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Abstract

Background: Although kidney transplantation improves patient survival and quality of life, long-term results are
hampered by both immune- and non-immune-mediated complications. Current biomarkers of post-transplant com-
plications, such as allograft rejection, chronic renal allograft dysfunction, and cutaneous squamous cell carcinoma,
have a suboptimal predictive value. DNA methylation is an epigenetic modification that directly affects gene expres-
sion and plays an important role in processes such as ischemia/reperfusion injury, fibrosis, and alloreactive immune
response. Novel techniques can quickly assess the DNA methylation status of multiple loci in different cell types,
allowing a deep and interesting study of cells'activity and function. Therefore, DNA methylation has the potential to
become an important biomarker for prediction and monitoring in kidney transplantation.

Purpose of the study: The aim of this study was to evaluate the role of DNA methylation as a potential biomarker of
graft survival and complications development in kidney transplantation.

Material and Methods: A systematic review of several databases has been conducted. The Newcastle-Ottawa scale
and the Jadad scale have been used to assess the risk of bias for observational and randomized studies, respectively.

Results: Twenty articles reporting on DNA methylation as a biomarker for kidney transplantation were included, all
using DNA methylation for prediction and monitoring. DNA methylation pattern alterations in cells isolated from dif-
ferent tissues, such as kidney biopsies, urine, and blood, have been associated with ischemia-reperfusion injury and
chronic renal allograft dysfunction. These alterations occurred in different and specific loci. DNA methylation status
has also proved to be important for immune response modulation, having a crucial role in regulatory T cell definition
and activity. Research also focused on a better understanding of the role of this epigenetic modification assessment
for regulatory T cells isolation and expansion for future tolerance induction-oriented therapies.

Conclusions: Studies included in this review are heterogeneous in study design, biological samples, and outcome.
More coordinated investigations are needed to affirm DNA methylation as a clinically relevant biomarker important
for prevention, monitoring, and intervention.
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in short-term outcomes has been observed in the last
decades, while a proportional improvement in long-
term results is still missing because of the immune- and
non-immune-mediated complications that affect these
outcomes [2-8]. Efforts have been made to improve pre-
ventive measures and optimize treatment. Along with
this, the identification of patients with a higher risk of
post-transplant complications is of great importance.
Current biomarkers of post-transplant complications
and survival include epitope mismatch [9] and anti-HLA
antibodies [10]. Their predictive value is suboptimal, rais-
ing the need to explore novel approaches for the manage-
ment of transplant patients [11-13].

Epigenetic modifications get a lot of interest as a
novel biomarker in transplantation. These modifica-
tions are reversible changes to the genome that occur
without any alteration in the DNA sequence. The three
main epigenetic modifications are histone modification,
DNA methylation, and nucleosome positioning [14].
DNA methylation consists in the formation of a cova-
lent bond between a methyl group and a cytosine almost
exclusively in the context of cytosine-phosphate-guanine
(CpG) dinucleotides, often clustered in regions called
CpG islands [15] that are associated with about 60% of
human genes promoters [16]. DNA methylation is gen-
erally associated with gene silencing, primarily affect-
ing transcription [15]. Epigenetic mechanisms play an
important role in multiple biological events involved in
post-transplant complications development, such as the
alloreactive immune response [17-21], ischemia/reper-
fusion injury (IRI) [22-24], and kidney graft fibrosis [7,
25-30]. DNA methylation assessment of specific loci is
also crucial for the evaluation of biological or epigenetic
age (DNAmAge) using epigenetic clocks [31-33].

Considering the central role that big data analysis is
having in every research field and the new methylation-
wide assessment technologies that have been developed,
DNA methylation has the potential to become an impor-
tant biomarker for prediction and monitoring in kidney
transplantation, and its use could become pivotal for the
development of new therapeutic strategies [7, 34, 35].
Therefore, we performed a systematic review to evaluate
the status of research concerning the role of DNA meth-
ylation as a biomarker in kidney transplantation.

Materials and methods

This systematic review was performed according to the
guidelines for observational studies as described in the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement [36, 37]. The data
extraction and results exposition of this review have been
organized into two major topics: I ischemia—reperfu-
sion injury, fibrosis, and long-term complications-related
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studies and II immune response modulation-related
studies.

Search strategy

With the help of a clinical librarian, we searched
EMBASE, Medline ALL Ovid, Web of Science, Cochrane
CENTRAL Register of Trials, and Google Scholar data-
bases. The search terms for the other databases have been
created starting from the EMBASE database search. The
search included the following terms: DNA methylation,
hypermethylation, hypomethylation, demethylation com-
bined with kidney, renal transplantation, graft, allograft,
allotransplantation, fibrosis, recipient, failure, reperfu-
sion, and insufficiency. The databases have been searched
from inception to September 30, 2021. For all the articles
reaching the full-text-reading phase of the selection, ref-
erences have been manually checked. Detailed search
strategies are included in Additional file 1: Table S1.

Study selection

The studies were initially reviewed, screening title and
abstract, by two independent reviewers (IC and TAG).
The following inclusion criteria were applied: original
articles (not reviews, editorials, or conference abstracts);
English language; working on human samples; study
focused on DNA methylation in kidney donors or kid-
ney transplant recipients; at least one DNA methylation
assessment performed. No restrictions have been used
for study designs, population characteristics, and the
number of included subjects. Important exclusion cri-
teria have been used: not focusing on transplantation;
focusing on general transplantation or combined trans-
plantation with no possibility to extrapolate kidney-spe-
cific data; working only with samples of animal origin;
not assessing DNA methylation. Disagreements were
discussed between both reviewers and, when necessary,
with a third party (RCM).

Risk of bias assessment

For non-randomized trials, the Newcastle—Ottawa scale
[38, 39] has been used to assess the risk of bias. For clini-
cal trials, the expanded six-point version of the Jadad
scale [40] has been used to assess appropriate randomi-
zation, blinding, and management of withdrawals and
dropouts.

Risk of bias has been assessed by two independent
reviewers (IC and TAG), and disagreements were dis-
cussed between them and, when necessary, with a third
party (RCM).

Data collection and extraction
A data extraction sheet has been developed, and the fol-
lowing features have been extracted from each study:
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research group, year of publication, country, study
design, study’s aim, study population, results, sample tis-
sue, extent of the methylation assessment, bisulfite con-
version, methylation assessment method, methylation
outcome, statistical tests, and statistical thresholds.

Results

A total number of 4455 potentially relevant studies
were identified. Figure 1 presents the PRISMA flow dia-
gram. Twenty studies met the inclusion criteria and
were included in the qualitative synthesis. The char-
acteristics of the included studies are summarized in
two tables (Tables 1, 2) divided into the two major top-
ics: I ischemia—reperfusion injury, fibrosis, and long-
term complications-related studies; II immune response

Page 3 of 22

modulation-related studies. The methodology, the sta-
tistical analysis, and the identified candidate genes of
the included studies are summarized in Table 3. Figure 2
represents an overview of the summarization strategy
and the main findings of this systematic review. The
included studies were conducted between 2006 and 2021
in ten different countries. Study sample size ranged from
9 to 188, with a mean size of 72.3 (in two studies, only
the number of biopsies was provided). Fourteen studies
worked on blood samples, five studies used kidney biop-
sies, and urine has been used by a single study. For what
concerns DNA methylation analysis design, six stud-
ies performed only genome-wide analysis, 11 studies
performed only candidate genes analysis, among which
eight studies investigated the methylation status of the
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Fig. 1 Flow diagram of the systematic literature search




Page 4 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

aA1129dso0119y ‘Y ‘Asdoiq Asupy uoisnyiadisod/uoisnyiadaid palied ‘ddd ‘@A12adsold d {Jeuonealasqo ‘sgo
Y14| [ewiulw 10 ou yum Yyeibojje Buiuonouny ajgeis ‘y4N ‘douop buia] ‘g1 qusididas yuejdsueny Asupiy ‘Y1 ‘uoneiuejdsuedy/iuejdsues) Asupry ‘1Y ‘1esbojje Asupry ‘v ‘uonouny yesb sreipawiwi 4o ‘Aydosie sejngny pue
sisoiqy [enisiaiu| ‘v 4| ‘pa/uonejfyrswiadAH ‘WiH ‘s|o1auod AyijesH ‘OH ‘abe onauabidy ‘abywyNQg ‘uonejAyisw YN ‘WyN(J {jeuoindas-ssol) ‘s) ‘eydje apndadAjod paiejal-uiuold|ed ‘y)yD Louop peap-uleig ‘dag

abe |es1b0jouIyd UrY) JOMO|
10 13ybIy aqg Aew abyWyYNQ "Suondaul | y-150d
U1IM P1eD0SSe U33g Sey PuUB SaUODINO [eDJUlD
Buirosdul 1oy asiuioid spjoy sisAjeue abywyNQd

Aydoe Jejngny

pUE ‘SIS0J9|25011e ‘sulaned uolejAyiaw ayy
U99M12Q PUNOJ SEM UOIIRIDOSSE ON “WNIMISISIUI
33 puUe SN|NJaWolb ay3 Y1og Ul SIsoiqy SIS
-sa1boud ul parediiduwil si buibe jeuss dinauabids
pue vy ay3 Jo Ainfur aininy paidipaid 1y Jo

W} 9yl 1B WyYNQ Ul sabueyd pajedosse-aby

AYARDE SOWAZUS | 3] 9dNPaJ 0} PaUISS BILUSYDS|
‘|3 Jaye 4eak | 1e Ainful Yeibojje d1UoIYD dAIS
-s21601d Yum ] JO aWil 343 1€ elwiayds buul|
‘PUNOy 219M SIsoiqy pue Ainful Aaupiy buissald
-dns sauab BulajoAul suonesalje ulsned WyNQG

490 YUM pa1edosse

saun1eubis Jejndsjow bulAjuspl ‘punoy ussq
Sey 95Ua1IN220 49 pue 31e1s uoisnyiad uodn
WyNQ [ernuaiagip sJo1owoid 1dudsuel oypeds

sauab

X0QO3WOY pue si0idey uondudsuel) uo bupoe
Ajsow ‘skemyied paie|ai-sisoiqy BUIAJOAUL SUIDY
-1ed dy1Dads Yim ‘punoy usaq sey ] 4| pue suol
-es1je waned WyNQg usamiaqg diysuone|al v

SOH 'SA 45 butobispun syusned

U99M13Q PUB Yy ‘SA N1y Bulobispun syuaped
U99M13Q UO[1[2.110D Juedylublis oN 'sg7 03 pased
-Wo2 sgg pue DH 01 paJedwod sy Y Jo Jarowoid
YOTVD Al 190] JO suln Ul WyNd [eliusiagid

9f :10Y0d BUNoA
¥¢ HUOYo2 pIO
09=N

(5A71 6 'saag 8s) uoisnyiadal

pue |3 Jaje A|91eipaulwl /9 140Y0D UOIEPI[eA
(san

€1 'sgag ¢g) 1) o1 Joud g6 :110yod K190
saisdoig

(=N

saisdoiq uoisnpiadaiisod (| 110yod uolepl|eA
‘saisdoiq uoisnpiadansod 9f

1y 210J2q A|21RIPaWWI S3I1sdoIq 78

‘syuow 7|

10 €1ednoibgns e ul g X Z+5ddd €1

S}0Y0D € ‘sajsdolg

(=N

adA1ouayd 4o Jo adAlouayd 45 dWaX3 €7
aq wouy

Sddd Sd1X SS

SS=N

(V4N 0T 'VLdI 02) 1)t-91d OF

(VAN 62 V141 0€) 134-350d 65

$315d0Iq 66 ‘SYelb Q4o Y1) 56 s1udned
S6=N

S9 DH

4

Aep uo (@101 ‘QQ €1) siuaned €7 :10Y0d Sy
88=N

92USLNDD0 UONID3jUl pue 3bywyNGg
91e1D0SSe 01 BUIAIL | ¥ JO IXIUOD Y3 Ul SISAjeue
SbyWwyN(Q JO 1yauaq [enusiod ayi snoid of

pa1daye aie sauab dyidads ydiym o
puy 01 bulAi ‘Buibe Jo 1xa3U0d ay3 ul sabueyd
WYNQ Pa1e1D0sse-A3uppy pueisiapun o

Ainfur 21U0JYd 01 SAINGLIUOD pue |AIH
VNG S92NpUl BILBYIS Jayiaym 21eBisanuUl o]

5195 e1Ep
a|gejtene Apijgnd yum uosiiedwod Aq a1epijea
01 PUB || JO S1294J2 91 J0j Isnfpe 01 49 YIm

pa1eID0sse sain1eubis Jeindsjow Ajnuspl o]

uondunysAp yelb

pue JuawdoaAap sisoiqy 01 buipes| vy ay3 Jo
susaned WyNQ Ul sobueyd 126611 Buies A101
-BeUIUIB|UI PUB $S2J35 SAIIBPIXO PUBISIapUN O]

Jledas pue AInful 1 Ajies Ul sissewolq
se 9|geuns sonausbids aunn Ul sabueyd puy o)

S80d

S80SO

sS40 SO

S04

Sd0 SO

S40 SO

VSN [9v] ‘|e 18 uewuseyds

wnibjag [S¥] |e 10 uajhaH

wnibjag [#] e 12 uahaH

SN [€7] (e 19 sssuuInodw

vsn [¢¥] 1818 eyiUOg

VSN (R RERERATEN

S}|nsay

uone|ndod Apmg

wie s, Apnis ubisap Apms A1unod

S9JUa49)9Yy

SalpN3s paje|al-suoiieddwod Wial-Huo| pue ‘sisoiqy ‘Y| 10} 1eyd UondeIxs exeq L ajqeL



Page 5 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

45 wi3-buo| poob Jo

9OUBUSIUIBU PUB JUSWYSI|GRISS 3Y3 O3 91N

-qIIUO0D 1ybIw 1ey1 Jse4 pue ‘ullopad ‘g4

“UIdRIRST 'EYDXD PV 1LD HA-YIH ‘8zaD bul
-5s21dXx202 Poo|g 2y} Ul uoissaldxa £4X04 75 DH

3|geIsun pue S|qels Yam s|[23 B3I AN HIN 9€ L siuahed

SOH 4O SUO 3Y1 WO JUIBLIP SI 18y pOO|]
2U3 Ul 5|92 B3l Jo uisnied ujelad e ssas

pue  AN4| passassod 45 9|qeIs YUM SYIY 881 =N -s0d 49 3|gP1S YUM SYI Y J9Ylaym Ssasse o] S90S Auewlan [¢S] Je 19 uefoi
SYIM YV S
PUNO} SEM DUIDLIP OU SY1Y YV usroid-Asdoiq §
'SYIUOW 7| 1Y 'SUOHBLEA 95341 01 PaNgUl ‘QH _AWD WOl sy1X Y/ WYNJ
-uod aunpadoud | ¥ 2yl 1eyl bunedipul ‘@duat gH _AND Gl gy uo
-IN220 uondafal Jo AjpAndadsaul sy 1y Ul dH LAND G L $195gNSs |92 | +8dD 1uaiaylp ul L dd pue
S|192 1+ 8D AIOWBW Ul [Y 1914 SYIUOW € JUSWISSasse WYNJ/AND ANAI JO WYNQ Ul SUOIIBLIBA JO 3DUSNUI Y3
1e pasealdul Ldd pue AN4| JO WYNA 0r =N sujuexs o] S04 SpuelisyisN [1G] @19 4a0g
slenpiAlpul passaiddns
-ounwwi-uou pue passaiddnsounuiwl yioq
Ul DS Jo A103SIY B YlIM Pa1eIdoSse Uaaq
9ABY S|9AI| 5|19 H31] BuleNID pPa1eAd|d DS2
1ey1 panoid Apnis siy1 9duls ‘sa1A00ydwiA| INOYIM PUB UM SIOAIAINS SY] 3 WIS1-Buo)
IWOH Yas L Aj[einadsa ‘uonesynuspl DJS2 sYIN —DIS2 92 40 110402 e Ul 5||92 palejAy1awap-4asL
10} Ja3JPWIOI] 3|GEN|RA B 3] ABW PUB 3]qR1S SY1 Y DDSD 7€ AJIUapI pue aWi} JSAO 3|geIS SUlewal
90 01 panoid adAlouayd aunwiwi 8y 85 =N WYNQJ SDOWEd 19Y1aym auIwilap o] S90S Aueuwlsan N [05] '|e 19 UOISIaYS
usaned WOH Yas1 oyidads e yum yd 61
5|19 ba1] Atowaw | €dX04-YHSPAD+¥AD VIS €€
1ua10d pey siused 3say] S|190 | pue g10L €L
K101e|nbas Y109 ‘s||92 aAissauddns Ajjein AH S L
-ua10d Jo Aelle ue pazijigow syuaned 1O 08 =N syuaized 101 Ul sbal| Sz1191oeleyd o] S940SD  Auewlan/adueld [617] ‘e 19 eZRIg
punoy aq pjnod s||93 Bal] £4X0- parejAyiaw
_SOl|9H Jo suoniodoud paseanu; Adelayy
DLy J9ye AJuQ 's|192 | dyidadsojje uqiyul
p|N02 s||22 B3| ‘sa1deiayl UORINPUI YOG JUSWIeal) qeulixl|iseg 8| SYIY Ul
YHM 'sisa1odowAy} JO 10U pue uolielayl|oid Juauwieas Oyl G| SISEISORWIOY S[|92 B3l JO WISIURYDaW 3yl
D13P1S03WIOY JO 3NSI AY3 S| AdeIay) qewlixXi| Sy LY €€ aouanyul saidesayy uondnpul bunsidsp
-Iseq pue oyJ Jaye Bai| jo uoneindoday €€ =N -uou pue bunajdap moy ssasse o] S90 d SpuelIay1aN [8¥] '|e 19 Aanog
Juasald sem ajenjyul
S|192 1 4 £dXO4 e Ji sausned aanebau-Asdoiq
Se awod1no 1elb awes ayl pey v 4| pue
YOS YHM S1udlied d3ejyul yum syuaied yos w3} buoy
Yum pasedwod a1en|yul |12 | €4X04 IO SYIY _4DS 89 3U1 Ul pIjeA si syusied YOS Ul sa1ed3yul |92
~Yum syuaied YOS 10} 49 Jedk-G 9SIOM YASL SI192 D311 L EJXO4 INOYUM SYIN YIS T L B3| EdXOH WOl 1YauSq 3Y3 Iay1aym
18 NOH £4X0O4 YUM Pa1e|a1iod A|2Anisod §|[20 D31 | 4XO- YIM YOS YUM SYIY 5T 21e01159AUl pue S||9 B3| ale syualied ¥os
sjusned YOS Ul |19 | L €dX04 Yeibenu|soL =N U1 s]192 | buissaidxa-g4x04 1eY3 Wiyuod o] Sgoy  Auewuan,/uieds [/¥] e 19 pieISag
s)nsay uone|ndod Apmg wie s,Apnis ubisap Apms £1uno> EERVEYETEN|

Salpnis peoiejal-uoieinpow asuodsal saunwiwli 10} uondeiIXe ele ¢ 9|qelL



Page 6 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

@y padnpul-yy JO 3sed ay1 ul AlAde Jaybiy
‘Kemyaed Buiieubis YO LW ayi Buiajoaul ‘1Y

DHEL
¢ THOYOD 2[qeIs Yelo
{ 7HOYOD UOIDUNISAP el

S\ JO 218} 3y aduan|ul
p|NOD UOIRIY[E SIY3 §I PUE | Y J91Je pay

13)J8 Pa1IND20 UONBIYIPOW UOHBIAYIDIN €7 =N -lpow aJe sulaiied wWyNQ J pUeIsIispun o S90 Y eulyd [85] |19 NYZ
1UaWieal) pljeA e se
PaJ3PISUOD 37 0} UOISSaIAXD £4X0 9z1|Igels
01 syuabe BulAjipow d113uabIda JO 3SN SUBQ POO|] Y} WO DH :|01IU0D
9y alinbal Aew NOH YJS JO [9AS] 1OMO| sbai] Jo uoisuedxs 1USW1eaJ} JIdY1 Ul pasn g O}
P210319pP dU1 1I9AIMOH "SHIIM {7 ID1Je ANAIDR  0AlA X3 Bulobiapun Adeiayl dueualulew  3|gIses) 9g Aew uojssaiddnsounuiul sy
aAIssaiddns ybiy pake|dsip siuaiied paiealy lspun paleall-| g pue -XSg :Siuaied -buoj Juamispun oym siusned wouly sbas|
-17g Wi91-buo| woly sbai] Jo uoisuedx3 6=pN JO UOISURdXa OAIA X2 UR Jaylaym Ajlied of NI OJIXAN  [£G] |e 12 ZOPURUIDH-S910D
1uswdojaAsp DDSI /€
DS Ul §||92 | BullenoiId Jo 9|04 3Y1 01U DDSD S
1ybisul onsiueydsw bujpirold pue lusw DS buung
-dojarsp DDSD | )-150d 10J 101284 3S1 [SAOU DDSI-UOU 6|
e bulynuapt ‘syusied HHSI-UoU pue DDSI IDSI 61 DS I)-1s0d 040U ap e Jo JuswdojaAsp
U99M1I3] 6GN/dHTS 40 Uolssaldxe ulaioid pue :DHSI-ald 31 Ul 510308} ys1i Juasaidal §190 | Buiend
‘uonenbai jeuondudsues) ‘WyNQ USRI 07 L =N -J1D Ul S9DUUBYIP [euonduny 1eyl anoid of sS40 H SpuepayisN IS REREISEIEY
Juawdojansp
DS 1y-1s0d uo 1099 bunse| e aney pnod
pue uonelue|dsues) Ja3e 9|grIS 219M UDIYM DDSI-UoU /7 s||90 1 Jo
J0 G 'suoibal dluouab Aloreinbas Ul DH pue DS /7 WyNQg apim-awousb bulApnis Aq DS
DS aunIny yum syusined ussmiag sYNd 91 S =N 1)-350d OAOU 9P 104 ¥S1 18 SY Y AJauspl Of S90°d SpueIay1aN [5S] |e 19 s1919d
Aipeded aaissaid SYIM VIS Jo
-dns paonpai Apuedyiubis pamoys syuaized sbai|
pajue|dsuely woly sbai| ‘aouels|ol ajowoid 6 :DH [esaydiad woly Yasl €dX0OH Y3 Jo Sniels
pINO2 18yl WOH £4X04 Buimoys uoneindod paieait-ys) | | onauabida syl pue ‘uonouny aaissaid
1e|N|[92 pasealdul aAeY syualied paieall-|1g paiean-|1g #¢ -dns ‘adA1ousyd ay1 UO s IO 179 Yum
AJUQ "s1uaired wia1-buo| Ul 92UeI9|01 IO GE SIUBNRY Adesayy
3|qisuodsal A|9|0s 10u aJe sHal] buneindid yr=pN wi3-buoy jo 1oedull ayy azAjeue o] NI OJIXAN [#7G] '|e 19 Jeze|es zaJeAly
SUONdyUl 10
4V Jo saposida snojaaid 1o uonouny Asupiy
pue UOIRIAYISW JO S|9A3| 9} USaMIa]
pUNO} SeM UO[IRID0SSe ON SDH 01 paJedwod
PaSPIDUI I9M UOISSIAXD €dXOH JUSISURIIYIY | |
pu 3|gPrIS YIM S135gNS S|[90 B3] JO S|aA3| :9|dwies syiuouwl 9 sasodind d1nadelayy Joj uoisuedxs
11343 pue sOH yim pasedwod WIH Apuanb Y1y 65 B34 017 Ul *SA OAIA Ul INOGR SSN|D 12O O}
-31) 210W 21aM §||90 Bai] _AN4| pue L AN4|:2jdwies syiuow ¢ 19PJO U] JUSISURIL IO 3|qeIS SI €dXO JO UOoIS
119y "uoIssaIdxa £4XO 1UalSurll pue 3|ge1s DH 75 -s21dxa 119yl Jayiaym pue baid 1o bai
pamoys s195gns s|ja2 Bai| _ANH| pue L ANHIHIM 9€1 Ajurew aJe A3y1 Jay1aym 4o wia1-buoy
JI3Y 'SDH 01 5|12 Bau] L AN4| JO S|2A3)| 3|gel :ajdwies 15l POOD YUM S| Y Ul $195gns $)192 Ha1] AN
-edwod pey 49 wiiai-buo| poob Yyum sy1y 881 =N JO S1UNOD |]92 33N|0Sge 3y} 91eDIISIAUI O s90d Auewan [£6] "|e 19 uefos
s1nsay uonejndod Apms wie s,Apnis ubisap Apms Anuno) S9DUIDYDY

(panunuod) g ajqey



Page 7 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

s|192 | A103e|nB3I paAap-snwAy | ‘6a1]3 ‘Adesayy o|diy piepuels

uo syuaned a|qeis ‘| | ‘uoibai parejAylawap dydads-6ai ‘Yasi ‘5|90 | A101e|nbay ‘s|j93 Hai| ‘dueia|ol [euonesado/iuels|oy AjjeuonesadQ 101 ‘g 1010e) yimoub bujwiojsuel] ‘g-4o] ‘uonduny a|qels ‘vis ‘6 1quS|N g
Ajlweq uidias ‘6gNIdYIS ‘uondafal Jen||ad [ea1ulPgns ‘YIS ‘ulingo|b a1Ad0wAyi-iaue Jqgey ‘D]y4 2A1dadso1ay ‘Y ‘5|90 | A101e|nbas pasnpul Ajjesayduad ‘6as1d {| uisroid yieap |90 pawweiboid ‘L ad {[|92 Jesjpnuouow
poojq |esaydiiad ‘DNgd 2A1dadsoud d ‘leuoniealasqo ‘sgo ‘upAwedes jo 1961e) ueljewwew ‘Yo w ‘Adesayl suosiupaid asop-mo| A|uo yum siuaied a|geis ‘O (129dD) Unda|as-1 ‘unda|asT Qualdidas yuejdsuesy Asupiy
41 ‘uonejuedsuesyauedsuesy A&supiy| ‘Y ‘yeibojje A&supry ‘wy {190 1 A1oienbas pacnpuj ‘6alll ‘jeuoiuaniaiul ‘IN| ‘unapialul ) ‘Aydoaie Jejngni pue sisoiqy [e1sialu] ‘14| ‘A uoiagiaiu] ‘AN4| ‘si1933unjon AyijeaH

‘AH ‘pa/uonejAyrswodAH ‘WoH ‘2dA1os! Y — uabnue 31430%Na| uewnH ‘Yg-y1H ‘siouop AYi[esH ‘QH ‘s|0J1u0d AYijesH ‘DH ‘UolduNy e 4o ‘uondunysAp yein ‘go ‘puebi| seq “Jseq ‘UYINIS 10 €4 XOq peayio4 ‘€dX04
‘uonejAylaw YNQ ‘WyNQ ‘suoibai parejfyiaw Ajjenuaiayid ‘sYNG (€81 D) € 101da3a1-3UBjowayd-aA0W-IX D) ‘EYIXD ‘7 U1a10id pajerdosse-a14>0ydwA|-] 31x01014) ‘Y71 ‘ewouldied [|93-snowenbs snoaueind)

JD52 'y dulodsoA) s {[eUOIID9S-SS04D) ‘S ‘uoidafal dluoyd ‘YD ‘8ls suluenb-areydsoyd-auisolf) ‘Dd) ‘sniinojebawolf] ‘AND ‘qewixijiseg ‘XSg ‘1dadeie|ag ‘17g ‘uondafay 91ndy ‘Yy ‘uondunysAp yeiboly ‘qy

skemyied
uoieuninbign ay3 01 palejal ssuab uo | | /
suonesie ulsned wWyNQ paAeldsip 4D bul O £
-0BJapun sjualIed "UORdUNY ||9 | PUB g 01YD 9
paie|al sauab Ul suianed WyNJ UL141P TOL 6

Y1IM Pa1eD0sse O pue awod1no juejdsuel) DH / 0L pue
UM pa1e|dosse sabueyd uolelAyisw YNG 9§ =N 4D YUM SY 1Y Ul suianied wyNQg 9zAjeue o S90$D Mn/ureds [09] ‘e 32 zanbupoy
a9
Y BuloBIapuN SY| % JO 5[193 | 4 #AD UTYY 9 dv Buiobiapun sy13 4o 5|23 | 4¥dD
5dD 871 +23Y1 JO sn1e1s uonejAyIaw syl ul 1S €| urAN4I pue ‘=71 ‘Z-11 JO suoledsyipow diau
sabueyd yum AN4| JO uoIssaidxa paseaidu| sz =N -9b1da pue uoissaidxa ay1 puelsiopun of S90d AIn] [65] '|e 19 zoAog
s)nsay uone|ndod Apmg wie s,Apnis ubisap Apms A1uno> SadUIDYY

(panupuOd) Z 3jqey



Page 8 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

SIUSAS |\OH pue |AIH
2ledwod 01 1531 [elw

-oulq ‘1oyod |¥-aid

QY1 Ul 9D Jad padnolib

$9dD Jo WyNQ uo 11D

JO 103}J2 Y3 dUIUWIEXD

01 [9POW PaXIW Jeau|

‘100> [euipnibuol

2yl Ul 9D Jad padnoib

s5dD Jo WyNQ uo 11D

JO 109}J3 By} SUIUIEXD

0115331 S3U9PNIS

palied Loyod |y-aid

ayruisndd e jo

WYNQ UO 1]D JO 10949

331 U|WIEXD O} UOIS

-s21b31 Jeaul| 's|aAd)

WyNQ elwayas| -1sod

snsiaA -a1d aiedwod 01

SO0>YQd 1591 WNS-}UBI UOXOD|IM

sdnoib Apnis

9y) buowle sydidsuesy
oy1Dads-45Q Jo snieis
WYNQ 9dD ul s95us
-19441p 21edwiod 0}
UoND3102 Y4 Yim
1531 Sl||BAA—|BYSNUY
s195e1ep pateibajul
VNgIW pue 39 ‘WyNd
4o Bu=IsN|d [e21YDIe
-1a1y 2beyjul| obelaAe
pue ¥ ‘sauaied y4N
puUe /] 4| U99Mm13q
S|9A3| WYNQ 24edwiod
01 Pa1031I0D-Ag 1593-]
5,1USPN1S P31RISPOI

21eldoidde se ‘sdnoib
Apnis ayy buowe
SaN|eA YTy ueaw
2ledwod 0131533 SI|[eAA
—|e3sNnJy 1591 Wns-yjuel
UOXOD[IM 'VAONY
15911 5,3USPNIS

S00>4dd4

L00>4dd

PapIACIg 10N

uollez||ensia 1oy abe
-uaiad uoneAylsw
‘siskjeue [edpsiels
10§ SaN[eA |\ pue ¢

(sodDw) sopi
-09PNUIp HAD UIyIM
S2UISOIAD palejAyIa

pa1uasald anjea
ou ‘sisAjeue |ed1isiels
10§ SaN[eA |\ pue ¢

0001.uRoe
-g/auaD) 19618

(eurwni|))

diydpesg osyuonelA
-4layuewinH wniuyuj
(euiwnyj) diydpeag Did
-JuoneAyIa wniuyu

(Buduanbas 1oy
(eUINY|T) 00SP3SIXAN
pue salieiql| s1eiauab

01 (euiny||) 11 bag
-JAy3a |y swoun)ds)
BupuaNbag ay|nsig

SUWOUID) 3|OYM

(eunwny)
diydpesg ospyuonelA
-4layuewinH wniuyuj

(sn>oj auab

¥D7vD ay1 4o} paubisap
Jawnd ‘uepybel) yodb

(Ydleasay owAz)
1 uoneAyraw NG 73

(yo1easay OWAZ)
1 uoneAyrsw yNQd 73

(Ydleasay owAz)
1 uone|Ayraw YNQd 73

[1%] 9snoy-u|

apIM-dwouabid]y Asdoig Asupty

apIM-dwouabid]y Asdoig Asupry

apIM-dwouabid]y Asdoig Asupty
(YD1vD)

S9UID) 21ePIpUR) auln

[ry] 12 13 UaJAH

[£4] ‘|2 19 SSRUUINDON

[zv] 'Je 39 eyauog

(R RERERATEN

$S3IPNIS PalbjaI-sUONDINAWIO0D Wid}-bUo| puD ‘s1s0iqy ‘1Y)

spjoysaiys |ednsnels

5159} [@J13S13e)S  SW0D3NO0 uone|AYIB

poyIsIN

UoIsJaAu0d ajy|nsig

snjels
uonejAyaw yasL
10 ‘sauab epipued

‘apim-awouabidy anssi} ajdwes

PERILERET ]

SISAjeue [po1ISIIelS pue ABOjopoyIaW JO MIIAISAD € dlgeL



Page 9 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

sjujod-awin 1o

sdnoib juaiayip aled
-W0D 0} 1531~ ASUNYM
—uuep pue sdnoib
a|diynuw asedwod

01 (359 uosLedwod
a|dinuw suung yim)
1591 SI|[eAN—[BYSNIY
21eldoidde

se 'sdnoib Apnis U1y
-JIp 21edwod 011591
ASULYA—UUB 1O 153)
SI[[eAM—[BYSNIY 1591-]
"VAONY Aem-au0Q

s00>d

so0>d

sdnolb Apnis usamiaq
SUOIIDUNY DUSPIDUI
9AIIBINWIND JO Aljenba
JO sasay10dAYy a1enjeAs
011591 5,AID) [PONSIIELS
UM 8By wIyNQ 03
uolIejal Ul uondafal 1o
uoID3UI JO SIsA|eue
Juspuadap-awil 1o}

S00>d  sisAjeue Jaley-ueldey

uonouny

1jeibo||e padnpal 03
sHd> pajeposse-abe
[[€ JO S|on9] WYNJ
Pa1e1D0SSe 01 UOIS
-591631 2115160] ‘$91005
Abojoisiy 01 sod)
paieposse-abe |je jo
S|9A] WYN( 21e1D0SSe
01 UoIssaibai Jeau|
'SJUSAD NOH pue IH
2Jedwod 01 51591 [elW
-oulq ‘wWyNQ@ uo abe
4O 103}J2 Y3 dUIUIEXD

S00>4a4 01 UoIssaibal Jeaur

abe
-Juad19d uonejAYIBIN

abe
-1uad1ad uonejAYIBN

(PoyiaWw

U1eAIOH) 9By WYNG
pue sanjeA |\

uolnezijensin
10} SaN|eA ¢ UO paseq

SIUDIDLY0D ‘sisAjeue
[BO1SIIIS JOJ SaN|RA |

([L911e19
32102231\ O3 bulpiodde
siowild ‘ueiybe] ) yodgb

(1ol
‘|e 19 2102231\ 01 bul
-plodde siswild) yDdb

(euiwnyj) diydpeag Did
-JuoneAyIay wniuyu

(eurwnyjy)

diyopeag ospyuonelA
-Ylapyuewny winiuyu|
(eurwnl) diydpeag Did
-Juonej Ay Wniuyy|

(Yo1easay OwAz) sn1els

1 uonelAyaw YNQ 73 uonejAyIaw Yas L
[19] e 19 32402 sniels

-23Ip\ 03 buipioddy uoneAyrsw yas,

(Yo1easay OWAZ)

1y uoneApaw YNQ 73 apiMm-awouabld3

(Yo1e2S3Y OWAZ)

13 uoneAylaw yYNGg 73 apIM-dwouabid]y

(sDWgd) a|dwes poojg (8] e 13 AAnog

Asdoig Asupty [/¥] |2 12 pleisag

S3IPNIS Pa1D|I-UOLIDINPOW asUOdSal aUNLU/

(sDWgd) ajdwes poojg  [9¢] ‘e 39 uewUDEYS

Asdoig Asupry [S¥] e 12 uahaH

spjoysaay) |esnsnels s159) |ednIsnels

awod1no uonejAYyd\

poyisIy

snjels
uonejfylow yasL
10 ‘sauab ayepipued

UOISI9AUOD dY|Nnsig ‘apim-sawouabidy

anssn ajdwes IESITEYEIEN]

(panunuod) € ajqey



Page 10 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

sdnoib Apnis Juaia1p
7 21edwiod 011591-N
Asunym-uue pue
sdnoib Apnis us1ayip

(pamodar aduanbas

7 ueyl aJow a/edwod abe Ssiawild) bupusnbas (Yo1e2S3Y OWAZ) snieys 7<)
S00>d  011sa1sIjlepr—[edsnUy  -lusdiad uonejAyisly  pue uonedyidwe Yod 1 uonejkylsw yNg 73 uonejAyRW ¥YAsL  (SOWgd) o|dwes poolg ‘|e 19 Jeze|es zaleAly
o1edoidde
se ‘sdnoib Apnis us
-194Ip 91edwiod 0} (xquabid3 ‘|aued
1591-) Asunypm-uuey abe uonejAyiapy edxo4 (Yo1e3s3y OWAZ) snieis
100>4a4 101591 UOXOD[IAN  -1udd1ad uonejAyBlN  uewinH :siawid) YDdb 1y uonejfyisw YNg 73 uoneAydw ¥YAasL  (s19d) o|dwes pooig [€6] e 19 uefos
21eldoidde
se ‘sdnoub Apnis Jus
-1ayIp a1edwod O}
1591 UOI1R[3410D YUuel
uew.eads pue 15331 (xquabidy ‘|aueq
AUNYM—UUBIA 1531 obe uoneAyiapy sdxo4 (Yo1ea53Y OWAZ) sn1els
L0'0>Y4a4 UOXODJIM 'VAONY ~ -Jusdiad uoneiAyiay  uewnp :siowud) gddb 1 uoneidyisw wNa 73 uoneiAyisw yasL  (s19d) s|duses poojg [2S] e 3e uefos.
51010903l
-Uou pue s10123(3)
US9M13( dWI} J9AO
13 J91Je SadURIRYIPp
SUIWISIP 0} [opow
S129)49-paxiw Jeau|
‘sdnoub Jusiayip aied
-Wwod 03 ‘arelidoidde (120] sauab An| pue
se 1591-) ASUNYM 1dd Y 10} paubisap Sid
—uue 10 'YAONY sbe  -wid) bupusnbasolAd (Yo1e9S3Y OWAZ) (ANH] pue
soo>d 159)-1 SAULPNIS  -1uddiad uonejAYIBN  pue uonedylidwe D4 Iy uonejAylaw VNG 73 [dd) seuab-aiepipue)  (SDINGJ) 2|duies poojg [16] e 1@ 1909
obe (usabelD) sn1els
so0>d POPINOIJION  -lusdiad uonelAyIay ¥Ddb 1) 21y[nsig 10911d3 uonelAYIaW YAsL  (SDWEd) d|dwes poojg [0G] |6 39 uCISIBYS
1000>d sdnoib (191
l0o>d a|diynw a1edwod o} obe  |e193210223IM) O3 Bul [19] ‘|e 19 3210z snieis
soo>d 1591 Slj[eM—[B)SNUY  -usduiad uopelAyisy  -piodde siswid) Yodb -D3I\\ 01 Bulpioddy UoleAYIBW YASL  (SONGd) o|dwes poolg [6+] ‘|e 19 ezZRIg
snjels
uonejAylaw yasL
10 ‘sduab ajepipued
Sploysa4y3 [ed1isiels S159) [E21ISIIRYS  DWO0dIN0 uohe|AYIdN poyidy  UOISIDAUOD dlY|nsig ‘apim-awouabidy anssi} ajdwes SadUDIDYY

(penunuod) € ajqeL



Page 11 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

souab a1epipued Jo bul
-duanbasoikd ayy pue
sisAjeue auwlouabids
3|OYM 23U} JO S}Nnsal
2y aJedwiod 03 JuaPYy
-J90D UONR|2110D YUkl
suew.eads ‘sdnoib
Apnis JuaJaip aJed
-W0D 01 3531-) ASUNYM
—uuey ‘uoiejuejdsuel
13)4e pue 210434 S|2A3)
WyNQ 24edwod 01
1591 UOXOD|IA\ palied
‘sdnolb usamiaq
SaDURIRYIP WYNQ
Ajuapl 03 [spoul
103}J2-paxiw Jeaur]

S0'0>4dd
s00>d
Sauab s1epipued

Jo bupuanbasoiAd
3y pue sisAjeue
awouabida ajoym ayy
JO synsai Y3 aledwod
01 1U312YJ20D Uone|al
-102 Ukl suewesds
pue ‘sdnoib Apnis
JuIayIp aledwod 0}
159)-1) ASUNYM-UUBN
‘1 y-350d pue -a1d S|oAd)
wyNQ 24edwod 0y
1591 UOXOD|IM palied
‘sdnoJb usamiaq
SIDUBIBYIP WYNQ
Ajauapl o3 [apouwl
109}J3-paxIw Jeaur]

SO'0>4a4
s00>d

(0]
L-CYNYLA PUB 69NIdY3S
ay3 Joj paubisap sio
-wipd) bupusnbasolid
pue uonesyljduie ¥yod
uoneWIYUOd

S2UID) 21epIpUR)
(eutnyy)

diydpeag ospyuoneiA
-UI9)JUBWINKH winjuyu|

sanea g apim-awouabidy

(D0} sauab

C0S4NZ PUB 084Ny 943
10} paubisap siouwnd)
BupusnbasolAd pue
uonesyduwe yod
uonewIyuod

S2USD) 1epIpued)
(euiwni|))

diyopesg ospyuonelA
-UIa)yUBWINH winjuyu|

sonjea g apIm-awouabidly

(1-CVNYLA
PuUe 6gNId47S) Uoliep
-I|eA S3USD) S1epIpURD)
pue spim-swousbidly

(Yo1easay OWAZ)
1 uonelAyraw YNQd 73

(coSINZ

pue 081 4NY) uohepljen
S2UID) 31epIpUR) pue
apIm-awouabid]y

(yo1easay OWAZ)
1 uoneAyrsw yYNAd 73

(s122 1) a|dwies poo|g

(SDNgd) @|dwes poojg

[95] e 12 s13134

[55] |e 18 513134

spjoysaiy} [ednsnels S159) |ednIsnels

awod1no uonejAyIay poyisi

snjels
uonejAylow Yas.L
10 ‘sauab ayepipued

UOISISAUOD dy|nsig ‘apim-awouabidy

anssi} ajdwes

S9OUa.i3j)9Y

(panunuod) € ajqey



Page 12 of 22

(2022) 14:20

Cristoferi et al. Clinical Epigenetics

UIR1044 J9BUI4 DUIZ 4NZ ‘YNY 3NBA 'YNYLA ‘uoiBa1 patejAy1awap dyidads-6ail ‘YASL ‘6 JoquWB g Aliwed uidias ‘6aNIdYIS 401de4 uondudsuelt Ajiuies XNNY ‘XNNY U19101d 196Ut Bury INY ‘YDd Swin-|eal aAne)

-nuenp ‘4odb ‘bojowoy uisual pue asereydsoyd ‘NILd ‘L utr0id yieap |30 pawwelboid ‘| dd {Uoldeal uleyd asesswA|od ‘Ydd ‘sisAjeue Jusuodwod |edidulld ‘yYDd [|92 Jesjpnuouow poojq [esaydiind ‘DNgd ‘s91ko0ydwiA|
poojq |esayduiad “19d ‘¥14| [wiuiw 10 ou yum yeibojje Buiuonduny ajgeis ‘v4N ‘(179gD) unde9as-1 ‘unde|as] :uonejue|dsuel Asupty ‘1) ‘unnapaiu| ) ‘Aydoaie sejngni pue sisoiqy [eninsiau| ‘y14| ‘A uosapaiul ‘AN4| ‘uon
-ejAyrswiadAH ‘WAH ‘uonejAyrswodAH ‘WOH ‘uoissaidxa ausD ‘IO {UYINIS IO €4 XOq Peaydo4 ‘€dX04 ‘D14 A19A0dsIp as|eq ‘Y4 ‘obe dnnsuabid] ‘ebywyNQg ‘uonejAylsw yYNQ ‘WyNQ ‘uonouny iyesb pakejsg 4oq 1duds
-uel] 9|qPnpu| abeweq ¥YNQ ‘LIdd ‘@us auluenb-areydsoyd-auisolf) ‘Dd) ‘dwiy elwaydsi pjod ‘11D ‘puelst od) ‘|9 ‘eydjy apndadAjod pailejay uiuoided Yy ‘lRINYaA-Iulweludg ‘Ag ‘@duelieA Jo siskjeuy ‘YAONY

sdnoib Apnis
JUIaHIP 21edwiod 01
1591-) ASUNYM-UUB

S0'0>Y4a4
s00>d

papiroid 10N papiroid 10N

suonisod a|qelieA-uon

-elAy12W SUIWIRSP

01 sabeyoed alemiyos

paiejal-Aelle pue 153}

S0'0>4d4 UWINS-}UeJ UOXOD|IM
21elidoidde se

‘sdnoib Apnis Jualsyip
7 ueyy aljow asedwod
01 YAONY Aem-3uo

10 1531 Slj[BA—[BYSNIY
pue ‘a1eldoidde se
‘sdnoib Apnis yuassyip
21edwod 011591-N
ASUIYM—UUB 1O 1591
UWINS-{UBJ UOXOD|IM

soo>d 159)-] SIUIPNIS

sanjen g pue sanjea |

paseadap Io
paseaidul se paledipul

abe
-JuadJad uonejAYIBN

obe
-ua2Jad uone|AyLIN

(eurwnyjp) diydpeag Did
-JuonejAyIs iy wnjuyu

(D0} sauab A-N4 pue
-1/ 943 40} paubisap
siswiid) Bupusnb
-3501Ad pue ¥Yddb

(1901 s3U3b £4X04 pue

NALd %LIAd "EXNNY 242

10} paubisap siouwnd)
Bupuanbag uopess
-USD-IXaN pue Ydd

sauab-a1epipue)
(eurwnyy)

diydpeag osyuonelA
-YlsyUBWINH WNjuyy|
apIm-awouabidly

(pa1iodal
92uanbas siswiid)
Hupuanbas Jabueg

pue uonesylidwe ¥od

(Yo1easay owiAy)
1 uoneAyrsw yYNd 73

(U3BeID)
Wy a1yjnsig 1921 1d3

(usbeiD)
W 21y|nsig 19211d3

(4o1pasay OWAZ)
11} uonekylsw yNQg 73

apIM-dwouabid]y

(A-Ngy pue
Z-7) sauab-a1epipued

(£dX0O4 pue

‘NALd ZL1ad '€EXNNY)
sauab-alepipued) pue
apIM-dwouabid]y

snieis
uoneAyIaw Yas.L

(SOWgd) @|dwes poolg

(S79d) 2|dwes pooig

(SOgd) @|dwes poolg

(SDNgd) @|dwes poolg

[09] ‘e 19 Zanbupoy

6] 1213 Z0kos

[8s] 218 Yz

VAN
Z3PURUISH-59110D

spjoysaiy} [ednsnels

5159} [eD13S13e)S  DWO0I3NO0 uonejAYIBN

poys

UOISI3AUOD dYNnsig

snjels

uone|Ayraw yasL
10 ‘sauab ayepipued
‘apim-awouabidy

anssi} s|dweg

LERTEYETEN]

(panunuod) € alqel



Cristoferi et al. Clinical Epigenetics (2022) 14:20

Treg-specific demethylated region (TSDR), while three
studies performed epigenome-wide analysis as a first step
and then investigated the methylation status of candidate
genes.

l. Ischemia-reperfusion injury, fibrosis, and long-term
complications

A total of six studies focused on IRI, fibrosis, and long-
term complications; one study analyzed urine samples,
four studies analyzed kidney biopsies, and one study ana-
lyzed blood samples. Detailed information on the individ-
ual studies is displayed in Tables 1 and 3. Briefly, aberrant
hypermethylation of calcitonin-related polypeptide alpha
(CALCA) gene in urine samples was significantly more
likely to occur in kidney transplant recipients compared
to healthy individuals [41]. Four studies investigated
potential associations between the methylation state of
different loci in kidney transplant biopsies and various
clinical conditions that may occur at different time points
after transplantation. In the first study, DNA methylation
pattern alterations have been associated with early clini-
cal conditions such as delayed graft function (DGF) [43].
The other three studies investigated DNA methylation in
relation to ischemia, aging (evaluating DNAmAge), and
fibrosis development to show relationships between these
phenomena and the development of long-term compli-
cations [42, 44, 45]. The final more recent study investi-
gated DNAmAge in peripheral blood mononuclear cells
(PBMCs) samples and showed associations with post-
transplant infection occurrence [46].

Il. Immune response modulation

Fourteen studies reported on DNA methylation
involved in immune-response modulation after kidney
transplantation; one analyzed kidney biopsies, the other
13 focused on blood samples. Detailed information on
the individual studies is displayed in Tables 2 and 3.
Various T cell populations are involved in the allospe-
cific immune response. Cytotoxic CD8" T cells account
for most of the adaptive immune response against the
graft. Antigen-naive CD8" T cells are characterized
by high methylation of effector genes, which are then
demethylated after antigen recognition triggering effec-
tor genes expression and, consequently, the immune
response activation. Among CD4™" T cells, regulatory T
(Treg) cells are a subset of cells constitutively expressing
high levels of the transcription factor FOXP3 along with
the IL-2 receptor a chain CD25. These cells are crucial
in the process of acceptance/tolerance of an allograft,
considering their ability to suppress immune activation
in an antigen-specific manner [62]. It is possible to iden-
tify stable Treg cells by measuring the methylation sta-
tus of the TSDR as a demethylated TSDR characterizes
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Treg cells, while this region is methylated in other cells.
Among the included studies, eight studies investigated
DNA methylation patterns in Treg cells associated with
different clinical conditions related to kidney transplan-
tation [51], such as subclinical rejection [47], tolerance
[49, 60], stable graft function [52, 53], acute rejection
[58, 59], and chronic rejection [60]. Three studies inves-
tigated the feasibility of Treg cells ex vivo expansion for
therapeutic purposes in patients undergoing immuno-
suppressive treatment [48, 54, 57]. The final three stud-
ies investigated DNA methylation patterns associated
with the development of cutaneous squamous-cell car-
cinoma (cSCC) [50, 55, 56], a long-term complications
of kidney transplantation that is related to the immu-
nosuppressive regime that kidney transplant recipients
must follow.

Quality of evidence

According to the Newcastle—Ottawa scale, the quality of
all studies was considered moderate to good. The New-
castle—Ottawa scale assessment can be found in Addi-
tional files 2—4: Tables S2—-S4. The overall Jadad score is
good for randomized studies (Additional file 5: Table S5).

Purpose of DNA methylation analysis in the included
studies

In Table 4, the included studies have been categorized
into prediction, monitoring, and decision-making/inter-
vention to assess for which purpose DNA methylation
generally is studied.

Discussion

This systematic review on the application and value of
DNA methylation as a biomarker in kidney transplanta-
tion shows heterogeneous and fragmented results. DNA
methylation is a more accessible biomarker due to its
low sensitivity to tissue handling compared with RNA or
proteins and its analysis can even be performed on DNA
isolated from small amounts of fixed tissue [63]. This bio-
marker could have an important role in different time
points of the transplantation procedure and the subse-
quent short- and long-term follow-up. DNA methylation
already proved, as other epigenetic mechanisms did, its
role in the multiple biological events involved in post-
transplant complications development [64, 65], with both
the recipient and the donor organ continuously undergo-
ing dynamic epigenetic modifications.

DNA methylation pattern alterations have already been
associated in the past with IRI occurrence [23, 66—68].
The included studies showed how these alterations could
be found in the urine of kidney transplant recipients [41]
and could be related to perfusion state and DGF occur-
rence [43]. In the future, methylation assessment in
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different biological samples (kidney biopsy, urine, and
blood) could be considered as an important early bio-
marker of acute kidney injury (AKI) during kidney trans-
plantation, but further research is needed for a better
understanding of its role in prediction, monitoring, and
targeted therapy. Following the acute insult, fibrosis is the
final common pathway of irreversible kidney transplant
dysfunction. Its complex pathogenesis is triggered by an
injury-induced fibroblast activation and matrix deposi-
tion that progresses even after the injury has disappeared.
Evidence suggests that DNA methylation could in part be
responsible for this process, acting through pro-fibrotic
genes expression [7, 28, 69]. The included studies showed
how DNA methylation pattern changes induced by oxi-
dative stress and inflammatory setting could lead to this

long-lasting fibroblast activation even in the context of
kidney transplantation [42, 44] and how age-associated
DNA methylation alterations at the time of the transplan-
tation procedure could predict future injury [45]. Consid-
ering this, DNA methylation is a promising biomarker for
the prediction of the development of chronic renal allo-
graft dysfunction (CRAD) and could be used in the future
for organ evaluation, prevention, and early intervention.
As a consequence of this, preventing acute-injury-related
DNA methylation alterations with modern preservation
techniques could improve outcomes. The effect of nor-
mothermic machine perfusion on these biomarkers could
be assessed and compared to that of static cold storage
since this technique already proved to be able to recover
previously discarded organs [70]. Moreover, these
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biomarkers could be used to optimize machine perfusion,
acting on fluid compositions or operative parameters.
Direct intervention on the markers through the perfusion
fluid itself could also be an interesting opportunity in the
future. The peculiar viable and isolated organ status typi-
cal of normothermic machine perfusion could allow the
administration of demethylating agents and other addi-
tives while avoiding systemic side effects in the recipient.
For a better understanding of the pathological processes
leading to graft failure, and for an important role in mon-
itoring and prediction of long-term complications, we
recommend further investigations confirming the already
established and promising associations, but also taking
advantage of new high-resolution epigenome-wide DNA
methylation assessment technologies to find new rel-
evant loci and new associated patterns. The utilization of
modern Al-based algorithms, for example, could help in
integrating the massive amount of data provided by these
new technologies to make accurate predictions, as will be
described later.

DNA methylation could also have an important effect
on long-term kidney function and development of fibro-
sis taking part in the recipient’s immune system modu-
lation. DNA methylation is involved in the regulation
of activation pathways [71], in the determination of cell
plasticity [2], as well as in the control of the transcrip-
tional profiles and functions of memory T cells [72]
and NK cells [73-75] and therefore could influence the
strength of the allospecific immune response. Various
T cell populations are involved in this response and the
included studies showed how DNA methylation pat-
tern alterations occurred after kidney transplantation in
PBMCs [58] and different T cell types [51], highlighting
a possible involvement of DNA methylation in these pro-
cesses even in the context of kidney transplantation. A
better understanding of these dynamics could be useful
in the future for the evaluation of the recipient response
against the graft. Among CD4" T cells, Treg cells are a
CD4" CD25™ T cell subset able to regulate inflammatory
and immune responses [76, 77]. This subset was charac-
terized by stable expression of FOXP3, a transcription
factor that is essential for Treg cells function [78-80].
Stable expression of FOXP3 is obtained thanks to DNA
demethylation of FOXP3 TSDR [81-84]. Treg cells can
suppress the allograft-specific response using differ-
ent mechanisms, ranging from suppressive cytokines to
metabolite consumption [85]. Some of the included stud-
ies focused on the research of specific DNA methylation
patterns associated with tolerance or other transplant-
related conditions in order to understand them and to
be able to predict long-term complications [47, 49, 52,
60]. These studies show how DNA methylation assess-
ment might be crucial for Treg cell characterization and
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Table 4 Studies categorization based on DNA methylation main

use

Category References
Prediction [44-47, 55, 56, 58]
Monitoring [41-44, 47-60]
Decision making/intervention None

highlight the possible role of DNA methylation as a bio-
marker for post-transplant outcome prediction. A deeper
understanding of the associations of specific DNA meth-
ylation patterns with post-transplant complications could
also lead to the development of therapies based on epige-
netic modifying agents.

Treg cells are central in the under-development toler-
ance-inducing cellular therapy. This therapy consists of
the injection or implantation of living cells into a patient,
with the potential to overcome the limitations of tradi-
tional drug treatment and to gain a deeper understanding
of immune tolerance mechanisms [86]. Treg cell char-
acterization through DNA methylation assessment is a
crucial phase of these procedures, and TSDR methylation
pattern has been studied in different kinds of patients to
assess the suitability of these therapies. Kidney transplant
recipients must undergo immunosuppression, a treat-
ment that could impair Treg cell function as well as other
immune cells function. For these reasons, the suitability
of Treg cell-based therapy in transplant recipients has
been studied by many researchers, focusing on the effect
of different induction therapies [48] and different main-
tenance regimes [54, 57]. In one of the included stud-
ies, long-term treatment with belatacept showed better
results in terms of the percentage of FOXP3 demethyl-
ated cellular populations compared to other maintenance
therapies [54]. However, the same research group proved
later that these expanded cellular populations may
require the use of epigenetic modifying agents to stabi-
lize the TSDR demethylated status [57]. Further investi-
gations are needed to understand the potential effect of
the most commonly used medications, such as tacroli-
mus, prednisone, and basiliximab. Direct intervention on
TSDR methylation status already proved to stabilize Treg
cells for adoptive cell therapy [87, 88], but further stud-
ies are needed to clarify this aspect in the context of kid-
ney transplantation and to improve current isolation and
expansion techniques. Tolerance induction through Treg
cells administration appears to be one of the most prom-
ising research topics trying to solve the organ deficiency
problem and TSDR demethylation status assessment
could be crucial for the characterization, ex vivo expan-
sion, and stabilization of allospecific autologous Treg cell
populations.
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For the property of influencing and directing the
immune response, DNA methylation appears also to be
involved in the development of other complications than
graft failure. Several studies focused on DNA methyla-
tion’s predictive value for complications such as ¢SCC
[50, 55, 56] and infections [46], underlining the possible
role of DNA methylation as a biomarker for other com-
plications development and prediction. Although prom-
ising candidates with prognostic values significantly
associated with survival and complications occurrence
have already been identified, none of them is ready to be
transferred into clinical practice because of the high het-
erogeneity of the studies [89].

Research in the field of kidney transplantation should
be more focused on the predictive feature of DNA meth-
ylation modifications. Identifying patients at high risk
for rejection or long-term complications through DNA
methylation assessment would be a suited tool to guide
clinical decision-making. As shown in Table 4, most of
the research groups focused on prediction and monitor-
ing, while currently, not a single study used DNA meth-
ylation for intervention or decision making. With the
progress of tolerance induction therapy research, this
could change, giving DNA methylation a central role in
direct intervention and therapeutic strategies.

The growing interest for less invasive procedures to
detect organ damage, the so-called liquid biopsies, raised
the interest of the research community for DNA meth-
ylation analysis to quantify cell-free DNA (cfDNA).
DNA methylation assessment is crucial for cfDNA ori-
gin identification [90]. After solid organ transplantation,
donor-derived cfDNA (ddcfDNA) is released into the
circulation, and the amount of ddcfDNA is representa-
tive of graft integrity. Dd-cfDNA can be distinguished
from cfDNA originating from the recipient thanks to
the genomic differences between donor and recipi-
ent typical of organ transplantation [91]. Nevertheless,
tissue-specific DNA methylation patterns of cfDNA
also provide the opportunity to identify the tissue ori-
gin of the detected genetic material [92]. An increase
in ddcfDNA in blood plasma, either detected based on
genomic differences or tissue-specific methylation pat-
terns [93], has been reported to identify acute rejection
[94, 95]. Moreover, methylated cfDNA in urine is one of
the markers included in the Kidney Injury Test (KIT) to
diagnose kidney injury as well as kidney allograft rejec-
tion [96, 97].

The problem of the heterogeneity of the studies con-
cerning DNA methylation as a biomarker for kidney
transplantation should be addressed. Designs of the
included studies were mainly retrospective and covered
mostly empirical evidence from case series. In conse-
quence, the patient populations were also heterogeneous
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with a large variation in assessed epigenetic modifica-
tions, outcomes, and study designs. For what concerns
phenotypes, more standardized definitions should be
adopted. Allograft rejection, CRAD, IRI, kidney fibro-
sis, and DGF, for instance, are all phenotypes that can be
defined with slight differences that can prevent compari-
son in a statistically valid meta-analysis. Despite common
phenotype definitions, studies can also differ in other
characteristics of the analyzed populations. For example,
different duration of end-stage renal disease, time points
of DNA methylation analysis, and purposes for DNA
methylation analysis, albeit of potential scientific inter-
est, are hampering the comparability of different studies
in this early research phase. Analog considerations can
be made for primary endpoints, with little agreement
between study groups and the adoption of outcomes that
might drastically complicate logistics, such as graft sur-
vival or recipient survival [98]. Moreover, the included
studies adopted different DNA methylation analysis strat-
egies, for example, different experimental approaches
such as gene-specific or genome-wide analyses (summa-
rized in Table 3) and even within similar experimental
approaches, different technologies for DNA methylation
analysis have been adopted. Furthermore, almost none
of the studies report validation of their findings with
another technique like pyrosequencing or biological vali-
dation as in variation in mRNA or protein expression.

Overall, the high number of confounders and the vari-
ety of arrays and protocols that have been used to assess
common DNA methylation patterns prevent these stud-
ies from producing common statistically valid knowl-
edge. An international clear consensus among the active
research groups in this field should be discussed to des-
ignate important endpoints and produce more compa-
rable results that could stimulate further research and
generate new knowledge through the use of scientifically
valid meta-analyses. Future studies should try to adopt
prospective designs, with DNA methylation assessments
performed before kidney transplantation and at specific
time points after the procedure. Specific endpoints, DNA
methylation analysis, and biological validation protocols
should be adopted by different groups. This will not only
enhance the comparability of these studies but will also
lead to more cost-effective research. Here in this review,
we provide insight on some of the previously discussed
heterogeneities and on other potential implementations
to help create a discussion that one day, hopefully, might
lead to the development of DNA-methylation-based clin-
ical tools to support decision-making in the kidney trans-
plantation field.

In the last ten years, technology in the field of DNA
methylation assessment quickly advanced, supported
by the exponential growth of computational techniques
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for big data analysis. DNA methylation profiling tech-
niques can be grouped based on the properties that are
used to discriminate between methylated and unmethyl-
ated sites, namely enzyme digestion, affinity enrichment,
and bisulfite conversion [99]. Due to their low resolution
and to the quick development of bisulfite-conversion-
based assays, enzyme-based (i.e., comprehensive high-
throughput arrays for relative methylation, CHARM
[100]) and affinity-based assays (i.e., methylated DNA
immunoprecipitation, MeDIP [101]) are scarcely adopted
in recent times and therefore will not be discussed in this
manuscript [99]. In bisulfite-conversion-based meth-
ods, methylation-dependent changes are generated as
bisulfite deaminates unmethylated cytosines into uracils,
while methylated cytosines remain unchanged. These
techniques, including methylation arrays, whole-genome
bisulfite sequencing (WGBS), and reduced-represen-
tation bisulfite sequencing (RRBS), are characterized
by single-base resolution and are among the most com-
monly used assays to study genome-wide methylation.
Among methylation arrays, Illumina’s Infinium Human-
Methylation450 BeadChip® (450 K array) and the
updated version Illumina’s Methylation EPIC BeadChip®
(EPIC array) are the most commonly used technologies
to investigate the whole methylome [102]. These assays
combine bisulfite conversion with amplification and
hybridization of the converted DNA to arrays with pre-
defined probes to assess the methylation status of around
450,000 and 850,000 methylation sites, respectively [103].
These technologies are characterized by high cost-effec-
tiveness and by the need for low amounts of input DNA.
However, their coverage is dependent on the array design,
i.e., the selection of the predefined probes [99]. In WGBS,
DNA is fragmented through sonication, repaired, added
of an adenine base on the 3’ end, and successively ligated
to methylated adapters. After size selection, bisulfite
conversion is applied and the resulting genetic material
is amplified and sequenced [104]. The great advantage
of this technique is its ability to evaluate the methylation
state of almost every CpG site in the genome. However,
WGBS is expensive and impaired by DNA degradation
after bisulfite treatment [99]. RRBS integrates restric-
tion enzyme digestion, bisulfite conversion, and next-
generation sequencing to analyze only specific fragments
covering more than 85% of CpG islands while decreas-
ing cost [105]. Nevertheless, RRBS focuses on promoters
and areas close to the restriction site with low coverage
of intragenic and distal regulatory elements [99]. Het-
erogeneous experimental approaches have been applied
in the selected studies, introducing multiple confounders
that impair comparability (summarized in Table 3). For
instance, nine studies included in this review investigated
DNA methylation on a whole-epigenome-scale all using
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bisulfite-conversion-based techniques, but the efficiency
of bisulfite conversion was mostly not examined, while
it represents a potential confounder. Methylation array
was the most represented technique, accounting for eight
out of nine studies, while only one study adopted WGBS.
Considering the low cost and the need to increase the
amount of available comparable data, we believe that
the use of methylation arrays might be ideal in this early
phase of research. Among methylation arrays, the 450 K
array was the most common assay adopted in the stud-
ies included in this review while its updated version, the
EPIC array, is being adopted by more and more research
groups in recent times. The EPIC array contains over
850,000 probes, covering more than 90% of the probes of
the 450 K array, but also covering sites in distal regula-
tory regions such as enhancer regions, overcoming one of
the 450 K array’s main limitations [106]. Considering the
better performances, the low price, and the compatibil-
ity with the 450 K array data shown by the very high per-
sample correlation between the results of the two assays
performed over the same samples [107], we recommend
the use of the EPIC array for epigenome-wide DNA
methylation assessment to take advantage of this solid
technology as a research community, to produce com-
parable results, and to accelerate the process that might
bring DNA methylation assessment into clinical practice.

After DNA methylation analysis, appropriate data anal-
ysis pipelines should be adopted to optimize the quality
of the collected data. For instance, Wang et al. proposed
an analysis framework for data collected with the 450 K
arrays that, with the appropriate adaptations, is valid
for the updated EPIC array [108]. Moreover, epigenetic
data seems to be optimally suitable for machine learning,
thanks to the stability over time of epigenetic modifica-
tions [109] and to the increasing availability of large-scale
repositories [110-112]. As reviewed by Rauschert et al,,
different machine learning methods have been applied to
epigenomic datasets for the development of diagnostic
systems, frequently using supervised learning methods
[113]. Even though in the above-mentioned review the
most adopted algorithm was random forest, we believe
that deep learning algorithms [114] might have a big
impact in the discovery of clinically useful epigenetic
biomarkers for kidney transplantation thanks to the cur-
rently available high computational power and their capa-
bility to process highly dimensional datasets and identify
complex patterns. However, we believe that a coordi-
nated effort from the research community to make large
epigenetic datasets publicly available and to elaborate
standardized preprocessing pipelines is needed. These
pipelines should include standardized normalization and
imputation methods to increase data compatibility. These
efforts would be crucial for a successful development and
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implementation of deep-learning-based tools in a clinical
context.

An ideal study setting for the discovery of clinically rel-
evant biomarkers should collect data from a purposely
designed multicenter international clinical trial. Since
different DNA methylation patterns of multiple CpG sites
between people of different ethnicity have been reported
in the past [115], a high number of participants of differ-
ent ethnicities and from different international centers
would improve generalizability and tackle overfitting,
one of the most common issues that accompany modern
algorithms. In this early phase, analyzing pre-transplant
kidney biopsies would be convenient considering the less
invasive approach that minimizes the risk for complica-
tions. DNA methylation analysis should be performed
on an epigenome-wide scale in order to identify new bio-
markers that might associate with the outcome of inter-
est. We believe that at this stage the research community

should support the use of methylation arrays, i.e., the
EPIC array, in order to produce comparable data with an
accurate, widely available, and relatively cheap technol-
ogy. Bisulfite conversion is a potential confounder, and
its efficiency should be reported and taken into account
during data analysis. For what concerns the investigated
outcome, traditional clinical biomarkers of transplant
outcome such as graft survival or recipient survival are
characterized by low rates, requiring problematic sample
sizes and follow-up periods. For this reason, the use of
surrogate and composite endpoints, such as the estimated
glomerular filtration rate (eGFR) slope, might improve
data quality and speed up the implementation of DNA-
methylation-based biomarkers into clinical practice [98,
116]. Data preprocessing should be handled in a stand-
ardized way, paying particular attention to quality control
and within-array normalization. For this purpose, R [117]
packages such as Minfi [112] and methylumi [118] might
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be the most suitable solution. Since the EPIC array uses
two different types of probes, correction of probe design
bias is also of uttermost importance. Multiple strate-
gies have been elaborated to tackle this issue and solu-
tions like Beta Mixture Quantile normalization (BMIQ)
[119] or Regression on Correlated Probes (RCP) [120]
should be appropriate. Two different approaches might
then be followed (summarized in Fig. 3). A first approach
(Fig. 3a) would be to use the normalized data to identify
differentially methylated probes/differentially methylated
regions using R packages like Minfi. Afterward, biological
interpretation and gene ontology term enrichment analy-
sis might then be performed with the R package missMe-
thyl [121]. The detected differentially methylated regions
might then be considered as candidate biomarkers for
the selected outcome, and their association might be
validated on other datasets. Validating these biomarkers
might be of great value not only for monitoring and prog-
nosis but also to better understand the processes under-
lying unfavorable post-transplant outcomes to elaborate
novel therapeutic strategies. Successively, a panel com-
posed of the eventually discovered biomarkers might
be elaborated, leading to the development of easier and
cheaper DNA methylation analysis pipelines of candi-
date genes based on bisulfite pyrosequencing that could
enter the clinical practice. A second approach (Fig. 3b)
would be based on the use of deep learning to produce
surrogate endpoint predictions. Unfortunately, the most
important features for these predictions would not be
known, making the use of the whole EPIC array neces-
sary even for the eventually developed clinical tool. How-
ever, the characteristics of epigenomic data, with the high
number of probes and the multiple relationships between
them, make it ideal to exploit the potential of deep learn-
ing to produce accurate predictions, making a big step
toward the development of a clinical tool to support deci-
sion making. For that purpose, the use of the novel deep
learning method MethylNet would be ideal to handle this
type of data, considering its ability to construct embed-
dings, make predictions, and capture nonlinear interac-
tions [122].

Conclusions

DNA methylation is involved in acute ischemic injury,
CRAD, and immune response modulation. So far, studies
included in this review are heterogeneous in study design,
DNA methylation analysis protocol, biological samples,
and outcomes. DNA methylation analysis is increas-
ingly being used in the field of kidney transplantation,
but it is too early to affirm DNA methylation as a clini-
cally relevant biomarker important for prevention, moni-
toring, and intervention. The studies described in this
review highlighted its potential, especially considering
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the newest epigenome-wide methylation assessment
technologies and novel discoveries in the field of big data
analysis. An international agreement on study settings is
needed to stimulate further research and achieve the first
milestones in the quest for clinically useful biomarkers.
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