.3) 0 0 1(10.0)
eGFR at biopsy,
mL/min/1.73 m?, 544 +21.78 56.8 + 16.47 409 £+ 16.23 51.1 £17.39 0.2406
mean + SD
Proteinuria at biopsy
50 mg/dL, n (%) 10 (12.5) 1(111) 3(33.3) 2(20.0) 0.3770
Proteinuria at biopsy,
median (Q1-Q3) 0 (0-10) 0 (0-0) 0 (0-50) 5 (0-10) 0.4762
Pmm:zlob)mpsy 45 (56.3) 7(77.8) 5 (55.6) 4 (40.0) 0.4284
Time from transplantation
to biopsy, months, median 5(3-12) 4 (3-12) 4 (3-7) 4 (3-11) 0.8841
(Q1-Q3)
ABMR at thrf (to‘/“)‘e of biopsy, 3(3.8) 2(22.2) 2(222) 2(20.0) 0.0363
C4d in biopsy, n (%) 10 (12.5) 0 2(22.2) 2 (20.0) 0.4792

Abbreviations: HLA—human leukocyte antigen; DSAs—donor-specific antibodies; Q1-Q3—quartile 1-3; SD—standard
deviation; ESRD—end-stage renal disease; ADPKD—autosomal dominant polycystic kidney disease; ATG—anti-
thymocyte globulin; eGFR—estimated glomerular filtration rate; and ABMR—antibody-mediated rejection.

Table 2. Characteristics of anti-HLA DSAs before transplantation.

Resolved Preformed

Persistent Preformed

Anti-HLADSAs (N=9) Anti-HLA DSAs(N=9) P Value
All anti-HLA DSAs
Number, median (Q1-Q3) 1.0 (1.0-1.0) 1(1.0-2.0) 0.5008
HLA class specificity, n (%) 0.5796
I 6 (66.7) 5 (55.6)
I 3(33.3) 3(33.3)
I+10 0 1(11.1)
DSAs with the highest MFI
HLA class specificity, n (%) 1
I 6 (66.7) 5 (55.6)
II 3(33.3) 4(44.4)
MFI, median (Q1-Q3) 983 (786-3110) 1905 (1381-2889) 0.4363

Abbreviations: HLA—human leukocyte antigen; DSAs—donor-specific antibodies; Q1-Q3—quartile 1-3; SD—standard
deviation; and MFI—mean fluorescent intensity.

Table 3 shows the characteristics of anti-HLA DSAs at the time of biopsy. There was
no significant difference between the persistent preformed and de novo anti-HLA DSAs

regarding the number, HLA class specificity, MFI, C1g-binding capacity, and IgG subclasses.
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However, the median MFI level of persistent preformed anti-HLA DSAs was higher in
comparison with de novo anti-HLA DSAs (3843 vs. 1693, not statistically significant).

Table 3. Characteristics of anti-HLA DSAs after transplantation.

Persistent Preformed De Novo Anti-HLA DSAs

Anti-HLA DSAs (N = 9) (N =10) p-Value
All anti-HLA DSAs
Number, median (Q1-Q3) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.1457
HLA class specificity, n (%) 0.1572
I 4(44.5) 3(30.0)
I 3(33.3) 7 (70.0)
I+10 2(22.2) 0
DSAs with the highest MFI
HLA class specificity, n (%) 0.5085
I 5(55.5) 3(30.0)
il 4 (44.5) 7 (70.0)
MFI, median (Q1-Q3) 3843 (2900-6206) 1693 (903-3832) 0.1564
Clq binding, n (%) 6 (66.7) 4 (40.0) 0.4825
IgG subclasses, n (%)
IgG1 7 (77.8) 7 (70.0) 1
IgG2 1(11.1) 1(10.0) 1
IgG3 3(33.3) 4 (40.0) 1
IgG4 1(11.1) 3(30.0) 0.6564

Abbreviations: HLA—human leukocyte antigen; DSAs—donor-specific antibodies; Q1-Q3—quartile 1-3; and
MFI—mean fluorescent intensity.

3.3. Clinical Outcomes

All patients were followed for a minimum of 24 months after the biopsy procedure. The
clinical outcomes are shown in Table 4. The combined endpoint of the study (>30% decline in
eGFR or death-censored graft loss) was reached by 66.7% of patients with persistent preformed
DSAs, 50% of patients with de novo DSAs, 11.1% of patients with resolved preformed DSAs,
and 10% of patients without DSAs (p < 0.0001). Two patients (22.2%) with persistent preformed
DSAs experienced graft loss. As many as 42.9% of patients with persistent preformed DSAs
had proteinuria at the end of follow-up, >50 mg/dL (p = 0.0001). No statistical difference
between the groups was identified regarding the time of follow-up after biopsy, median
proteinuria at the end of follow-up, time from biopsy to the primary outcome, and mortality.

Table 4. Clinical outcomes.

Resolved Persistent

De Novo
No Anti-HLA Preformed Preformed .
DSAs(N=80)  Anti-HLADSAs  Anti-HLA DSAs A"“(';“:Al (]3 SAs  p-Value
(N=9) (N=9) B
Follow-up after biopsy,
months, median 38.5 (28.0-44.3) 33.0 (29.0-39.0) 45.0 (41.0-47.0) 415 (36.3-46.5) 0.1969
(Q1-Q3)
eGFR at the end of follow-up,
mL/min/1.73 m?, median 51.0 (34.5-64.5) 54.0 (45.0-62.0) 23.5(17.8-36.3) 40.0 (32.0-50.0) 0.0188

(Q1-Q3)
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Table 4. Cont.
Resolved Persistent De Novo
No Anti-HLA Preformed Preformed .
DSAs (N=80)  Anti-HLADSAs  Anti-HLA DSAs A““('EL_AI g SAs  p-Value
(N=9) (N=9) B
Proteinuria at the end of
follow-up 2(2.5) 1(12.5) 3(42.9) 0 0.0001
>50 mg/dL, n (%)
Proteinuria at the end of
follow-up, median 0 (0-0) 0 (0-0) 0 (0-51.5) 0 (0-0) 0.2471
(Q1-Q3)

>30% decline in eGFR, n (%) 8 (10.0) 1(11.1) 6 (66.7) 5 (50.0) <0.0001

Dea"h'ce“;"(r;‘; graftloss, 1(13) 0 2(222) 1(10.0) 0.0095
Combined endpoint: >30%
decline in eGFR or graft loss, 9 (11.3) 1(11.1) 6 (66.7) 5 (50.0) <0.0001
n (%)
Time from biopsy to
combined endpoint, months, 25.3 +9.05 40 19.5 +£10.03 28.2 +12.60 0.2714
mean + SD
Death event, n (%) 4(5.0) 0 2(222) 0 0.1151

Abbreviations: HLA—human leukocyte antigen; DSAs—donor-specific antibodies; Q1-Q3—quartile 1-3; eGFR—estimated
glomerular filtration rate; and SD—standard deviation.

3.4. Survival Analysis

The event-free survival according to DSA status is shown in Figure 1 and the univariate
Cox analysis is demonstrated in Table 5. Compared to patients without anti-HLA DSAs, the
persistence of preformed anti-HLA DSAs after KTx and development of de novo anti-HLA
DSAs at the time of biopsy were significantly associated with inferior survival (p < 0.0001
and p = 0.0090, respectively). However, there was no statistical difference regarding the
combined endpoint survival between patients with resolved preformed anti-HLA DSAs
after transplantation and patients without anti-HLA DSAs (p = 0.918).

Log-Rank p-value < 0.0001
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Figure 1. Event-free Kaplan-Meier survival curves according to anti-HLA DSA status at the time
of biopsy.
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Table 5. Univariate Cox proportional hazards model for the combined endpoint according to the evolution
of preformed anti-HLA DSAs and development of de novo anti-HLA DSAs at the time of biopsy.

DSA Status Hazard Ratio  95% Confidence Interval ~ p-Value
No anti-HLA DSAs Ref.
Resolved preformed anti-HLA DSAs 1.07 0.136-8.481 0.9470
Persistent preformed anti-HLA DSAs 8.18 2.902-23.03 <0.0001
De novo anti-HLA DSAs 4.61 1.541-13.793 0.0063

Abbreviations: HLA—human leukocyte antigen; DSAs—donor-specific antibodies.

The multivariate Cox regression model for the risk of the combined endpoint is depicted
in Table 6. In this model, the identification of persistent preformed anti-HLA DSAs at the time
of biopsy is the most significant predictor of inferior graft outcomes (HR = 5.96, p = 0.0011),
followed by the occurrence of de novo anti-HLA DSAs (HR = 4.48, p = 0.0079), proteinuria
at biopsy > 50 mg/dL (HR = 1.02, p = 0.0428), and increased donor’s age, with borderline
statistical significance (HR = 1.03, p = 0.0530).

Table 6. Multivariate Cox proportional hazards model for the combined endpoint. To build the model,
a univariate analysis was undertaken, and significant factors were entered into the multivariate model.
A backward stepwise elimination method was used.

Variable Hazard Ratio  95% Confidence Interval ~ p-Value
Donor’s age (per 1-year increase) 1.03 0.999-1.066 0.0530
Pmtein“{i@i?&ﬁ;@gfﬁ mg/dL 102 1.001-1.036 0.0428
DSA status
No anti-HLA DSAs Ref.

Resolved preformed anti-HLA DSAs 1.10 0.139-8.676 0.9305
Persistent preformed anti-HLA DSAs 5.96 2.041-17.431 0.0011
De novo anti-HLA DSAs 448 1.483-13.520 0.0079

Abbreviations: DSA—donor-specific antibody; HLA—human leukocyte antigen.

3.5. Factors Associated with DSA Status

Multivariate logistic regression analysis revealed several clinical, independent vari-
ables significant with DSA status (Table 7). The use of anti-thymocyte globulin therapy
was a risk factor for resolved preformed anti-HLA DSAs. The persistence of preformed
anti-HLA DSAs was associated with previous transplantation and the increased age of the
donor. Moreover, a prior transplant was identified to be a risk factor for the development
of de novo anti-HLA DSAs.

Table 7. Factors associated with DSA status.

Variable Odds Ratio 95% Confidence Interval p-Value
Resolved preformed anti-HLA DSAs
Induction therapy (ATG vs. None) 18.25 7.40-44.97 0.0013
Induction therapy (Basiliximab vs. None) 4.56 1.61-12.87 0.1434
Persistent preformed anti-HLA DSAs
Previous transplantation (yes vs. no) 25.77 10.34-64.23 0.0004
Donor’s age (per 1-year increase) 1.08 1.04-1.13 0.0424
De novo anti-HLA DSAs
Previous transplantation (yes vs. no) 31.64 13.48-74.23 <0.0001

Abbreviations: HLA—human leukocyte antigen; DSAs—donor-specific antibodies; and ATG—anti-thymocyte globulin.
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4. Discussion

In the study, the clinical impact of the evolution of anti-HLA DSAs in kidney trans-
plant recipients was assessed. In recent years, transplant matching has evolved due to
the development of new technologies. Moreover, the characteristics of donors and re-
cipients have changed, which alters KTx outcomes [21]. Currently, in most transplant
centers, histocompatibility testing for solid organ transplantation includes ABO blood
group compatibility, HLA donor-recipient matching, and crossmatching testing [22]. Anti-
HLA antibody screening is crucial for assessing the immunological risk in kidney transplant
recipients. However, the interpretation of DSAs should be conducted with great care; it
demands an understanding of the complexity of antibodies and the technical aspects of
detection assays [23].

In the cohort, 50% of patients with preformed anti-HLA DSAs cleared their antibodies
after transplantation. None of the patients received desensitization treatment. This is
directly in line with previous findings by Sanev et al. In their large study, which included
924 kidney transplant recipients, they also demonstrated that the persistence of DSAs
is associated with higher MFI values and antibodies directed against HLA class II [10].
However, this is not shown in our analysis, probably due to the smaller number of patients.

Our results present that KTx recipients with resolved preformed anti-HLA DSAs
have similar renal allograft outcomes regarding the eGFR and graft survival compared to
patients without DSAs. Overall, these findings are in accordance with the results reported
by other researchers [10,24,25]. The mechanism of clearance of DSAs after transplant
without desensitization therapy is not fully explained. It could be hypothesized that an
immunosuppressive regimen used after transplantation could decrease the production of
weak antibodies [10]. In our study, the clearance of DSAs was associated with the use of
ATG. It could be speculated that some preformed DSAs could be clinically irrelevant or in
some way may be influenced by ATG. Another circumstance that potentially drives DSA
disappearance is the development of graft accommodation, but this process is still under
investigation [26].

The detection of persistent preformed anti-HLA DSAs at the time of biopsy and the
identification of de novo anti-HLA DSAs are the main independent predictors of worse
graft outcomes, defined as a 30% sustained decline of the GFR or graft failure. No significant
difference between the characteristics of these antibodies was found. This might imply that
current, circulating DSAs are more essential in the prediction of the renal allograft compared
to resolved DSAs. A similar conclusion was reached in studies involving not only adult
renal transplant recipients but also patients after other solid organ transplantation such
as heart, lung, or intestine [27-30]. A history of previous transplantation is independently
associated with the persistence of preformed DSAs. This is consistent with what has been
found by Caillard et al. [24]. In addition, the persistence of DSAs was associated with
increased donor age. It is difficult to explain such results, but it should be mentioned that
the donor’s age was also determined to be a risk factor for overall graft failure [31]. In our
model, prior transplantation is also associated with the development of de novo DSAs.
Similar findings were reported before in the liver transplant recipients cohort [32]. These
results could suggest that in the case of kidney retransplantation, immunological status
and histocompatibility in an individual patient need to be carefully assessed.

Our findings highlight the clinical impact of the clearance of anti-HLA DSAs after
renal transplantation. This is particularly important within the context of emerging new
desensitization therapies [33,34]. However, factors leading to the clearance or persistence
of preformed anti-HLA DSAs should be further investigated. In clinical practice, in kidney
transplant recipients, therapeutic decisions should be based on the detected, circulating
anti-HLA DSAs rather than considering pre-transplant antibodies. Nevertheless, there is
a fundamental need for more studies assessing post-transplant DSA positivity without
allograft dysfunction with reference to the utility of kidney allograft biopsies or potential
noninvasive biomarkers such as donor-derived cell-free DNA [18].
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One of the limitations of the present study is the post hoc, retrospective nature of
the analysis. In addition, a relatively modest number of patients had been identified with
DSAs in this single-center investigation. The characteristics of pre-transplant antibodies
such as Clg-binding capacity and IgG subclasses were not assessed. Donor typing did
not include HLA-C, -DP, and -DQ, therefore, antibodies against these antigens were not
analyzed and the ABMR risk could not be assessed precisely. The cross-reactive epitope
groups were not considered. Patients were tested for post-transplant DSAs only at the
time of kidney allograft biopsy, which was performed 3 to 24 months after the transplant.
Follow-up biopsies are not available. The use of different agents in the induction of
immunosuppressive therapy was inevitable.

To conclude, kidney transplant recipients with resolved preformed anti-HLA DSAs
have similar graft prognoses as patients without DSAs. The persistence of preformed
anti-HLA DSAs after kidney transplantation and the occurrence of de novo anti-HLA
DSAs are independent predictors for inferior long-term allograft outcomes. Candidates
for kidney retransplantation should undergo a cautious immunological risk assessment.
These findings are valuable in light of the development of new desensitization protocols.
Although transplant immunology evolves rapidly, there are many gaps in the current
knowledge and further studies are needed to answer clinical questions.
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7. Podsumowanie i wnioski

1. U pacjentow po przeszczepieniu nerki od dawcy zmartego wykrycie przeciwciat
przeciwko antygenom zgodno$ci tkankowej dawcy oraz ich zdolno$¢ wigzania
dopetlniacza Clq sa predyktorami gorszej czynnosci narzadu przeszczepionego

oraz utraty przeszczepu.

Obecnie analiza zdolno$ci  wigzania Clg jest badaniem kosztownym,
ale nieinwazyjnym, dostepnym i moze by¢ brana pod uwage w praktyce klinicznej
w opiece nad pacjentem po przeszczepieniu nerki. Stwierdzenie u biorcy nerki
przeszczepionej anty-HLA DSA, a w szczegdlnosci tych wigzgcych Clq powinno
skutkowac zwigkszeniem czujnosci lekarza transplantologa, doktadng analizg leczenia
immunosupresyjnego czy tez zorganizowaniem czestszych kontroli pacjenta. Badanie
uzupetnia literatur¢ podejmujaca temat zastosowania oznaczenia zdolnosci wigzania

C1q przeciwciat anty-HLA DSA u biorcow nerki przeszczepionej.

2. Pacjenci z zaniktymi preformowanymi anty-HLA DSA po przeszczepieniu nerki majg
podobne wyniki odlegte jak pacjenci bez nich. Stwierdzenie przetrwatych
preformowanych anty-HLA DSA oraz pojawienie si¢ anty-HLA DSA de novo
po przeszczepieniu nerki sa predyktorami gorszej czynno$ci i niewydolnosci nerki
przeszczepionej. Zaniknigcie preformowanych anty-HLA DSA jest zwigzane z uzyciem
globuliny  antytymocytarnej  jako indukcji ~ immunosupresji.  Przetrwanie
preformowanych anty-HLA DSA po transplantacji jest zwigzane ze starszym wiekiem
dawcy oraz z poprzednig transplantacja. Czynnikiem ryzyka rozwoOju przeciwcial

de novo po przeszczepieniu jest wczesniejsze przeszczepienie.
Kandydatéw do przeszczepienia nerki, a zwtaszcza do retransplantacji nalezy poddaé

starannej ocenie ryzyka immunologicznego. Powyzsze badania mogg by¢ szczegdlnie

przydatne w $wietle rozwoju nowych protokolow odczulania przed przeszczepieniem.
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Komisja Bioetyczna przy Warszawskim Uniwersytecie Medycznym
w dniu 17 wrzesnia 2018 r. po zapoznaniu si¢ z wnioskiem:

Prof.dr hab. n.med.Magdalena Durlik

Klinika Medycyny Transplantacyjnej ,Nefrologii
i Choréb Wewnetrznych,

ul. Nowogrodzka 59, 02-006 Warszawa

dotyczacym: wyrazenia opinii w sprawie badania pt. ,, Ocena przydatno$ci monitorowania przeciwcial
przeciwko antygenom zgodnosci tkankowej dawcy u pacjentéw po transplantacji nerki w stratyfikacji
ryzyka immunologicznego utraty przeszczepu.”
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10.0swiadczenia wspolautorow

Warszawa, 05.06.2023
(miejscowos¢, data)

Lek. Michat Gniewkiewicz
(imig¢ i nazwisko)

OSWIADCZENIE

Jako wspoétautor pracy pt. ,,Association of Circulating Anti-HLA Donor-Specific
Antibodies and Their Characteristics, including C1g-Binding Capacity, in Kidney Transplant
Recipients with Long-Term Renal Graft Outcomes” oswiadczam, iz moj wiasny wkiad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie
pracy w formie publikacji stanowi: przygotowanie koncepcji artykutu, metodyki, zebranie
i analizg¢ danych, interpretacj¢ wynikéw, napisanie manuskryptu.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 70%.

(podpis oswiadczajacego)
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Warszawa, 05.06.2023
(miejscowosé, data)

Prof. dr hab. n. med. Magdalena Durlik
(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. ,Association of Circulating Anti-lIILA Donor-Specific
Antibodies and Their Characteristics, including C1q-Binding Capacity. in Kidney Transplant
Recipients with Long-Term Renal Graft Outcomes™ o$wiadczam, iz moj wlasny wklad
merytoryczny w przygotowanie, przeprowadzenic i opracowanic badan oraz przedstawienic
pracy w formic publikacji stanowi: nadzor merytoryczny nad koncepcja publikacji, metodyka
oraz interpretacja wynikow, edycja i ostateczna akceptacja manuskryptu.

Moéj udzial procentowy w przygotowaniu publikacji okreslam jako 15%.

Wkiad lek. Michata Gniewkiewicza w powstawanic publikacji okreslam jako 70%,
(imig 1 nuzwisko kandydata do stopnia)
obejmowal on przygotowanie koncepcji artykutu, metodyki. zebranie i analize danych,

interpretacje wynikow, napisanie manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanic publikacji)*

Jednoczesnie wyrazam zgodg na wykorzystanic w/w pracy jako czg¢$¢ rozprawy doktorskic)

Ick. Michata Gniewkiewicza
i Kierownik
Kliniki Medycyny Transplantacyin

i Chorg Wel’.’nguz c
P,O’C d . 10!

HRAA 4 11 48

(imig i nazwisko kandydata do stopmis)

(podpis o$wiadczajacego)

*w szezegolnosei udzialu w przygotowaniu koncepeji. metodyki. wykonaniu badan. interpretacji wynikow
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Warszawa, 05.06.2023
(micjscowosc, data)

Mgr Katarzyna Czerwinska
(imig¢ i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. ,,Association of Circulating Anti-lILA Donor-Specific
Antibodies and Their Characteristics, including C1q-Binding Capacity. in Kidney Transplant
Recipients with Long-Term Renal Graft Outcomes™ od$wiadczam, iz moj wlasny wklad
merytoryczny w przygotowanie, przeprowadzenie i opracowanic badan oraz przedstawicnic
pracy w formic publikacji stanowi: wykonanic badan.

Ma@j udziat procentowy w przygotowaniu publikacji okreslam jako 10%.

Wkiad Iek. Michata Gniewkicwicza w powstawanic publikacji okreslam jako 70%,
(1mig i nazwisko kandydata do stopnia)
obejmowal on przygotowanic koncepcji artykutu, metodyki. zcbranic i analiz¢ danych,

interpretacje wynikow. napisanie manuskryptu.

(merytoryczny opis wklidu kandydata do stopnia w powstanie publikacji)*

Jednocze$nic wyrazam zgode na wykorzystanic w/w pracy jako cz¢$¢ rozprawy doktorskicj

Ick. Michala Gnicwkiewicza

(imi¢ i nazwisko kandydata do stopnia)

(podpis odwiadczajacego)

*w szezegllnosei udzialu w przygotowaniu koncepeji. metodyki. wykonaniu badan. interpretacji wynikow
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Warszawa, 05.06.2023
(miejscowosc, data)

Dr Katarzyna Ziclniok
(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. ,,Association of Circulating Anti-lILA Donor-Specific
Antibodies and Their Characteristics, including C1q-Binding Capacity. in Kidney Transplant
Recipients with Long-Term Renal Graft Outcomes™ od$wiadczam, iz mdj wlasny wklad
merytoryczny w przygotowanie, przeprowadzenic i opracowanic badan oraz przedstawicnic
pracy w formic publikacji stanowi: wykonanic badan, udzial w pisaniu manuskryptu.

Ma@j udzial procentowy w przygotowaniu publikacji okreslam jako 5%.

Wkiad Iek. Michata Gniewkiewicza w powstawanic publikacji okreslam jako 70%,
(imig i nazwisko kandydata do stopnia)
obejmowal on przygotowanic koncepcji artykulu, metodyki. zebranic i analize danych,

interpretacj¢ wynikow, napisanie manuskryptu.

(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*

Jednocze$nic wyrazam zgodg na wykorzystanic w/w pracy jako czgs¢ rozprawy doktorskicj

Ick. Michata Gniewkicwicza

(imig 1 nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szcezegolnodei udzialu w przygotowaniu koneepeji. metodyki. wykonaniu badan. interpretacji wynikow
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Warszawa, 05.06.2023
(miejscowos¢, data)

Lek. Michat Gniewkiewicz
(imig i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. ,,Impact of Resolved Preformed, Persistent Preformed,
and De Novo Anti-HLA Donor-Specific Antibodies in Kidney Transplant Recipients
on Long-Term Renal Graft Outcomes” o$wiadczam, iz moj wiasny wkiad merytoryczny
W przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi: przygotowanie koncepcji artykutu, metodyki, zebranie i analiz¢ danych,
interpretacje wynikow, napisanie manuskryptu

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 70%.

(podpis oswiadczajacego)
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(miejscowosc¢, data)

Prof. dr hab. n. med. Magdalena Durlik
(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. ,Impact of Resolved Preformed. Persistent Preformed,
and De Novo Anti-lHILA Donor-Specific Antibodies in Kidney Transplant Recipients
on Long-Term Renal Graft Outcomes™ o$wiadczam, iz moj wiasny wklad merytoryczny
w przygotowanic, przeprowadzenic i opracowanic badan oraz przedstawicnic pracy w formic
publikacji stanowi: nadzor merytoryczny nad koncepcjq publikacji. metodyka oraz
interpretacja wynikow, edycja i ostateczna akceeptacja manuskryptu.

Méj udzial procentowy w przygotowaniu publikacji okreslam jako 15%.

Wkiad Iek. Michata Gniewkicwicza w powstawanic publikacji okreslam jako 70%,
(mig 1 nazwisko kandydata do stopnia)
obejmowal on przygotowanie koncepcji artykulu, metodyki. zebranie i analize danych.

interpretacje wynikow, napisanie manuskryptu.

(merytoryczny opis wkiladu kandydata do stopnia w powstanic publikacji)*

Jednoczesnic wyrazam zgodg na wykorzystanic w/w pracy jako czgs¢ rozprawy doktorskicj

lek. Michata Gniewkicwicza

(umig 1§ nuzwisko kandydata do stopni) s Kierownil
Kliniki Medyc T wnik
J fanspiantac,
i Ghgrop

(podpis o$wiadczajacego)

*w szezegolnosei udziatu w przygotowaniu koncepeji. metodyki. wykonaniu badan, interpretacji wynikow
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Jako wspolautor pracy pt. ,Impact of Resolved Preformed. Persistent Preformed,
and De Novo Anti-IILA Donor-Specific Antibodies in Kidney Transplant Recipients
on Long-Term Renal Graft Outcomes™ o$wiadczam, iz moj wilasny wklad merytoryczny
w przygotowanic, przeprowadzenic i opracowanic badan oraz przedstawienic pracy w formic
publikacji stanowi: wykonanic badan.

Méj udzial procentowy w przygotowaniu publikacji okreslam jako 10%.

Wkiad lck. Michata Gniewkiewicza w powstawanic publikacji okreslam jako 70%,
(imig i nazwisko kandydata do stopnia)
obejmowal on przygotowanie koncepeji artykutu, metodyki. zebranie i analiz¢ danych,

interpretacje wynikow, napisanie manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanie publikacji)®

Jednocze$nic wyrazam zgodg na wykorzystanic w/w pracy jako czgé¢ rozprawy doktorskicj

lek. Michala Gniewkiewicza

(imic i nazwisko kandydata do stopnia)

oA dan L o) by

o a ;
(podpis odwiadczajacego)

*w szezegolnosei udzialu w przygotowaniu koneepeji. metodyki. wykonaniu badan. interpretacji wynikow
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Warszawa, 05.06.2023
(miejscowoscé, data)

Dr Katarzyna Ziclniok
(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. ,,Impact of Resolved Preformed, Persistent Preformed,
and De Novo Anti-IILA Donor-Specific Antibodies in Kidney Transplant Recipients
on Long-Term Renal Graft Outcomes™ o$wiadczam, iz méj wlasny wkiad merytoryczny
w przygotowanie, przeprowadzenic i opracowanie badan oraz przedstawicnic pracy w formic
publikacji stanowi: wykonanic badan.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 5%.

Wktad Iek. Michata Gniewkicwicza w powstawanie publikacji okreslam jako 70%,
(imig i nazwisko kandydata do stopnia)
obejmowal on przygotowanie koncepcji artykutu, metodyki. zcbranie i analiz¢ danych,

interpretacje wynikow. napisanie manuskryptu.

(merytoryezny opis wkladu kandydata do stopnia w powstanic publikacji)*

Jednocze$nic wyrazam zgode na wykorzystanic w/w pracy jako cz¢§¢ rozprawy doktorskicj

lek. Michata Gniewkicewicza

(imig 1 nazwisko kandydata do stopnia) /\//
/ ) 2
o didule

(podpis o$wiadczajacego)

*w szezegolnosei udzialu w przygotowaniu koneepeji. metodyki. wykonaniu badan. interpretacji wynikow
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