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Abstract

Kidney transplantation is usually the optimal treatment option for patients living with kidney failure given its associations
with improved survival, quality of life outcomes and a reduction in the personal, economic, and societal burden of long-term
dialysis. While advantages of kidney transplantation are recognized, post-transplant complications, such as graft rejection,
ischemia—-reperfusion injury, surgical-related complications, and long-term consequences of immunosuppressive therapies,
are commonly observed. There has been increased research on developing non-invasive biomarkers for the monitoring of
transplanted kidneys over recent decades. The potential of urinary biomarkers to identify graft rejection, post-transplant
acute tubular necrosis, detect progression of epithelial-to-mesenchymal transition toward tubulointerstitial fibrosis, and to
differentiate between causes of graft dysfunction is an attractive alternative to invasive transplant biopsy. Innovative urinary
biomarkers, such as those derived from omics technologies allow for a more holistic assessment of graft status through
multi-parametric molecular analysis, although there remain questions on the consistency, reliability, and practicality of uti-
lizing omics-based urinary biomarkers. The international nephrology community has continued to make concerted efforts
to improve the procedures and cost-effectiveness of kidney transplant monitoring. In this article, we review the evidence and
limitations of currently available urinary biomarkers and propose the application of urine-derived exfoliated kidney cells
such as urinary exfoliated proximal tubule cells to prognosticate kidney transplant outcomes and monitor for post-transplant
complications. Artificial intelligence and the incorporation of machine learning analysis of proximal tubular cell charac-
teristics may optimize the process of differentiating graft rejection from other forms of kidney dysfunction non-invasively
following kidney transplantation.

Keywords Urinary biomarkers - Urinary exfoliated kidney cells - Kidney transplantation - Transplant monitoring - Non-
invasive

Introduction

Kidney transplantation is the kidney replacement therapy
of choice for eligible patients with kidney failure. When
compared to dialysis over the long term, kidney transplanta-
tion has been associated with superior outcomes, notably in
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ischemia—reperfusion injuries, hypoxia-induced acute tubu-
lar necrosis (ATN), immunosuppression-associated toxici-
ties, and other post-surgical complications are frequently
reported [4-6]. Close monitoring and regular follow-up of
patients following kidney transplantation form an important
part of post-transplant care. Guidelines established by con-
sensus groups such as Kidney Disease Improving Global
Outcomes (KDIGO) inform post-transplant monitoring and
clinical management [7].

The gold standard investigation to determine the cause
of unexplained serum creatinine rise post-transplant would
usually be histological examination following an ultrasound-
guided kidney biopsy [7]. However, the disadvantages of
kidney biopsy are well-known. Hospitalization may be
required and post-biopsy complications, such as bleeding
and excess pain, are commonly described, and there may be
a need for extended hospitalization if these complications
are severe [8—10]. The stress of performing kidney biopsies
routinely for the clinician has emerged with greater recogni-
tion, with the increasing workload and time pressures of the
modern-day clinical environment [11]. There is currently a
debate whether a non-invasively obtained biomarker could
replace the need for routine kidney biopsy in these circum-
stances [12].

According to the United States National Institute of
Health Biomarker Definition Working Group, an ideal bio-
marker in kidney transplantation should rapidly, accurately,
inexpensively, and non-invasively identify subjects with
incipient allograft injury, and discern the type of injury [13].
Clinically useful assays for such biomarkers have a high
sensitivity and specificity, negative and positive predictive
value, and an area under the receiver operator curve (AUC)
well in excess of 0.5 and ideally nearing 1.0 [14]. While
there is increasing discussion to what extent imaging and
serum biomarkers can present as reliable options to accu-
rately determine graft status, the development of urinary bio-
markers as a prognostic tool in kidney transplantation pre-
sents another non-invasive option, and one that could cause
less inconvenience for patients as it avoids the requirement
of drawing blood and the need for special arrangements (i.e.,
tubes/kits) for collection [15]. In this article, we review the
updated evidence surrounding urinary biomarkers in kidney
transplantation and explore the potential of utilizing urinary
exfoliated kidney cells in this context.

Emerging diagnostic and prognostic urinary
biomarkers to determine kidney transplant
graft function and survival

Urine is a readily accessible biofluid and a direct ultrafiltrate

of the kidneys which may be able to provide insightful infor-
mation into graft status [16]. Traditional urinary biomarkers
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such as albuminuria or proteinuria are established in cur-
rent guidelines for use as a screening tool to assess kidney
transplant graft function [7]. However, its sensitivity and
specificity are unlikely to be comparable to histological
examination which remains the gold standard [17]. There
are realizations that a single ‘perfect’ urinary marker in kid-
ney transplantation is unlikely to exist, but efforts in search
of a non-invasive option to monitor kidney transplants have
continued (Table 1) [7-10, 12, 17-33].

Over the past decade, innovation in the area of urinary
biomarkers and subsequent development of precision assess-
ment methods for graft dysfunction have been associated
with the utilization of urinary exfoliated extracellular vesi-
cles (EV) [19, 20]. EVs, being lipid bilayer—delimited par-
ticles with unique biosignatures and immunomodulatory
function, act as intermediaries of cell signaling and possess
excellent potential as a precise and non-invasive prognostic
marker in kidney transplantation [19, 20, 34]. Specifically,
urinary exfoliated EVs have demonstrated tremendous effi-
cacy as a tool to assess donor kidney quality and graft func-
tion pre-transplantation, determine risk of kidney allograft
rejection post-transplantation, and as a therapeutic tool to
modulate post-transplant alloimmune responses and to treat
graft ischemia—reperfusion injuries [19]. Ongoing work to
validate the utility of urinary exfoliated EVs within the kid-
ney transplantation context is anticipated.

Otherwise, urinary donor-derived cell-free deoxyribonu-
cleic acid (cfDNA) provides an orthogonal view into graft
injury and may also better capture tubular injury, immune
activation and microenvironmental signals. Recent studies
demonstrated that urinary donor-derived cfDNA can moni-
tor transplant graft rejection (especially antibody-mediated
rejection) and acute graft injury with high sensitivity, out-
performing serum creatinine in early detection of kidney
transplant complications [21, 35, 36]. Typically, urinary
cfDNA > 1% is the threshold indicating active graft rejection
[37]. However, studies investigating this biomarker are lim-
ited by uncertainties due to the source of extracted cfDNA
(i.e., whether urinary cfDNA originated from a donor kid-
ney or not, and whether urinary cfDNA is derived from a
deceased or a living donor), heterogeneous analysis plat-
forms, lack of standardization in urine processing (timing,
centrifugation, storage, and normalization), and the relative
paucity of large, prospectively designed transplant cohorts
compared with serum-based biomarker assays [19-21, 34,
38].

Measuring urinary kidney injury molecule 1 (KIM-1)
level is another approach that has been considered. KIM-1 is
a highly sensitive biomarker which can detect early proximal
tubule and ischemia-perfusion damage in kidney transplan-
tation, offering a non-invasive tool to assess donor injury
(especially brain-dead donors) and predict long-term graft
survival [22, 23]. It is increasingly established that urinary



837

Clinical and Experimental Nephrology (2026) 30:835-846

[ec-o¢]

[6T 87l

[Lz ‘9]

[cT z1]

[ve—zzl

[12]

[oz-811

[L1]

(L]

[01-8]

uonepIeA
I19)uQo-nnw sa1nbar $daouod
-Jo-jooid aIe saIpn)s JuAIIND)

Kyrxordwoo reuonjerado ¢parmbar
uorneziprepue)s SuIssaooid

(snaa g

¢3'9) UOIOJYUI UT PAIBAI[D oq

ued ‘pasn wioped sisA[eue uo
juopuadap Area Kewr 9oUBWLIOLIO]

uonew

-Wegul/uondjur Aq Surpunoy

-U09 {S[OPOW UOTBUIqUIOD PISU
Kewr ¢sarreA Aoyroads TosIeIA

Kanfur 35813 109)0p 0) IO IRW
9[qer[aI APUSISISUOD B Se uon
-epI[eA snonunuod saimbal [[ng

[eonL uorjearasaid
JUOT)OR[[0D JO UOTIBZIPIEPUE)S
(3urSIowa [[US ST 9seq JOUIPIA]
UOTJEPI[EA [BUIS)XD pUeR
UOT)BZIUOULIRY SPAU ‘KIBA SPO
-[joul UONE[OST pue sonAJeue-0I1q

‘snJe)s oTwreuApowoy

pue uornoagur jo aouasaid Aq
parooye ‘oyroads-A30[one jou (NS

1ye1d

juedsuen o) AJ10TX0) InIp SNSIOA

uonoafar 3jeId snsioa NIV dreu

-IWLIDSIP Jouued ‘uoissarsold [eo

-13o10oyyedoisty [emyoe puryeq Je|
Kew synsar soyroads-uou A3o[ong

Suriojruowr

juanbaij 10} 9[qeIINSuN 10119
Surdwes ‘suoneordwod ‘oarseauy

QAISBAUT-UOU SJuounredwod
rereyatdos reuar jo Surpdwres joa11q

SISIXQ

QOUIPIAD IQJUID-T}[NW PAJEPI[RA
‘o1qejardioyur Ajreor3ojorg

[euSIS QUNWWIT JAISBAUL
-uou ‘uornoafar 3jeId AJruopr o}
Koyroads pue A)1AnIsuds YsSiyg

skesse o[qrseay ‘Anfur 3je1d jo
ssa001d [e0130[01q SUILLIAIOP UBD)

[BATAINS 1JRIS

wI2)-3U0] Se [[om se Amlur jjerd

Apres 101pa1d 03 9[qe ‘IaIeWOIq
QADISUAS ATYSIY {OAISBAUI-UON

QATSEAUT-UON]

BoIE YoIeasar juerdsuer) oAnoR
‘yoLI-uonewIOuT A[[enualod

[eATAINS 1JeIS J0J JoyTeW
onsousoid e se parjdde A[ipear
9q ued ¢o[qe[edss pue a[dwrg

aIed jo pre
-pue)s $Js05 MOJ ‘9[qe[TeAR K[OPIA

pIepuels p[OS 90UIJI
¢Kymoyroads onsouSerp 1seySTH

IoyIsse[d Surured|
surmyorw + sanjeudrs [eondQ

sorgoad
VNYJw Areurin ¢spoued oua3-nnjy

(onex
sumunead F) 01 TIXI/6TOXD

(spoued pue) g1-11 “TVON
Kinfur
Koupry Ul saseaIour A[[eoneureIp
uorssaxdxe ‘skoupry Ayifeay

ur mo[ A1oA uorssardxa T-JATY

MmopyIom Kesse/uon
-eA19s1d YNJJO POALIOP-IOUO(]

sarnjeudrs uroId/ YN JWSAH

puax Teurpmi3uo] SYDd/ddV

QUWII} ISA0 pual],

K3ojoyredoistH

V.I1AI pue uonoafor

3ye1s ‘NLV juerdsuen-jsod jo

SISOUSEIP QAISBAUI-UOU ‘9)BINde

J1oj renuajod pejensuowop
‘adKyouoyd rerjoyiide rerngny,

sormjeusIs uoneWWEHul
pue uonosfor Je[n[[d ANy

UOTJEWWE[JUT PAJBIOOSSE
-uonoalar {uoneAT)OR SuNW]

sadKyjouoyd uonouny
-sAp 1ye13 Apea ‘Kinfur rerngny,

uonjejue[dsuer Aoupry

ur oFewrep uorsnyrod-eruIayosI
pue a[nqn) rewrxold AJres s10930Qg

Kn(ur

jyeas 1o/pue uonosfar jyeidoqre

Jo uoneonsousoid pue sisouserp

{SPIOR OI9[ONU PajeIdosse-AInfuy

Kmfur

jJe13 1o/pue uornoafar jyeidore jo

adKjouayd <speusts [oao[-Aemyied
jye13 ur K30
-[oysed [ennsisuIONqN) pue Ie|
-NISWOS YIIM UOHBIOOSSE ‘SYSLI
Kanfur jye13 juerdsuen oruoIy)

uonouny jje1s juerdsuen [eqorn

(030 sar10393e0 JjURy)
sisougerp 3urajosar-A3ojong

(sreugdrs

20ud0saION-oine SO IJ Parer]

-0Jx9 Areurn paSewr jo sisA[eue

SuruIes[ auIyorRW "9°T) S[[90 AU
-pry pajeI[ojxe Areurin jo Jurdewr|

sanjeudis uorssardxo
QUAZ/YN YW ATeurIin—soruQ

SOUIYOWAYO ATeurIn—soruQ

surayoxd Am(ur Areurin—soruQ

[-INIY ATeutin

VNQJO POALISP-IOUOp ATeuLif)

0811 9[OISAA Je[N[[odeNXd ATRUrIn

BLINUIIINQ[B/BLINUI)OI]

DA puk UIUIEAIO WNIOS

Ksdoiq Asupry]

SQOURIYIY

SuoOneIIWI|

sysuang

SINOpPeaI 9ANRIuSsaIdoy

syo31e) onsouderp Arewig

1003 onsougoid onsouserq

[ealaIns pue uonouny juedsuern) Aoupry SururuLIIAP ul s[00) dnsoudold pue d1SOUSBIP JO MIIAIAO daneredwo) | 3|qel

pringer

As



838

Clinical and Experimental Nephrology (2026) 30:835-846

excretion of KIM-1 is an independent predictor of long-term
graft loss and a promising novel biomarker for early predic-
tion of graft loss, with urinary KIM-1 levels outperforming
serum creatinine in terms of diagnostic accuracy within this
context [24].

Beyond these emerging urinary biomarkers as outlined in
the previous section, the revolutionary innovation of high-
throughput omics technologies allows for a comprehensive
assessment of omics markers and through a multi-parametric
molecular approach, addresses the holistic complexity of the
pathophysiological mechanisms underlying transplant graft
outcomes [39—41]. Numerous urinary omics markers could
be utilized throughout a donor and patient’s transplantation
journey to prognosticate outcomes—before procurement,
preservation of the donor kidney, and after transplantation
[26-29, 39, 42-68]. Omics markers have the potential to
anticipate both short- (e.g., acute T cell/antibody-mediated
rejection) and long-term outcomes (e.g., chronic allograft
rejection), and also augment knowledge regarding graft
adaptation and graft function post-transplantation [39].
Omics techniques hinge on an algorithmic methodology
often involving machine learning applications to achieve
their objectives [39, 40].

Numerous genomic-, proteomic-, transcriptomic-, and
metabolomic-based signatures have been investigated for
non-invasive diagnosis of kidney transplant graft rejection
(Table 2) [26-29, 39, 42-68]. Findings from both genom-
ics and transcriptomics analysis noted CXCL10 (IP-10)
messenger ribonucleic acid (mRNA) demonstrating high
sensitivity (100%) for graft rejection (although only with
78% specificity) [56, 67]. Proteomics analysis also identified
urinary CXCL9 and CXCL10 with high sensitivity (86.4%)
and specificity (91.3%) for graft rejection [26]. Urinary
chemokines (e.g., CXCL9, CXCL10) have now been inter-
rogated in large cohort and multi-center studies as well as
systematic reviews, and have shown tremendous promise as
diagnostic biomarkers for acute graft rejection [15, 18, 26,
42,43, 69, 70]. Published studies relating to urinary metabo-
lomics analysis noted kynurenine, proline, and a combined
metabolomic biomarker comprising of mRNA signatures
and kynurenine having a good level of sensitivity and speci-
ficity for events of transplant graft rejection [29, 44].

Despite the attractions and advantages of omics technolo-
gies, there remains uncertainty as to the techniques that are
consistent enough to obtain a complete profile of graft sta-
tus. Over the years, scoring systems combining various non-
omics urinary biomarkers (including proteinuria, cfDNA,
methylated cfDNA, KIM-1, neutrophil gelatinase-associ-
ated lipocalin (NGAL), L-type fatty acid-binding protein
and clusterin), and omics markers have been constructed
for diagnosis and prediction of kidney transplantation out-
comes, with numerous scoring systems achieving a high
degree of diagnostic and prognostic accuracy [15, 69, 70].

@ Springer

Nevertheless, the use of these combined urinary biomarkers
within the kidney transplantation context remains to be lack-
ing in validation, rigorous design and methodology, accurate
interpretation, and transparency [71]. Furthermore, translat-
ing laboratory-based biomarker assessments into interpret-
able diagnostic results indicating clinical action remains a
time-consuming process, limiting its practicality in day-to-
day practice [72]. In clinical practice, these techniques are
likely deemed expensive and unaffordable in some settings
[73]. More initiatives are needed to address the practicalities
and challenges surrounding cost-effectiveness of integrating
novel urinary biomarkers for kidney transplant monitoring.

Utilizing urinary exfoliated kidney cells
for kidney transplant monitoring

Cell exfoliation is a natural process where external cells are
removed from the epithelial luminal surface to ensure the
epithelium remains structurally intact and primed for further
growth [74]. Exfoliation is part of homeostatic processes in
mammalian organs, such as gut and placenta, as well as the
kidney [74], considered to play a significant role in preserv-
ing the epithelial layer’s architectural integrity. Cells exfoli-
ated into urine are most likely a single cell, or a group of
cells from the epithelial layer which can be detached from
tissue [74]. Small numbers of senescent epithelial cells are
usually observed in exfoliated cells from urine of healthy
individuals [75]. On the other hand, increasing amounts of
exfoliated cells from urine (a mixture of both active and
senescent cells) are expected in individuals with active kid-
ney disease [75]. Given the passage of urine prior to excre-
tion, some of these exfoliated cells would be sourced from
the nephron, and can generate useful information regarding
the kidney’s histopathological status [76]. Urinary exfoliated
kidney cells have been considered over the past 30 years as
a potentially useful non-invasive source in chronic kidney
disease (CKD) for early diagnosis [77]. Urinary exfoliated
PTCs, podocytes and kidney stem cells have been discussed
within this context [30, 76, 78, 79]. Specifically, the number
of exfoliated PTCs has been investigated as a measure of
pathological status in the kidneys given proximal tubules
make up majority of the kidney mass [74, 80, 81]. It has also
been noted that the number of exfoliated PTCs correlate with
kidney functional decline in CKD [81, 82].

Following an initial report of cell culture success from
urine in newborn children in 1972 by Sutherland and Bain,
cell culture techniques have been utilized in research to
isolate urinary exfoliated kidney cells from urine [83]. Dif-
ficulties in the maintenance of urinary exfoliated kidney
cells are acknowledged as mature exfoliated cells have a
short lifespan in culture [84]. Immortalization techniques
play an instrumental role in culture to extend cell survival.
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Table 2 Examples of urinary ‘omics’ markers utilized for monitoring of the transplanted kidney(s)

Type of omics Omics marker

Sensitivity (%)/Specificity (%) for events
of transplant rejection

Genomics [47, 67] CD103 mRNA 59/75
CXCL10 (IP-10) mRNA 100/78
CXCR mRNA 63/83

Proteomics [26, 27, ANXAL11 NA
42,43,45,48-50,  g2_microglobulin 83.3/80
52, 60-62, 64, 65] p-Defensin-1/al-antichymotrypsin NA

C4d NA
CXCL9 83/84
CXCL9: Creatinine 86.4/91.3; 86/80; 86/64; 93/89; 81.2/34.5
CXCL10 86.4/91.3
CXCL10: Creatinine 80/76; 68/90; 77/60; 81.6/50.8
Fractalkine 74.4175
Integrin a3 NA
Integrin f3 NA
NGAL 90/91
TNF-a NA
sVCAM NA
Marker from a combined nine urine proteins (HLA class II protein HLA- NA
DRBI1, KRT14, HIST1H4B, FGG, ACTB, FGB, FGA, KRT7, DPP4)

Transcriptomics [27, CD103 59/75
28,41,51,53-58,  CXCL10 (IP-10) NA; NA; 100/78
62. 63, 6. 68] CXCR3 63/83

Fox P3 90/73
Granulysin 80/100; 96/67
Granzyme A 80/100
Granzyme B 79/77;, 88/79; 60/100
miR-210 52/74
NKG2D 77/81
Perforin 83/83; 88/79
Serine proteinase inhibitor 9 76/79
Tim-3 NA; 84/96
Marker from a combination of mRNA for OX40, OX40L, PD-1 and Fox P3  95/92
Marker from a 3-gene signature (18S ribosomal mRNA, CD3e mRNA and ~ 79/78
CXCL10 mRNA)
Marker from a 6-gene signature (CD3e, CD105, CD14, CD46 and 18S NA
tRNA)
Metabolomics [29, 44] Kynurenine 83/83
Proline 83/83
mRNA signature + 1.1164 X log(3-sialyllactose/xanthosine) kynurenine 82/87

Biomedical technological advances have led to improved
processes of cell isolation and characterization for uri-
nary exfoliated kidney cells [75, 85, 86]. Numerous cell
isolation and cell characterization techniques have been
introduced over recent years, allowing urinary exfoliated
kidney cells to be used as surrogate markers for biopsied
tissue in predicting changes relating to gene expression,
DNA methylation, DNA damage and protein expression
[82, 84, 87-89]. Nevertheless, the utility of urinary exfoli-
ated PTCs in diagnosing allograft dysfunction has not been

reported. This is most likely explained by the limited num-
ber of exfoliated PTCs in urine, in addition to their short
life span and weak proliferative ability in cell culture [84].
Cell culture may not be the ideal cell isolation technique
in assessing kidney transplant graft function. One should
consider the possibilities of cellular de-differentiation that
may occur as well as the timeliness of diagnoses, such
as graft rejection and other events of graft dysfunction,
being delayed by requiring cell culture in the transplant
setting [84].

@ Springer
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Acknowledging that CD13, sodium—glucose linked trans-
porter-2 and angiotensinogen are expressed as phenotypic
markers, our group successfully extracted exfoliated PTCs
from urine through specific antibodies and magnetic beads
selection methodology [30]. We have employed differen-
tial multispectral auto-fluorescence imaging techniques on
urinary exfoliated PTCs to explore their potential as a non-
invasive early diagnostic tool in CKD [30, 90]. Cell auto-
fluorescence originates from native fluorophores (collagen,
elastin, tryptophan, reduced levels of nicotinamide adenine
dinucleotide and flavins) that play important roles in cell and
tissue metabolism [91, 92]. The use of multispectral micros-
copy can collect native emission data across a broad range
of excitation wavelengths. Cell auto-fluorescence features
which define each cell’s spectral profile, including param-
eters from average channel intensity, channel intensity ratio,
pixel standard deviations to skewness can be obtained via
multispectral microscopy [93]. This may provide a finger-
print that can be used to distinguish the cellular and meta-
bolic characteristics of each cell, from their cell cycle stage,
inflammatory state, extent of oxidative stress, and degree of
senescence [92, 94-97].

In comparison to CKD, cell exfoliation within the con-
text of kidney transplantation is much less well studied at
present. There was a recently published report describing
the assessment of urinary exfoliated kidney cells in kid-
ney transplant recipients [98]. In a study involving 12 cir-
culatory death donor kidney transplant recipients, Pizzuti
and colleagues aimed to characterize the phenotype and
potential applications of urine-derived renal epithelial cells
(UREC:s) that were voided post-transplant [98]. The URECs
that are frequently obtained in the early stages following
kidney transplantation have been shown to conventionally
be derived from proximal tubules [98]. Voided URECs had
high proliferating and inflammatory properties, suggest-
ing their potential role in prognosticating post-transplant
ischemia-reperfusion and acute kidney injury (AKI) states
as well as their immunomodulatory potential [98]. Other-
wise, there was also a study by Goerlich and colleagues
which aimed to determine whether the quantification of
different urinary cells would allow for non-invasive detec-
tion of post-transplant graft rejection [31]. The investigators
measured urinary cell numbers of CD4 + and CD8 + T cells,
monocytes/macrophages, urinary exfoliated tubular epithe-
lial cells (TECs), and podocalyxin-positive (PDX +) cells
using flow cytometry and correlated their findings to biopsy
reports. It was found that combining the amount of urinary
T cells and TECs, or T cells and PDX + cells, demonstrated
significant differentiation between patients with graft rejec-
tion from those without (both p <0.01, AUC 0.90 and 0.89
respectively) [31]. Therefore, the combination of urinary 7
cells and TECs or urinary 7 cells and PDX + cells may be a
useful resource for non-invasive detection of post-transplant

@ Springer

graft rejection. This study suggests urinary cell populations
analyzed by flow cytometry have the potential to introduce
novel non-invasive monitoring methods for kidney transplant
recipients.

Recognizing prior encouraging early findings within the
CKD context, one would be reasonable to anticipate that
exfoliated PTCs could be utilized to detect tubulointersti-
tial inflammation in transplanted kidneys, with tubuloint-
erstitial inflammation being a histopathological hallmark
of acute graft rejection [99]. It is expected that numerous
inflammatory cells are exfoliated in urine, given the patho-
physiological release of inflammatory triggers during acute
graft rejection [100]. While macrophage markers based on
the expression of F4/80 and CD11b could be used to detect
the level of urinary exfoliated inflammatory cells in this
scenario, an optimal method to determine the number and
composition of exfoliated PTCs in acute graft rejection and
whether they display any associations with histopathologi-
cal severity (according to the Banff classification) remains
to be seen [99, 101, 102]. Similarly, we may hope that uri-
nary exfoliated PTCs can consistently demonstrate potential
as a tool to identify events of post-transplant ATN, classi-
cally defined by hypoxic injury to the newly transplanted
graft tissue and is responsible for up to 90% of acute kidney
injury episodes in the first few weeks following kidney trans-
plantation [103]. Over a longer period of post-transplant
follow-up, urinary exfoliated PTCs may also be useful in
monitoring the progression of epithelial-to-mesenchymal
transition toward tubulointerstitial fibrosis, where this can
reflect chronic graft rejection and/or the occurrence of post-
transplant immunosuppression complications, such as cal-
cineurin toxicity, BK virus nephropathy, and other potential
causes of graft dysfunction [104, 105]. Furthermore, there
are potential implications of utilizing urinary exfoliated
PTCs and other exfoliated kidney cells as a biomarker to
monitor resolution of graft rejection and recovery from graft
injury, hence avoiding the need for follow-up biopsies to be
undertaken in assessing treatment success.

Opportunities for artificial
intelligence-based analysis of urinary
exfoliated kidney cells in kidney
transplantation

The advent of machine learning and subsequently artifi-
cial intelligence (AI) may bring enormous opportunities in
kidney transplantation [106]. Other than its original uses
aiming to improve radiological and histopathological evalu-
ation of the allograft, machine learning and AI have been
increasingly applied for the evaluation of urinary biomark-
ers to prognosticate graft function and survival, to diagnose
events of graft rejection, and to optimize post-transplant
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immunosuppression [38, 107, 108]. In an era of personal-
ized medicine, Al allows for improved computer-aided diag-
nostics and quantifiable personalized predictions to achieve
more effective patient-orientated care, and machine learning
techniques provide increased automation leading to faster
evaluation and standardization, generating better analyti-
cal performances compared to traditional statistical meth-
ods [107, 109, 110]. We have developed a novel diagnostic
methodology based on machine learning assessment of uri-
nary exfoliated PTCs multispectral auto-fluorescence sig-
nals to accurately discriminate between the causes of various
post-transplant complications (Patent ID: AU2024904153)
(Fig. 1) [32]. In a pilot study involving 30 patients where
we evaluated the ability of our novel methodology, we were
able to classify between the post-transplant ATN versus graft
rejection, ATN versus interstitial fibrosis and tubular atro-
phy (IFTA), and graft rejection versus IFTA groups to an
excellent degree of discriminative accuracy [32]. We have
subsequently extended our analysis to 57 patients total (19
patients in each of the ATN, graft rejection and IFTA com-
parison groups), where we were able to classify between
the post-transplant ATN versus graft rejection, ATN versus
IFTA, and graft rejection versus IFTA groups to an excellent
degree of discriminative accuracy, with AUC values of 0.91,
0.89 and 0.93 respectively (Fig. 2).

While our early results applying machine learning-based
analysis of urinary exfoliated PTCs here showed promise,
continued research advancements on integrating machine
learning and developing Al platforms for effective assess-
ment of urinary exfoliated PTCs and other kidney cells in
the kidney transplantation context are required. One of the
challenges to address is whether the application of Al tech-
nologies can minimize the number of urinary exfoliated
PTCs required in generating useful clinical information for
patient management, considering the frequent shortcomings
of urinary sources containing enough viable exfoliated PTCs
for satisfactory analysis [33].

Going forward from a technical perspective, Al pipelines
involving analysis of urinary exfoliated kidney cells would
require establishment of a standardized urine collection
and processing protocol, reproducible cell enrichment and
phenotyping, fixed imaging acquisition settings, transpar-
ent feature engineering (intensity statistics, cross-channel
ratios and texture measures to capture within-cell hetero-
geneity) followed by model development with safeguards
against overfitting (class imbalance handling, nested cross-
validation and leakage controls), and evaluation beyond
group-to-group discrimination (calibration and clinically
meaningful decision thresholds). Considering the small
sample sizes of early studies, external validation and trans-
parent reporting are of utmost importance. Prediction and
diagnostic accuracy reports should follow TRIPOD + Al and
STARD-AI standards [111, 112]; and clinical trials where
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Fig. 1 Brightfield images and example multispectral auto-fluores-
cence images from selected urinary exfoliated PTCs across the ATN,
graft rejection and IFTA groups

there is implementation of Al analysis should follow the
CONSORT-AI and SPIRIT-AI standards [113, 114].

Future directions to improve utilization
of urinary exfoliated kidney cells in kidney
transplantation

Considering the wide range of potential post-transplant
complication’s they could be reflecting on, exfoliated kid-
ney cells appear to be non-specific biomarkers with respect
to their pathophysiological formation. For urinary exfoliated
kidney cells to take the next step and be translatable as a tool
utilized in clinical practice, further investigations are neces-
sary to provide more explicit classification on how exfoli-
ated kidney cells can reliably differentiate between various
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Fig.2 Classification performance between multispectral auto-fluo-
rescence signals of urinary exfoliated PTCs in 57 kidney transplant
recipients with post-transplant complications (19 with ATN, 19 with
graft rejection, 19 with IFTA). A ROC curve with 95% confidence
interval for classification between ATN and graft rejection using the
AutoGluon framework and the eight top-ranked multispectral auto-
fluorescence features. The blue line represents the mean ROC and the
gray band shows the variation in performance across resampling runs
(AUC 0.91+0.05); B ROC curve with 95% confidence interval for
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classification between ATN and IFTA using the same analysis frame-
work (AUC 0.89+0.06); C ROC curve with 95% confidence inter-
val for classification between graft rejection and IFTA using the same
analysis framework (AUC 0.93 +0.04); The dashed diagonal line in
each panel is the performance of a noninformative classifier (AUC
0.5).AUC: Area under the curve; ROC: Receiver operating charac-
teristic; ATN: Acute tubular necrosis; IFTA: Interstitial fibrosis and
tubular atrophy
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post-transplant complications. Other than assessing its cor-
relation with kidney histology (which despite being the gold
standard is still subjective to interobserver variability), it
would also be worthwhile to focus on correlations between
the properties of different urinary exfoliated kidney cell
types with traditional biomarkers of kidney function (i.e.,
serum creatinine) as well as the more recently described
potential biomarkers of kidney function (i.e., omics bio-
markers). Characterizing urinary exfoliated kidney cells by
omics technologies will be useful to confirm their specific-
ity compared to kidney histology. Comparing the diagnostic
and prognostic accuracy of urinary exfoliated kidney cells
to other potential biomarkers may inform us better whether
urinary exfoliated kidney cells can be considered the optimal
biomarker option within the post-transplant setting.

While acknowledging these physiological and transla-
tional constraints on implementing urinary exfoliated kidney
cells-based biomarkers in practice, we envision urinary exfo-
liated kidney cells-based biomarkers primarily as a triage
tool to augment current standard-of-care monitoring for sus-
pected transplant graft dysfunction. The short-term goal of
utilizing these assays is to focus on improving risk stratifica-
tion for informing clinical decisions on whether to pursue (or
prioritize) transplant biopsy, rather than to outright replace
biopsy given the current need for histological phenotyping
and the inherent heterogeneity of pathophysiological mecha-
nisms in relation to post-transplant complications. Perhaps
urinary exfoliated kidney cells-based biomarkers could also
be potentially utilized to predict kidney transplant outcomes
prospectively over the medium to longer term. Further stud-
ies are required to determine this.

Conclusion

This article reviewed the evidence and limitations of cur-
rently available urinary biomarkers and proposed the
increased application of utilizing urinary exfoliated kidney
cells including urinary exfoliated PTCs to prognosticate kid-
ney transplant outcomes and to monitor for post-transplant
complications. Ultimately, there remains limited evidence on
the use of urinary exfoliated kidney cells in the assessment
of subjects developing allograft injury post kidney transplan-
tation at present. We hope further advancements, if achieved,
could broaden the attraction of employing urinary exfoliated
kidney cells for diagnostic and prognostic purposes in kid-
ney transplant management.
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