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Introduction: Acute rejection (AR) continues to be a significant obstacle for
short- and long-term graft survival in kidney transplant recipients. Herein, we
aimed to examine urinary exosomal microRNAs with the objective of identifying
novel biomarkers of AR.

Materials and methods: Candidate microRNAs were selected using NanoString-
based urinary exosomal microRNA profiling, meta-analysis of web-based, public
microRNA database, and literature review. The expression levels of these
selected microRNAs were measured in the urinary exosomes of 108 recipients
of the discovery cohort using quantitative real-time polymerase chain reaction
(gPCR). Based on the differential microRNA expressions, AR signatures were
generated, and their diagnostic powers were determined by assessing the urinary
exosomes of 260 recipients in an independent validation cohort.

Results: We identified 29 urinary exosomal microRNAs as candidate biomarkers
of AR, of which 7 microRNAs were differentially expressed in recipients with AR,
as confirmed by qPCR analysis. A three-microRNA AR signature, composed of
hsa-miR-21-5p, hsa-miR-31-5p, and hsa-miR-4532, could discriminate
recipients with AR from those maintaining stable graft function (area under the
curve [AUC] = 0.85). This signature exhibited a fair discriminative power in the
identification of AR in the validation cohort (AUC = 0.77).
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Conclusion: We have successfully demonstrated that urinary exosomal
microRNA signatures may form potential biomarkers for the diagnosis of AR in
kidney transplantation recipients.
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1 Introduction

Kidney transplantation is the ideal treatment option for patients
with end-stage kidney disease. Although renal allograft survival has
improved substantially over the past decades, acute rejection (AR)
continues to be an important cause of both early and late graft loss
(1). Generally, graft rejection is diagnosed using invasive graft
biopsy, even though it carries a potential risk of complications.
Hence, the development of non-invasive biomarkers can help
clinicians to predict the occurrence of AR as well as to improve
therapeutic decision-making. To date, numerous, potential, AR-
specific biomarkers have been documented, but their applications in
clinical practice remains uncertain (2).

Exosomes are specialized subsets of extracellular vesicles, 30 -
100 nm in size; they are derived from the inward budding of
endosomal membranes, and they play crucial roles in the cell-to-cell
communication system as well as in modulation of immune
functions (3-6). All human biofluids, including urine, contain
exosomes (7). Therefore, the internal contents of urinary
exosomes, namely RNA, DNA, proteins, and lipids, might be an
attractive source of non-invasive biomarkers that can help to
diagnose various kidney diseases. In fact, there are several
previous studies to support this hypothesis, i.e., they have
demonstrated significant alterations in the biological
characteristics of urinary exosomes in patients with different
kidney diseases (8-16).

MicroRNAs are small, non-coding RNA molecules that can
modulate the translational activity of target messenger RNAs
(mRNAs), thereby playing a vital role in the maintenance of
cellular homeostasis (17). Interestingly, they are abundantly
present in exosomes, and pathological conditions, including
kidney diseases, can alter their expressions significantly (18, 19).
Although studies have revealed dysregulated microRNA profiles in
the urine cell pellets of kidney transplant recipients with graft
rejection (20-22), their expression in urinary exosomes is yet to
undergo thorough investigation. Previously, we had demonstrated
that BK virus-associated microRNAs are expressed exclusively in
urinary exosomes of patients with BK virus-associated
nephropathy, thereby suggesting the potential use of urinary
exosomal microRNAs as non-invasive biomarkers of pathological
conditions in kidney transplant recipients (11, 23).

This study aimed to determine the molecular profiles of urinary
exosomal microRNAs in kidney transplant recipients, such that
novel biomarkers necessary for non-invasive diagnosis of rejection
may be established. We observed that the urinary exosomal
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microRNA expression was significantly altered in kidney
transplant recipients with biopsy-proven AR. These distinctive
expression signatures of urinary exosomal microRNAs might be
used to distinguish AR from other allograft status. Finally, we
validated the diagnostic ability of the urinary exosomal
microRNA signatures in an independent cohort of kidney
transplant recipients. Overall, our data demonstrate the potential
of urinary exosomal microRNAs as novel, non-invasive biomarkers

for diagnosing AR after kidney transplantation.

2 Materials and methods
2.1 Overview of the study design

This study was conducted in three sequential stages, as
illustrated in Figure 1. In the first stage, we aimed to discover
candidate microRNAs that could distinguish between kidney
transplant recipients with AR and those maintaining stable graft
functions. These candidate microRNAs were identified using the
following three methods: 1) NanoString-based high-throughput
analysis of urinary exosomal microRNAs, 2) meta-analysis of
web-based, public microRNA database, and 3) literature reviews.
In the second stage, the expression level of each urinary exosomal
microRNA candidate was confirmed by quantitative real-time
polymerase chain reaction (qPCR) using TaqMan advanced
miRNA assays. Subsequently, the microRNAs that could
significantly distinguish AR from stable graft function were
processed to generate signatures of AR using binary logistic
regression. Finally, in the third stage, we tested the diagnostic
ability of AR-specific microRNA signatures using urinary samples
obtained from independent patient groups.

2.2 Study cohort

Study participants were recruited from the Assessment of
Immunologic Risk and Tolerance in Kidney Transplantation
(ARTKT-1), a multicenter cross-sectional study, which collected
transplant-related information as well as blood and urine samples
from six different hospitals in Korea. The 368 kidney transplant
recipients, who had been enrolled in this study, were divided into a
discovery set (n = 108) and a validation set (n = 260) (Figure 1). The
discovery samples were randomly selected, and there were clearly
defined clinical and pathological differences between the AR and
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FIGURE 1

An overview of the study design and participant selection. STA, stable graft function; AR, acute rejection; LTGS, long term graft survival; TCMR, acute
T cell-mediated rejection; ABMR, antibody-mediated rejection; GEO, gene expression omnibus; PCR, polymerase chain reaction; ATN, acute tubular

necrosis; CNI, calcineurin inhibitor; BKVAN, BK virus-associated nephropathy

stable patients. Out of the 108 recipients in the discovery set, 48 were
maintaining stable graft function [STA: normal pathology on
protocol biopsy (NP, n = 19) and long-term graft survival (LTGS,
n = 29)], while 60 had biopsy-proven AR [acute T cell-mediated
rejection (TCMR, n = 40) and active antibody-mediated rejection
(aABMR, n = 20)]. Among the 260 recipients in the validation set, 80
were with stable graft function (NP, n = 50 and LTGS, n = 30), 100
with AR [TCMR, n = 50; aABMR, n = 30; and chronic active ABMR
(cABMR), n = 20], and the remaining 80 with other graft injuries
(OGI). NP applies to recipients with serum creatinine levels < 1.2 mg/
dL and without any histological evidence of rejection, calcineurin
inhibitor toxicity, acute tubular necrosis, tubulointerstitial
inflammation, vascular injury, or glomerulonephritis. LTGS applies
to recipients who have maintained serum creatinine levels < 1.2 mg/
dL and urinary protein/creatinine ratio < 500 mg/gCr for more than
10 years post-transplantation. Additionally, TCMR and ABMR were
diagnosed using graft biopsy, based on the Banff 2017 classification
(24, 25), and concurrent elevation of serum creatinine levels, whereas
OGI included recipients with acute tubular necrosis (n = 20), acute
calcineurin inhibitor toxicity (n = 20), non-specific interstitial
fibrosis and tubular atrophy (n = 20), and BK virus-associated
nephropathy (n=20).

The age, sex, duration after kidney transplantation, serum
creatinine, urinary protein/creatinine ratio, and use of induction
and maintenance immunosuppressive drugs, as well as donor type,
ABO incompatibility, number of human leukocyte antigen (HLA)
mismatches, and other necessary donor information was recorded for
each patient at the time of graft biopsy for the biopsy cohort or at the
time of visit to the outpatient clinic for the LTGS group. Graft
function was assessed based on the estimated glomerular filtration
rate (eGFR) using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) formula (26). This study adheres to the
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Declaration of Istanbul, and the study design was approved by the
local institutional review board (#2012-01-030, KHNMC) as well as
registered under the Clinical Research Information Service
(KCT0001010). Informed consent was obtained from all the patients.

2.3 Collection of urine samples
and isolation of total RNA from
urinary exosomes

Mid-stream, second morning void urine samples were collected,
centrifuged at 2,000x g for 20 minutes at room temperature, and the
supernatant was transferred into RNA later solution (Thermo
Scientific, Waltham, MA) and stored at -80°C until further use.
Urinary exosomal RNA was isolated from 1 mL of urinary
supernatant using spin column-based exoRNeasy serum/plasma midi
kits (QTAGEN GmbH, Hilden, Germany), as described previously (11).
The quantity (absorbance at 260 nm) and purity (ratio of absorbance at
260 and 280 nm) of RNA were measured using NanoDropl ND-2000
UV spectrophotometer (Thermo Scientific).

2.4 NanoString-based urinary exosomal
microRNA profiling

From the urinary exosome-derived total RNA of each patient’s
sample, 80 ng RNA was subjected to high throughput screening for
microRNAs using NanoString nCounter system (NanoString, Seattle,
WA). Sample processing and microRNA expression analysis were
performed according to the manufacturer’s instructions. Each target
microRNA was normalized with internal positive controls, and the
geometric means of the top 100 expressed targets were calculated
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using nSolver software in a digital analyzer. Normalized microRNAs
were expressed as fold change (FC) values among the groups, and
microRNAs fulfilling the criteria of [FC value| = 2 and p value < 0.05
in the AR groups, as compared to that in the STA groups were
considered as candidates for AR-specific biomarkers.

2.5 Analysis of public databases and review
of previously published literature to select
candidate microRNAs

The potential candidate microRNAs were selected by two
approaches. First, Fisher’s exact test was performed to compare
between AR-related mRNAs and microRNA target gene sets from
three public databases, namely miRTarBase (https://bio.tools/
mirtarbase), TargetScan (http://www.targetscan.org/vert_72), and
miRbase (http://www.mirbase.org). The mRNAs were selected using
GeneMeta R package and categorized in four data sets, according to the
approach outlined by Choi et al. (27). Among these, 806 significant
mRNAs with a false discovery rate (FDR) < 0.1 and FC > 1.25 were
sorted by meta-analysis. The microRNA target gene sets were
downloaded from the miRTarBase, TargetScan, and miRBase
databases, and 1,110,357 target genes were extracted against 1,802
microRNAs. Among these target genes, only those that appeared in
miRBase as well as TargetScan or miRTarBase were finally selected,
leading to the extraction of 405,092 genes against 1,760 microRNAs.
Subsequently, a gene-set enrichment test was performed on all four
datasets. The C3 gene sets (regulatory target gene sets) of the Molecular
Signatures Database were used for this analysis, and the enriched
microRNAs were sorted by their normalized enrichment scores.
Finally, to identify candidate microRNAs, based on literature review,
the PubMed database was searched for papers in English, published
between 2000 and 2017, using the terms “kidney transplantation,”
“acute rejection,” and “microRNA.”

2.6 Measurement of microRNA expression
using real-time PCR

The candidate microRNAs associated with AR, as detected using
NanoString analysis, meta-analysis, and literature review, were
subsequently subjected to gPCR. Complementary DNA (cDNA) was
synthesized from the extracted RNA using TagMan advanced miRNA
c¢DNA synthesis kit (Thermo Scientific), according to the
manufacturer’s protocol. Initially, each microRNA was subjected to
universal 3’ poly-A tailing and 5’ ligation of adaptor sequences, followed
by amplification using universal primers to increase the amount of
¢DNA. This method is advantageous as compared to the traditional
reverse transcription PCR with step-loop primers because multiple
microRNA targets can be assessed from a single amplified sample.

Commercially available, gene-specific oligonucleotide primers
and TagMan probes were used to measure the levels of each
candidate microRNA. The hsa-miR-16-5p was used as an
endogenous control for normalization of the microRNAs, and the
expression levels were calculated using the comparative cycle
threshold (Ct) method (28, 29). Two quality control strategies
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were implemented. The first-level quality control was based on
the levels of hsa-miR-16-5p, and urinary samples exhibiting Ct
values > 35 were excluded from this analysis. The second-level
quality control was based on the proportion of patients who did not
express a particular urinary exosomal microRNA; if a microRNA
was absent in > 20% of the enrolled patients, then they were
regarded as inadequate candidates for biomarkers.

2.7 Statistical analyses

All statistical analyses were performed using SPSS for Windows,
version 20.0 (SPSS, Chicago, IL). Baseline clinical data are expressed
as mean + standard deviation (SD) or as the number of patients and
corresponding percentages. Independent t-tests, analysis of variance
(ANOVA), and ¥ tests were performed to compare the baseline
characteristics and laboratory observations, as appropriate. Urinary
exosomal microRNA expressions were compared among the
subgroups using Kruskal-Wallis test, while Dunn’s test was
performed for comparisons within each group, since these data
are non-normally distributed. Receiver operating characteristic
(ROC) curves and areas under the curve (AUC) were constructed
to assess the abilities of urinary exosomal microRNAs with respect
to prediction of AR in recipients. Differences with p-values < 0.05
were considered as statistically significant.

3 Results
3.1 Clinical characteristics of patients

The baseline demographics and clinical characteristics of the
enrolled patients are shown in Table 1. In the discovery set, the
recipients with AR were younger, predominantly male, had a shorter
transplant vintage, lower eGFR, and more severe proteinuria than
that of the recipients with STA. Additionally, steroid had been
prescribed more frequently in the AR group, as compared to that
in the STA group. In the validation set, there was no particular age
difference between the patients of STA and AR groups. However,
eGFR was lower in patients with AR than in those with STA. Graft
function in patients with BK virus-associated nephropathy and OGI
was comparable to that in patients with AR. Detailed descriptions of
the patients according to each clinicopathological diagnosis as well as
their comparisons are presented in Supplementary Table 1. In the
ABMR group, 75% of the recipients had donor-specific antibodies at
the time of graft biopsy, with 45% and 30% having preformed and de
novo donor specific antibody (DSA), respectively.

3.2 Selection of AR-specific microRNA
candidates using NanoString
transcriptomics

To screen and identify microRNA candidates using a

transcriptome-based approach, we isolated urinary exosomal
RNAs from urine samples of patients in the discovery set. The
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TABLE 1 Baseline characteristics and clinical parameters of enrolled patients according to study groups.

Validation set (n=260)

Discovery set (n=108)

STA AR AR odl
(n=48) (n=60) (n=100) (n=80)
50 TCMR 20 ATN
Clinicopathologic diagnosis (n, %) 19 NP 40 TCMR - 50 NP 30 aABMR 20 GN -
29 LTGS 20 aABMR 30 LTGS 20 CABMR 20 IFTA
20 BKVAN
Age (years) 53.4 +10.7 47.6 £ 11.1 0.007 47.6 £12.1 474+ 114 474 +£13.1 0.995
Sex (Male, %) 19 (39.6) 39 (65.0) 0.008 42 (52.5) 69 (69.0) 60 (75.0) 0.008
Deceased donor KT (n, %) 13 (27.1) 27 (45.0) 0.055 20 (25.0) 31 (38.8) 35 (43.8) 0.036
Duration after KT (year) 9.9 +89 15+26 <0.001 58+74 44+44 2.7+45 0.003
ABO incompatible KT (n, %) 2(42) 14 (23.3) 0.006 5(6.2) 8 (8.0) 5 (6.2) 0.864
HLA mismatching (n) 26+ 1.6 3.7+15 0.001 3.0+ 1.6 32+16 34+18 0.291
eGFR (ml/min per 1.73 m?) 69.7 £12.8 37.6 £ 22.0 <0.001 77.2 +20.6 334+ 154 394 +£17.0 <0.001
Urine PCR (mg/gCr) 175 + 293 1050 + 1551 <0.001 232 + 380 1574 + 1974 1245 + 1950 <0.001
Induction immunosuppression
Basiliximab (n, %) 40 (83.3) 38 (63.3) 0.021 65 (81.2) 87 (87.0) 63 (78.8) 0.320
Anti-thymocyte globulin (n, %) 8 (16.7) 22 (36.7) 15 (18.8) 13 (13.0) 17 (21.2)
Maintenance immunosuppression
Steroid (n, %) 30 (62.5) 52 (86.7) 0.004 70 (87.5) 89 (89.0) 74 (92.5) 0.565
Calcineurin inhibitor (n, %) 44 (91.7) 57 (95.0) 0.698 77 (96.2) 92 (92.0) 77 (96.2) 0.336
Mycophenolate mofetil (n, %) 31 (64.6) 45 (75.0) 0.239 71 (88.8) 84 (84.0) 64 (80.0) 0.315
mTOR inhibitor (n, %) 5(10.4) 4(6.7) 0.507 5(6.2) 7 (7.0) 5(6.2) 0.972
Donor age (years) 339+ 153 46.1 £ 12.7 <0.001 41.3 £ 147 455+ 17.6 493 £12.5 0.006
Donor sex (Male, %) 30 (62.5) 35 (58.3) 0.660 44 (55.0) 48 (48.0) 38 (47.5) 0.633

Data are expressed as mean =+ standard deviation or number (percentage).

STA, stable graft function; AR, acute rejection; cCABMR, chronic active antibody-mediated rejection; OGI, other graft injuries; NP, normal pathology; LTGS, long term graft survival; TCMR, acute
T cell-mediated rejection; aABMR, active antibody-mediated rejection; cABMR, chronic active antibody-mediated rejection; ATN, acute tubular necrosis; GN, glomerulonephritis; IFTA,
interstitial fibrosis and tubular atrophy; BKVAN, BK virus associated nephropathy; KT, kidney transplantation; HLA, human leukocyte antigen; eGFR, estimated glomerular filtration rate; PCR,
protein-to-creatinine ratio; mTOR, mammalian target of rapamycin.

median quantity of total RNA was 0.342 ug (25 and 75 percentiles; ~ microRNAs with the lowest normalized enrichment score and a

0.295 and 0.466 g, respectively), and the median purity of total
RNA was 1.485 (25 and 75 percentiles; 1.340 and 1.610,
respectively). All samples qualified in the quality control tests and
were processed for NanoString analysis. Of the 798 microRNAs that
were assessed, 14 fulfilled the selection criteria and were selected as
candidate microRNAs for predicting AR (Supplementary Figure 1).
Notably, 1 microRNA (hsa-miR-197-5p) had a significantly higher
expression in the AR group, as compared to that in the STA group,
whereas the remaining 13 microRNA expressions were significantly
decreased in the patients with AR.

3.3 Selection of AR-specific microRNA
candidates using bioinformatics and
literature review

Fisher’s analytical test revealed five microRNAs with the lowest
FDR, while gene enrichment analysis discovered five additional
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filtered FDR < 0.1. Furthermore, literature review led to the
discovery of five microRNAs that were differentially expressed in
patients with AR (21, 30).

Therefore, we identified 29 microRNAs (14 from NanoString
analysis, 10 from bioinformatics analysis, and 5 from literature
review) as candidate biomarkers of AR (Table 2).

3.4 Expression of candidate microRNAs in
urinary exosomes

The expression levels of 3 of the 29 microRNAs, namely hsa-
miR-1268a, hsa-miR-1305, and hsa-miR-319, could not be
measured due to the commercial unavailability of their primers.
Therefore, we assessed the expression levels of the remaining 26
microRNAs along with hsa-miR-16-5p (a reference microRNA) in
the urinary exosomal fractions of the enrolled patients. qPCR
analysis revealed that eight microRNAs exhibited significant
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TABLE 2 List of AR-specific microRNA candidates selected from
Nanostring, bioinformatics and literature review.

Literature
review

Bioinformatic
analysis

Nanostring
analysis

hsa-miR-197-5p hsa-miR-21-5p hsa-miR-142-3p

hsa-miR-575 hsa-miR-30a-3p hsa-miR-142-5p

hsa-miR-489-3p hsa-miR-124-3p hsa-miR-155-5p

hsa-miR-4532 hsa-miR-146a-5p hsa-miR-223-3p

hsa-miR-4516 hsa-miR-335-5p hsa-miR-210-3p

hsa-miR-4488 hsa-miR-31-5p
hsa-miR-320e hsa-miR-186-5p
hsa-miR-3195 hsa-miR-324-3p
hsa-miR-3185 hsa-miR-373-3p

hsa-miR-3158-3p hsa-miR-518a-5p

hsa-miR-1915-3p
hsa-miR-187-3p
hsa-miR-1305

hsa-miR-1268a

differences between their urinary exosomal expressions in the AR
and STA groups (Figure 2). In particular, two microRNAs, hsa-
miR-4488 and hsa-miR-4532, were downregulated, while six
microRNAs, hsa-miR-21-5p, hsa-miR-155-5p, hsa-miR-210-3p,
hsa-miR-223-3p, hsa-miR-31-5p, and hsa-miR-373-3p, are
upregulated in the AR group, as compared to that in the STA
group. On the contrary, 14 microRNAs failed to qualify the quality
control assessment (detection rate of < 80%), and 4 microRNAs did
not exhibit any between-group differences in their corresponding
expression levels. Subgroup analysis revealed that the levels of two
microRNAs, hsa-miR-21-5p and hsa-miR-210-3p were higher in
the NP group than in the LTGS group, while no significant
differences were observed between the TCMR and ABMR groups
(Supplementary Figure 2). The levels of the selected urinary
exosomal microRNAs were not significantly associated with the
presence or type of DSA (Supplementary Figure 3).

3.5 Generation of AR-specific
microRNA signature

The ROC curves were generated to evaluate the diagnostic
ability of the selected microRNAs as AR biomarkers (Figure 3).
Since a single microRNA was not sufficient for the diagnosis of AR
(AUC ranging from 0.63 to 0.73), we integrated the urinary
exosomal microRNAs and generated AR-specific signatures.
Using a forward stepwise logistic regression method, we
determined the minimal microRNA dataset with the best
performance regarding AR detection. Incidentally, this was a set
of 3-microRNA signatures, composed of hsa-miR-4532, hsa-miR-
21-5p, and hsa-miR-31-5p (AUC = 0.85, 95% confidence interval
[CI] = 0.78 - 0.92, p < 0.001; Figure 3).
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3.6 Validation of AR-specific urinary
exosomal microRNA signature in an
independent cohort

Finally, we measured the expression levels of the selected
microRNAs in the urinary exosomal fractions of independent
recipients (n = 260) to validate the performance of the AR-
specific microRNA signature. The fixed cut-off value set in the
discovery cohort was applied in the assessment process of the
validation cohort. The expressions of the eight microRNAs are
displayed in Supplementary Figure 4. We discovered that the 3-
microRNA signature was fairly successful in distinguishing AR
from biopsy-proven rejection, as well as other conditions,
including BK virus-associated nephropathy, acute tubular
necrosis, or calcineurin inhibitor toxicity (AUC = 0.77, 95% CI =
0.70 - 0.84, p < 0.001; Figure 4 and Table 3).

4 Discussion

In the present study, we extensively investigated the urinary
exosomal microRNA profiles of kidney transplant recipients and
attempted to determine their clinical utility as non-invasive
biomarkers of AR. We identified differentially expressed urinary
exosomal microRNAs in recipients with AR using NanoString-
based transcriptomics, public databases, as well as previously
published literature and successfully validated a urinary exosomal
microRNA signature that could effectively discriminate AR from
STA as well as OGIs, including BK virus-associated nephropathy,
acute tubular necrosis, or calcineurin inhibitor toxicity. Altogether,
these data suggest that urinary exosomal microRNAs may be a
useful source of novel, non-invasive biomarkers for renal
allograft rejection.

Renal allograft biopsy is currently considered the gold standard
for diagnosing acute rejection in kidney transplant recipients.
However, graft biopsy possesses several complications such as
bleeding, infection, and fistula formation. However, this
procedure can lead to complications such as bleeding, infection,
and fistula formation. Additionally, since biopsy tissue reveals only
a small portion of the kidney, it can hinder the accurate diagnosis of
transplant pathology. A recent study compared pathologic scores of
whole kidney tissues and biopsy specimens that were obtained from
the same kidneys. The examinations of biopsy specimens
consistently resulted in lower pathologic scores, thus
underestimating the severity of the entire kidney tissues,
particularly in the case of tubulointerstitial fibrosis (31). To
overcome the limitations associated with biopsy, the identification
of reliable biomarkers that accurately represent the pathologic
process of the whole kidneys is considered a viable solution.
Additionally, the implementation of digital pathology with the
assistance of artificial intelligence is a potential future direction to
reduce sampling bias and achieve accurate interpretation of
pathologic findings (32, 33).

Previous studies have consistently demonstrated that
microRNAs have the potential to function as biomarkers of
transplant pathologies such as acute and chronic rejection (21, 30,
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Identification of acute rejection-specific urinary exosomal microRNAs in discovery set. Quantitative real-time polymerase chain reaction (QPCR)
analysis of the 29 candidate microRNAs selected from NanoString analysis, bioinformatics analysis, and literature review reveals that 8 (as shown
below) are differentially expressed in patients with acute rejection, as compared to their corresponding expressions in patients maintaining stable
graft functions. Each microRNA level has been normalized using hsa-miR-16-5p and expressed as delta delta cycle threshold (ddCt) value after log
transformation. STA, stable graft function; AR, acute rejection. *p < 0.05, **p < 0.01, ***p < 0.001.

34-37), delayed graft function (37-41), and tubulointerstitial
fibrosis (20, 22, 42, 43). Furthermore, significant changes in
microRNA profiles have been observed in cases of subclinical
rejection, suggesting that these alterations may occur before
elevations in serum creatinine levels and thus can be utilized in
monitoring kidney transplant recipients while decreasing the need
for surveillance biopsies (21).

Urinary exosomes have several unique advantages over urinary
cell pellets or supernatant as a source of biomarkers. These urinary
exosomes reflect the local pathophysiological status of renal
allografts, since they are mostly derived from renal epithelial cells
(6, 44, 45). The circulating exosomes are unlikely to leak into the
urinary space from blood due to their relatively large sizes, as
compared to that of the glomerular pores (30 - 100 nm diameter of
exosomes vs. 4 nm diameter of slit diaphragm) (46). Moreover,
urinary exosomes are surrounded by a lipid bilayer membrane,
which protects intra-exosomal RNAs from degradation by urinary
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ribonucleases (47). A direct comparison among urinary exosomes,
supernatant, and cell pellets revealed a superior yield of microRNAs
from exosomes, as compared to the yield from the other two (47,
48). Furthermore, alterations in urinary exosomal microRNA
profiles are well correlated with clinical activity of patients with
lupus nephritis, whereas the changes in the urinary supernatant or
cell pellet microRNAs are not (15). Therefore, we concluded that
urinary exosomes would be a better source of microRNA
biomarkers than the urinary supernatants or cell pellets.

In a previous study, we had demonstrated that the spin column-
based enrichment of urinary exosomes can substitute the traditional
ultracentrifugation-based method, which is labor-intensive and
difficult to implement in clinical applications (11). However, the
limited concentration of the urinary exosomal RNAs is a major
concern during the selection of high-throughput platforms for the
measurement of the microRNAs. The amount of total exosomal
RNAs extracted from ImL of urine is as low as 80 ng, thereby
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Receiver operating characteristic curves for the diagnosis of acute
rejection in discovery set. An acute rejection (AR) prediction model
was generated using a combination of AR-specific urinary exosomal
microRNAs. The receiver operating characteristic (ROC) curves of
the 3-microRNA signature (hsa-miR-21-5p, hsa-miR-31-5p, and
hsa-miR-4532) is presented. AUC, area under the curve; Cl,
confidence interval; PPV, positive predictive value; NPV, negative
predictive value.
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Receiver operating characteristic curves for the diagnosis of acute
rejection in validation set. An acute rejection (AR) prediction
signature was generated by analyzing the discovery set;
subsequently, it was applied to an independent validation cohort
The receiver operating characteristic (ROC) curves of the 3-
microRNA signature (hsa-miR-21-5p, hsa-miR-31-5p, and hsa-miR-
4532) is presented. AUC, area under the curve; Cl, confidence
interval; PPV, positive predictive value; NPV, negative predictive
value.

Frontiers in Immunology

10.3389/fimmu.2023.1190576

indicating that microarray or RNA-sequencing (RNA-seq) may
result in inadequate data acquisition. Although recent advances in
sequencing techniques have demonstrated the possibility of
analyzing whole transcriptomic data using as little as 1 ng of total
RNA, further research is necessary to confirm the sensitivity and
reproducibility of this novel method (49). Several studies have
previously demonstrated that NanoString can be utilized for high-
throughput analysis of urinary exosomal microRNAs using only
100 ng of total RNA, which is in accordance with the prerequisite
for this study (50-53). Therefore, we speculated that NanoString
would be a better platform for quantifying microRNAs in this
experiment, as compared to the performances of microarray
analysis or RNA-seq. With only 80 ng of total RNA for the
assessment of microRNAs, we obtained results that were adequate
for their profile analyses.

Majority of the studies that have investigated biomarkers for
rejection with respect to kidney transplantation have used different
threshold values for the discovery and validation stages, thereby
limiting their application in clinical practice (54). In fact, we have
recently demonstrated that fixed cut-off values can be useful in
urinary mRNA-based non-invasive diagnosis of AR (55). Hence, an
important consideration of our study is the application of a fixed
cut-off value during the assessment of the validation cohort. Our
microRNA signature maintains a comparable diagnostic ability
using fixed cut-off value in an independent validation cohort,
suggesting that the signature is highly likely to be reproducible in
clinical practice.

The differentially expressed urinary exosomal microRNAs have
various pathophysiological characteristics (Table 4). The hsa-miR-
21-5p is consistently upregulated in various clinical and
experimental kidney diseases, including transplantation (65-70),
although its exact contributory mechanisms are still under
investigation. In experimental renal ischemia-reperfusion injury
models, elevated hsa-miR-21-5p levels is associated with
deteriorations in renal function and increased the expressions of
tumor necrosis factor-o, as well as interleukin-6 in renal tubular
epithelial cells, thereby suggesting that it has a pro-inflammatory
role in acute kidney damage (56). In addition, miR-21-5p promotes
inflammation by activating the SPRY1/ERK/NF-kB signal pathways
in unilateral ureteral obstruction mice (57, 58). Moreover, hsa-miR-
21-5p is involved in the polarization of T lymphocytes towards T
helper 17 cells in patients with IgA nephropathy (59). In accordance
with these reports, we observed that patients with AR exhibit
increased levels of hsa-miR-21-5p in urinary exosomes, thus
indicating enhanced inflammation in renal allografts. On the
contrary, the pathophysiological role of hsa-miR-31a-5p in kidney
diseases has not yet been investigated extensively. Reportedly, hsa-
miR-31a-5p plays a role in the generation of oxidative stress, and it
is upregulated in the urinary exosomes of patients with diabetic
nephropathy (45, 60). In contrast, another study showed that miR-
31-5p was found to be declined in patients with diabetic
nephropathy and had a suppressive effect on the apoptosis,
inflammation, and oxidative stress in podocytes under high
glucose condition (61). The urinary hsa-miR-4532 expression is
significantly lower in patients with biopsy-proven diabetic kidney
disease than that in healthy controls (71). Moreover, its levels are
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TABLE 3 Prediction performance of the microRNA signature in the validation set.

AUC
(95% Cl)

Sensitivity
(95% Cl)

Specificity
(95% ClI)

(95% Cl)

PPV NPV
(95% Cl)

Accuracy
(95% Cl)

Cut-off point

p value

0.77 0.99 0.26

Three-microRNA signature
(0.70 to 0.84) (0.95 to 1.00) (0.17 to 0.38)

(0.60 to 0.67)

0.63 0.95 0.67

0.65 < 0.001
(0.73 to 0.99) (0.60 to 0.74)

AUC, area under the curve; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.

TABLE 4 Biological functions of acute rejection-specific microRNAs.

Descriptions Reference

hsa-miR-21-5p Upregulation of mitogen-activated protein kinase kinase 3 (MKK3) (56)
Activation of SPRY1/ERK/NF-kB pathway (57)
Inhibition of UUO-induced kidney fibrosis (58)
Th17 cell differentiation (59)
hsa-miR-31-5p Promotion of oxidative stress and vascular smooth muscle cell migration (60)
Amelioration of high-glucose induced podocytes injury (61)
hsa-miR-4532 Upregulation of NF-kB through sphingosine-1-phosphate (62)
Activation of LDOCI1-dependent STAT3 signaling pathway (63)
Downregulation of hypermethylated in cancer-1 (HIC-1) gene (64)

SPRY1, Sprouty RTK Signaling Antagonist 1; ERK, extracellular signal-regulated kinase; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; UUO, unilateral ureteral
obstruction; LDOCI, leucine zipper, downregulated in cancer 1; STAT3, Signal transducer and activator of transcription 3.

negatively associated with the degree of tubulointerstitial
inflammation and long-term renal function decline, thereby
suggesting that hsa-miR-4532 may be a biomarker of intra-renal
inflammation in kidney diseases (72). On the other hand, high levels
of macrophage-derived exosomal miR-4532 activated NF-kB and
promotes endothelial cell injury through inhibiting Sphingosine-1-
phosphate expression (62). Dysregulated expression of circulating
hsa-miR-4532 has also been documented in various pathological
conditions, such as malignancy, endometriosis, and cerebral
infarction (63, 64, 73, 74).

This study has certain limitations. We observed that the
discriminative power of the AR prediction models developed in
the discovery set decreased slightly during the assessment of the
validation cohort (Figures 3, 4). One probable cause for this
discrepancy might be the differences in the baseline clinical
parameters of the patients included in the discovery and
validation sets (Table 2). The inclusion of patients with BK virus-
associated nephropathy and OGIs exclusively in the validation
stage might also have negative impacts on the performance of the
AR prediction model since this model was generated based on
comparisons between the STA and AR groups. Nonetheless, the
difference was small and statistically insignificant (AUC = 0.77 and
95% CI = 0.70 - 0.84 vs. AUC = 0.85 and 95% CI = 0.78 - 0.92;
Figures 3, 4). Furthermore, the primary purpose of this study was to
generate microRNA signatures capable of distinguishing AR from
STA as well as other causes of acute kidney injury, such as BK
virus-associated nephropathy or acute tubular necrosis, all of which
are important diagnostic categories that need to be differentiated in
clinical practice. Therefore, the fair discriminative power of our
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microRNA signature indicates the generalizability of this model for
the assessment of kidney transplant recipients. Another issue is the
inadequate amplification of approximately half of the microRNAs
(14/29, 48.3%), which were selected during the discovery process,
by qPCR in > 20% of the urinary samples, thereby causing them to
be rejected as biomarkers of AR. One possible explanation is the
use of TagMan advanced miRNA assays that employ a universal
reverse transcription step instead of a target-specific reverse
transcription step during cDNA synthesis from microRNAs.
Hence, in spite of reducing the time and labor required to
synthesize cDNA for qPCR with multiple microRNAs, the
specificity of these assays is reportedly low, as compared to that
of qPCR using standard, sequence-specific, stem-loop primers.
Nevertheless, we proceeded to the next step without re-assessing
these microRNAs since eight microRNAs had been detected as
differentially expressed in the AR group, and that was sufficient for
the development of AR prediction signatures. Finally, we combined
recipients with NP and LTGS as a stable group in the discovery set,
despite the significant difference in transplant vintages, to identify
AR-specific microRNA candidates. The differences in post-
transplantation duration might affect microRNA expression
profiles, as shown in Supplementary Figure 2. Nonetheless, the
current study focused on discovering AR-specific microRNA
signatures that can be applied irrespective of transplant vintage.
Previous investigations on AR biomarkers has also shown
significant variability in the duration post-transplantation,
ranging from 2 months to 8 years (8, 75). Further investigations
are needed to investigate the temporal changes in microRNA
profiles in stable kidney transplant recipients.
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In conclusion, this study demonstrated that urinary exosomal
microRNA profiles could serve as potential biomarkers for the non-
invasive diagnosis of AR in kidney transplant recipients. We expect
that future prospective trials will clarify the clinical relevance of our
AR-prediction signature.
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