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Background: Studies have shown that plasma donor–derived cell-free DNA (dd-cfDNA)

can predict renal allograft antibody-mediated rejection. This study was performed to

evaluate the value of urine dd-cfDNA concentration and dd-cfDNA fraction (%) for

discriminating BK polyomavirus-associated nephropathy (BKPyVAN) in kidney transplant

recipients with urinary BK polyomavirus (BKPyV) infection.

Methods: In this retrospective single-center observational study, we enrolled kidney

transplant recipients who were diagnosed with urine BKPyV infection between

August 2018 and May 2019 at the First Affiliated Hospital of Sun Yat-sen

University. Urine dd-cfDNA was measured by using a novel target region capture

sequencing methodology. The pathological diagnosis of BKPyVAN was confirmed by

anti-SV40-T immunohistochemical staining and classified using the American Society

for Transplantation schema. Receiver operating characteristic curve analysis was used to

investigate the relations of urine dd-cfDNA and dd-cfDNA% to intrarenal allograft BKPyV

infection states.

Results: In total, 93 patients were enrolled, including 40 cases of proven BKPyVAN,

seven cases of probable BKPyVAN, 23 cases of possible BKPyVAN, and 23 cases of

resolving BKPyVAN. Urine dd-cfDNA level in proven BKPyVAN (22.09 ± 21.27 ng/ml)

was comparable to that in probable BKPyVAN (15.64 ± 6.73 ng/ml, P = 0.434) but

was significantly higher than that in possible BKPyVAN (5.60 ± 3.53 ng/ml) and resolving

BKPyVAN (5.30 ± 3.34 ng/ml) (both Ps < 0.05). Urine dd-cfDNA% of proven BKPyVAN

(0.71 ± 0.21) was lower than that of probable BKPyVAN (0.91 ± 0.04, P < 0.001),

but was significantly higher than that of possible BKPyVAN (0.56 ± 0.30) and resolving
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BKPyVAN (0.46 ± 0.28) (both Ps < 0.05). For distinguishing biopsy-proven BKPyVAN

from biopsy-excluded BKPyVAN, the discrimination capacity of urine dd-cfDNA (AUC:

0.842, 95% CI: 0.735, 0.918) was superior to that of plasma BKPyV DNA load (AUC:

0.660, 95% CI: 0.537, 0.769) with 0.181 (95% CI: 0.043, 0.319) difference between

areas under ROC curves (P = 0.010).

Conclusion: The elevated urine dd-cfDNA level may help discriminate BKPyVAN in

kidney transplant recipients with BKPyV viruria.

Keywords: kidney transplantation, BK polyomavirus, BK polyomavirus-associated nephropathy, donor-derived

cell-free DNA, area under the curve, prediction

INTRODUCTION

BK polyomavirus-associated nephropathy (BKPyVAN) can cause
renal allograft injury and loss (1). The primary methods
for detecting BK polyomavirus (BKPyV) infection are urine
cytological examination and quantitative polymerase chain
reaction (PCR) for detecting BKPyV DNA in urine and plasma.
The gold standard for diagnosing BKPyVAN is a kidney biopsy,
which is associated with potential complications, sampling
errors, and poor reproducibility (2).

One proposed method for detecting organ injury is the
measurement of cell-free DNA (cfDNA) in body fluids (3).
Studies have demonstrated that kidney (4, 5), liver (6), heart
(7), and lung (8) transplant recipients with acute rejection
have increased plasma dd-cfDNA as compared with recipients
with stable graft function. As such, donor-derived cell-free
DNA (dd-cfDNA) may serve as a non-invasive biomarker of
allograft injury/rejection.

As with acute antibody-mediated rejection, renal allograft
injury due to BKPyV infection may also result in an elevated
level of dd-cfDNA in the urine or blood. Bloom et al. reports
that the percentage of plasma dd-cfDNA (dd-cfDNA%) in two
patients with BKPyVAN was 4.6 and 2.3%, respectively, which
were higher than the 1.0% cutoff of discriminating antibody-
mediated rejection (4). Whitlam et al. reports the plasma dd-
cfDNA% was 1.5% in one patient with BKPyVAN (9). However,
another study finds that plasma dd-cfDNA% remained below
the threshold value (0.88%) in three cases of BKPyVAN (10).
The majority of research on the use of dd-cfDNA for diagnosing
acute rejection/injury has been focused on the proportion of dd-
cfDNA in plasma. When graft microvascular endothelial cells
are damaged, a cardinal feature of acute rejection, dd-cfDNA is
released into the blood thereby resulting in an increase in plasma
dd-cfDNA (11). However, the BKPyV mainly infects and causes
damage in renal tubular epithelial cells rather than vascular
endothelial cells (12). We may, therefore, speculate that dd-
cfDNA fragments from damaged tubular epithelial cells due to

Abbreviations: BKPyVAN, BK polyomavirus-associated nephropathy; BKPyV,

BK polyomavirus; PCR, polymerase chain reaction; cfDNA, cell-free DNA;

dd-cfDNA, donor-derived cell-free DNA; gDNA, genomic DNA; SNP, single-

nucleotide polymorphism; IHC, immunohistochemical; ROC, receiver operating

characteristic; AUC, area under the ROC curve; TCMR, T cell-mediated rejection.

BKPyV infection are released into the urine, causing an increase
in ratio and absolute quantification of urine dd-cfDNA.

Currently, the relationship between urine dd-cfDNA and
BKPyVAN has not been confirmed. We performed this study
to evaluate the relationship between urine dd-cfDNA and
intrarenal allograft BKPyV infection states in adult kidney
transplant recipients.

MATERIALS AND METHODS

Study Population and Samples
In this retrospective single-center observational study, all kidney
transplant recipients who were diagnosed with urine BKPyV
infection at our hospital between August 2018 and May 2019
were assessed for eligibility for inclusion. The exclusion criteria
were (1) urinary tract bacterial infection; (2) age < 18 years;
(3) pediatric donor or pediatric recipient; (4) multiorgan, en
bloc, or repeated kidney transplant; (5) positive antidonor-
specific antibody; and (6) concurrent T cell-mediated rejection
(manifested as Banff endarteritis ≥ 1). This study adhered to
the tenets of the Declaration of Helsinki and was approved by
the Ethics Committee of the First Affiliated Hospital of Sun
Yat-sen University (No. [2019] 221). Written informed consent
was obtained from all patients. Kidney allografts from living or
deceased organ donors who met the ethical guidelines for kidney
donation were used.

First, all enrolled patients were grouped according to the 2019
American Society of Transplantation guidelines (13), including
(1) possible BKPyVAN defined by urine BKPyV DNA load
> 7 log10 copies/mL with negative BK viremia and negative
anti-SV40-T immunohistochemical (IHC) staining on kidney
biopsy, (2) probable BKPyVAN defined by sustained plasma
BKPyV DNA load >3 log10 copies/mL in two measurements
within 3 weeks with negative anti-SV40-T IHC staining on
kidney biopsy, (3) presumptive BKPyVAN defined by plasma
BKPyV DNA load >4 log10 copies/mL in at least one of two
measurements in <3 weeks with negative anti-SV40-T IHC
staining on kidney biopsy, and (4) proven BKPyVAN defined by
urine BKPyV DNA load >7 log10 copies/mL with positive anti-
SV40-T IHC staining on kidney biopsy. Second, to evaluate the
level of urine dd-cfDNA during BKPyVAN remission, patients
with resolving BKPyVAN (who had been previously diagnosed
with biopsy-proved BKPyVAN) were included simultaneously.
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TABLE 1 | Clinical follow-up data of the resolving BKPyVAN group.

At diagnosis of proved BKPyVAN (N = 23) At diagnosis of resolving BKPyVAN (N = 23) P

Interval time (months) – 20.3 (IQR: 17.5, 36.1) –

Serum creatinine (µmol/L) 171.0 (IQR: 142.0, 187.0) 151.0 (IQR: 140.0, 203.0) 0.703

Urine viral load (copies/mL) 9.8 × 108 (IQR: 2.2 × 108, 3.9 × 1010) 2.9 × 107 (IQR: 1.1 × 107, 1.1 × 108) <0.001

Plasma viral load (copies/mL) 2.8 × 103 (IQR: 0, 1.8 × 105) 0 (IQR: 0, 0) <0.001

Extent of anti-SV40-T IHC staining 11.0% (IQR: 6.0%, 16.3%) 0 (IQR: 0, 0) <0.001

BKPyVAN, BK polyomavirus-associated nephropathy; IQR, interquartile range; IHC, immunohistochemical.

The criteria used to define the resolving BKPyVANwas described
elsewhere (14), including (1) BK viremia becoming negative, (2)
urine BKPyV DNA load decreasing by >2 log10 copies/mL, (3)
serum creatinine remaining stable or decreasing without anti-
rejection therapy, and (4) anti-SV40-T IHC staining becoming
negative without signs of rejection on repeated kidney biopsy.
Table 1 describes the clinicopathological progress of patients
with resolving BKPyVAN. In this group of patients, serum
creatinine remained stable, plasma and urine BKPyV DNA load
decreased significantly, and anti-SV40-T IHC staining on kidney
biopsies turned negative.

Urine cfDNA Isolation and Blood Genomic
DNA Extraction
Urine and blood samples were harvested within 48 h of kidney
biopsy. All patients were fasted for more than 8 h before
collecting samples. No patient experienced oliguria or anuria
in this study. A total of 8ml of midmorning urine as well
as 8ml of blood were collected in cfDNA Collecting Tubes
(Streck, Cat. No. 218962, NE, USA). Diazolidinyl urea (final
concentration 3%) and SUPERase•InTM RNase Inhibitor (final
concentration 5%) were added into the tubes to prevent DNA
degradation. Specimens were stored at 4◦C and airlifted to the
laboratory. The samples were centrifuged at 16,000 × g for
10min. Three ml of the urine supernatant was collected, and
the total cfDNA was extracted using the Circulating Nucleic
Acid Kit (Qiagen, Cat. No. 55114, Germany). The extraction
range of the kit is 1 ng/mL−1 ug/mL, and this linear range
can ensure a stable extraction volume between samples. The
white blood cells were separated in the blood sample, and
the total germline genomic DNA (gDNA) was extracted using
the QIAamp DNA Blood Mini Kit (Qiagen, Cat. No. 51104,
Germany). A total of 5.6 µL carrier RNA was added in every
4mL of urine. All samples were processed according to the kit
manufacturer’s instructions.

Library Construction and Target Region
Capture Sequencing
The purified cfDNA and gDNA were quantified using a
Qubit fluorometer (Life Technologies, Cat. No. Q33216,
China). Quality control of cfDNA and gDNA was based on
spectrophotometric analysis at a 260–280 nm ratio.

Next, 30 ng of total cfDNA out of 30 ng of gDNA was used for
DNA library construction with a KAPA LTP library preparation

kit (KAPA, Cat. No. KK8235, USA). The target region included
6,200 human single-nucleotide polymorphism (SNP) loci with
a custom TruGrade R© DNA Oligos pool (IDT, California, USA)
according to the manufacturer’s protocol, and SNPs were selected
for their high minor allele frequency in the population (MAF =

0.4–0.6). Captured libraries were characterized using an Agilent
2100 Bioanalyzer (Agilent, Cat. No. 2200, USA), then pooled
and sequenced (Illumina X-ten, 10 ± 5 million; paired end
[PE] 150 bp).

Bioinformatics and dd-cfDNA
Quantification
Sequencing raw data were trimmed by removing low-quality
reads, adapter contamination reads, and PCR duplications. Then,
reads were aligned against the Genome Reference Consortium
Human Build 38 (www.ncbi.nlm.nih.gov/assembly/GCF_
000001405.38) using a Burrows-Wheeler Aligner (www.bio-bwa.
sourceforge.net). Samtools (http://samtools.sourceforge.net/)
were used to conduct SNP calling.

The read numbers were counted for each allele of the 6200
SNPs. The minor allele ratio values for the informative SNP locus
(recipients’ homozygous SNP loci with at least one alternative
allele read) were calculated for dd-cfDNA quantification. A Bayes
approach was utilized to quantify the dd-cfDNA level. For each
informative SNP, a binomial model was used to estimate the
donor-derived allele frequency, and the donor genotype was
estimated based on the donor-specific allele frequency in the
population (15). The amount of dd-cfDNA (nanogram, ng)
was normalized against urine volume. Absolute quantification
of dd-cfDNA per mL urine is calculated by multiplying the
total concentration of cfDNA in a sample by the dd-cfDNA
fraction (%).

ddcfDNAurine =
CcfDNA × Velution × ddcfDNA(%)

Vurine

Dd-cfDNAurine is the absolute concentration of target within the
urine per mL (ng/mL), CcfDNA is the extraction concentration of
total cfDNA (ng/uL), Velution is the volume of eluent used during
the cfDNA extraction process in µL, and Vurine is the volume of
urine used for cfDNA extraction inmL; dd-cfDNA (%) is the ratio
of dd-cfDNA to total cfDNA.
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Virological Studies
BKPyV viral load in urine and plasma samples were determined
by a quantitative PCR Detection Kit (Sinomed, Beijing, China)
as described elsewhere (16). Assays were performed on an ABI
Prism 7500 Sequence Detection system (Applied Biosystems,
USA), according to the manufacturer’s instructions. PCR
amplifications were performed in a 25-µL reaction volume
that contained 5 µL of extracted DNA. Probes were designed
to specifically detect the BKPyV and did not cross-react with
sequences present in the related JC or SV-40 polyomavirus as per
themanufacturer’s statement. The lower limit of quantitation was
1× 103 copies/mL for both plasma and urine.

Diagnosis of BKPyVAN
Pathological lesions were scored according to the 2017 Banff
criteria (17). The pathological diagnosis of proven BKPyVAN
was confirmed by immunohistochemical (IHC) staining as
previously described (18). The histological features of BKPyVAN
were classified using the American Society for Transplantation

schema, and BKPyVAN was classified as stage A, B, or C based
on the guidelines published by Hirsch et al. (19).

Statistical Analysis
Continuous data were reported as mean ± standard deviation,
and categorical data as number (%). Both parametric and
non-parametric inferential statistics were used in this study,
depending on the assumption of data normality. For comparisons
of all four groups, according to each outcome’s normality
assumptions, one-way ANOVA (normality assumed) and
Kruskal-Wallis test (non-parametric, non-normality) tests were
used, and Fisher’s LSD comparison was used for post hoc analysis.
Repeated measurement of urine dd-cfDNA was compared by the
paired-sample T-test.

Receiver operating characteristic (ROC) curve analysis was
used to investigate the relations of independent variables to
the intrarenal BKPyV infection state. Discrimination capacity
indexes were reported, including the area under the ROC curve
(AUC), sensitivity, specificity, positive predictive value, negative
predictive value, positive likelihood ratio, negative likelihood

FIGURE 1 | Patient inclusion flow diagram. BKPyVAN, BK polyomavirus-associated nephropathy; BKPyV, BK polyomavirus; TCMR, T cell-mediated rejection.
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ratio, diagnostic odds ratio, and Youden index. Correlation
coefficient analyses were performed to determine the correlation
coefficients between individual pathological scores or serum
creatinine and urine dd-cfDNA and dd-cfDNA%. Spearman’s
correlation analysis was used for variables with ordinal/rank
properties, and Pearson’s correlation analysis was used for
variables with interval/continuous properties. All statistical
analyses were two-tailed, and values of P < 0.05 were considered
to indicate statistical significance. All analyses were performed
using IBM SPSS version 20 software (IBM Corporation, Somers,
New York).

RESULTS

Patients
A flow diagram of patient inclusion is shown in Figure 1.
Ninety-three patients were enrolled, including 54 (58.06%) males
and 39 (41.94%) females with a mean age of 40.31 ± 10.40
years (median: 38.79 years, interquartile range [IQR]: 34.25–
46.62 years). Patients were allocated to four groups according
to their BKPyV infection state, and there were 40 cases of
proved BKPyVAN, seven cases of probable BKPyVAN, 23 cases
of possible BKPyVAN, and 23 cases of resolving BKPyVAN. No
patient was diagnosed with presumptive BKPyVAN during the
study period. No patient in the resolving BKPyVAN group was
from the biopsy-proven BKPyVAN group. Patient characteristics
are presented and compared in Table 2. The serum creatinine
in the proved BKPyVAN group (210.63 ± 89.82 µmol/L) was
greater than that in the possible BKPyVAN group (114.57 ±

26.73 µmol/L, P < 0.001) but was comparable to that in the
probable BKPyVAN group (153.86 ± 51.67 µmol/L, P = 0.113)
and in the resolving BKPyVAN group (174.30 ± 54.04 µmol/L,
P = 0.083). The serum creatinine in the probable BKPyVAN
group was slightly higher than that in the possible BKPyVAN
group (153.86 ± 51.67 µmol/L vs. 114.57 ± 26.73 µmol/L),
but the difference was not significant (P = 0.184). The urine
BKPyV viral load in the proved BKPyVAN group was similar to
that in the probable BKPyVAN group, but significantly higher
than that in the possible BKPyVAN group (P = 0.007) and
resolving BKPyVAN group (P = 0.005). Plasma BKPyV viral
load was similar between the proved BKPyVAN group and
the probable BKPyVAN group (P = 0.317). No patient in the
possible BKPyVAN group or in the resolving BKPyVAN group
had BK viremia.

Dd-cfDNA and dd-cfDNA% in Urine
The urine total cfDNA in the proved BKPyVAN group (35.27 ±
31.74 ng/ml) was significantly higher than that in the possible
BKPyVAN group (12.32 ± 9.15 ng/ml; P < 0.001) and the
resolving BKPyVAN group (16.36 ± 16.34 ng/ml; P = 0.002) but
was slightly higher than that in the probable BKPyVAN group
(17.16 ± 7.00 ng/ml; P = 0.058). The urine total cfDNA in the
probable BKPyVAN group (17.16± 7.00 ng/ml) was comparable
to that in the possible BKPyVAN group (12.32± 9.15 ng/ml; P =

0.629) and the resolving BKPyVAN group (16.36 ± 16.34 ng/ml;
P = 0.936).

The urine dd-cfDNA in the proved BKPyVAN group (22.09
± 21.27 ng/ml) was significantly higher than that in the possible
BKPyVAN group (5.60 ± 3.53 ng/ml; P < 0.001) and the
resolving BKPyVAN group (5.30 ± 3.34 ng/ml; P < 0.001).
Similarly, the urine dd-cfDNA in the probable BKPyVAN group
(15.64 ± 6.73 ng/ml) was higher than that in the possible
BKPyVAN group (5.60 ± 3.53 ng/ml; P = 0.003) and the
resolving BKPyVAN group (5.30 ± 3.34 ng/ml; P = 0.001)
(Figure 2A). The difference of urine dd-cfDNA between the
proved BKPyVAN group (22.09± 21.27 ng/ml) and the probable
BKPyVAN group (15.64 ± 6.73 ng/ml) was not significant (P
= 0.434).

The urine dd-cfDNA%of the proved BKPyVAN group (0.71±
0.21) was significantly higher than that of the possible BKPyVAN
group (0.56 ± 0.30; P = 0.047) and the resolving BKPyVAN
group (0.46 ± 0.28; P = 0.006). Similarly, the urine dd-cfDNA%
in the probable BKPyVAN group (0.91 ± 0.04) was higher than
that in the possible BKPyVAN group (0.56 ± 0.30; P = 0.001)
and the resolving BKPyVAN group (0.46 ± 0.28; P < 0.001)
(Figure 2B). The urine dd-cfDNA% of the proved BKPyVAN
group (0.71 ± 0.21) was lower than that of the probable
BKPyVAN group (0.91 ± 0.04, P < 0.001). No significant
correlation was found between plasma BKPyV load and urine
dd-cfDNA (P = 0.322) or urine dd-cfDNA% (P = 0.424).

Discrimination Capacity of dd-cfDNA and
dd-cfDNA%
ROC curves analysis was used to examine the discrimination
capacity of urine dd-cfDNA (Figure 3) and dd-cfDNA%
(Figure 4) between the four defined groups. The AUC of urine
dd-cfDNA for distinguishing proven BKPyVAN vs. resolving
BKPyVAN was 0.965 (95% CI: 0.910, 1.000, Figure 3A), for
proven BKPyVAN vs. possible BKPyVAN was 0.943 (95% CI:
0.888, 0.999, Figure 3B), for probable BKPyVAN vs. possible
BKPyVAN was 0.957 (95% CI: 0.886, 1.000, Figure 3C), and
for BKPyVAN (proven BKPyVAN + probable BKPyVAN) vs.
non-BKPyVAN (possible BKPyVAN+ resolving BKPyVAN) was
0.956 (95% CI: 0.916, 0.995, Figure 3D).

The AUC of urine dd-cfDNA% for distinguishing proved
BKPyVAN vs. resolving BKPyVAN was 0.760 (95% CI: 0.631,
0.889, Figure 4A), for proved BKPyVAN vs. possible BKPyVAN
was 0.653 (95% CI: 0.512, 0.794, Figure 4B), for probable
BKPyVAN vs. possible BKPyVAN was 0.963 (95% CI: 0.890,
1.000, Figure 4C), and for BKPyVAN (proven BKPyVAN +

probable BKPyVAN) vs. non-BKPyVAN (possible BKPyVAN
+ resolving BKPyVAN) was 0.745 (95% CI: 0.645, 0.844,
Figure 4D). The AUC, sensitivity, specificity, positive predictive
value, negative predictive value, positive likelihood ratio, negative
likelihood ratio, diagnostic odds ratio, and Youden index are
presented in Table 3.

An ROC curve analysis was also performed to compare the
discrimination capacity of urine dd-cfDNA and plasma BKPyV
DNA load for distinguishing biopsy-proven BKPyVAN from
biopsy-excluded BKPyVAN (probable BKPyVAN + possible
BKPyVAN). As shown in Figure 5, the discrimination capacity of
urine dd-cfDNA (AUC: 0.842, 95% CI: 0.735, 0.918) was superior

Frontiers in Immunology | www.frontiersin.org 5 August 2020 | Volume 11 | Article 1763

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Donor-Derived cfDNA in Kidney BKPyVAN

TABLE 2 | Patient characteristics.

Parameter All patients

(N = 93)

Proven

BKPyVAN

(n = 40)

Probable

BKPyVAN

(n = 7)

Possible

BKPyVAN

(n = 23)

Resolving

BKPyVAN

(n = 23)

P*

Demographic characteristics

Age at sample collection (years) 40.31 ± 10.40 40.21 ± 10.44 36.23 ± 9.06 39.44 ± 10.78 42.62 ± 10.44 0.503

Sex 0.406

Male 54 (58.06) 20 (50.00) 5 (71.43) 16 (69.57) 13 (56.52)

Female 39 (41.94) 20 (50.00) 2 (28.57) 7 (30.43) 10 (43.48)

Height (cm) 164.01 ± 9.34 162.83 ± 10.24 167.86 ± 7.31 166.78 ± 9.25 162.13 ± 7.73 0.188

Weight (kg) 55.22 ± 11.74 53.10 ± 11.69 59.57 ± 11.43 60.28 ± 11.63 52.53 ± 10.71 0.049

Body mass index (kg/m2 ) 20.38 ± 3.21 19.93 ± 3.44 20.97 ± 2.74 21.49 ± 2.88 19.87 ± 3.11 0.231

Indication for renal transplantation 0.705

IgA nephropathy 12 (12.90) 5 (12.50) 0 (0.00) 4 (17.39) 3 (13.04)

Focal segmental glomerular sclerosis 2 (2.15) 1 (2.50) 0 (0.00) 0 (0.00) 1 (4.35)

Nephrotic syndrome 3 (3.23) 0 (0.00) 0 (0.00) 2 (8.70) 1 (4.35)

Chronic glomerulonephritis 22 (23.66) 9 (22.50) 2 (28.57) 6 (26.09) 5 (21.74)

Lupus nephritis 3 (3.23) 1 (2.50) 0 (0.00) 0 (0.00) 2 (8.70)

Diabetic nephropathy 4 (4.30) 2 (5.00) 1 (14.29) 1 (4.35) 0 (0.00)

Hypertensive nephropathy 1 (1.08) 1 (2.50) 0 (0.00) 0 (0.00) 0 (0.00)

Others/unknown 46 (49.46) 21 (52.50) 4 (57.14) 10 (43.48) 11 (47.83)

Transplant characteristics

Donor type 0.685

Deceased 82 (88.17) 37 (92.50) 6 (85.71) 20 (86.96) 19 (82.61)

Living 11 (11.83) 3 (7.50) 1 (14.29) 3 (13.04) 4 (17.39)

Induction agent 0.275

Basiliximab 23 (24.73) 9 (22.50) 1 (14.29) 4 (17.39) 9 (39.13)

Thymoglobulin 68 (73.12) 30 (75.00) 5 (71.43) 19 (82.61) 14 (60.87)

Basiliximab + thymoglobulin 2 (2.15) 1 (2.50) 1 (14.29) 0 (0.00) 0 (0.00)

Delayed graft function 0.631

No 84 (90.32) 36 (90.00) 7 (100.00) 20 (86.96) 21 (91.30)

Yes 9 (9.68) 4 (10.00) 0 (0.00) 3 (13.04) 2 (8.70)

Renal replacement therapy: hemodialysis 0.665

No 36 (38.71) 14 (35.00) 4 (57.14) 8 (34.78) 10 (43.48)

Yes 57 (61.29) 26 (65.00) 3 (42.86) 15 (65.22) 13 (56.52)

Renal replacement therapy: peritoneal dialysis 0.669

No 66 (70.97) 27 (67.50) 4 (57.14) 18 (78.26) 17 (73.91)

Yes 27 (29.03) 13 (32.50) 3 (42.86) 5 (21.74) 6 (26.09)

Length of renal replacement therapy (months) 20.45 ± 26.60 18.04 ± 22.97 35 ± 43.87 24.62 ± 30.81 16.04 ± 20.79 0.309

Length of time post-transplant (months) 21.84 ± 23.05 17.43 ± 15.33 8.24 ± 9.29 7.55 ± 5.08 47.94 ± 27.14 <0.001

Clinical characteristics

Baseline serum creatinine (µmol/L) 114.76 ± 34.15 112.78 ± 37.53 111.57±23.06 113.48 ± 34.19 120.48 ± 31.94 0.837

Serum creatinine at sample collection (µmol/L) 173.61 ± 77.21 210.63 ± 89.82 153.86±51.67 114.57 ± 26.73 174.30 ± 54.04 <0.001

Maintenance immunosuppression

Mycophenolate 93 (100.00) 40 (100.00) 7 (100.00) 23 (100.00) 23 (100.00) 1.000

Tacrolimus 92 (98.92) 40 (100.00) 7 (100.00) 23 (100.00) 22 (95.65) 0.419

Cyclosporin 1 (1.08) 0 (0.00) 0 (0.00) 0 (0.00) 1 (4.35) 0.419

Corticosteroids 93 (100.00) 40 (100.00) 7 (100.00) 23 (100.00) 23 (100.00) 1.000

Urine viral load (copies/mL) 8.2 × 107 7.1 × 108 5.4 × 108 4.1 × 107 2.9 × 107 <0.001

(IQR: 2.4 × 107,

1.5 × 109)

(IQR: 3.2 × 107,

5.3 × 109)

(IQR: 2.5 × 108,

1.1 × 1010)

(IQR: 1.8 × 107,

2.1 × 108)

(IQR: 1.1 × 107,

1.1 × 108)

Plasma viral load (copies/mL) 0 (0, 1.9×103) 1.4 × 103 (0, 3.5

× 104)

1.7 × 103

(1.0×103, 8.3 ×

103)

0 (0, 0) 0 (0, 0) <0.001

BKPyVAN, BK polyomavirus-associated nephropathy; BKPyV, BK polyomavirus; IQR, interquartile range.

*Comparison among Proven BKPyVAN, Probable BKPyVAN, Possible BKPyVAN, and Resolving BKPyVAN.

Frontiers in Immunology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 1763

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Donor-Derived cfDNA in Kidney BKPyVAN

FIGURE 2 | Box plots of (A) urine dd-cfDNA and (B) urine dd-cfDNA% of the four groups.

to that of plasma BKPyV DNA load (AUC: 0.660, 95% CI: 0.537,
0.769) with 0.181 (95% CI: 0.043, 0.319) difference between areas
under ROC curves (P = 0.010). However, the discrimination
capacity of urine dd-cfDNA% (AUC: 0.530, 95% CI: 0.407, 0.650)
was comparable to that of plasma BKPyV DNA load with 0.130
(95% CI: 0.045, 0.307) difference between areas under ROC
curves (P = 0.147).

Serum Creatinine and dd-cfDNA
There was no correlation between serum creatinine and dd-
cfDNA% (r = 0.08, P = 0.424, Figure 6A); however, a significant
but weak correlation between serum creatinine and dd-cfDNA
was observed (r = 0.31, P = 0.002, Figure 6B). In the BKPyVAN
group (proven BKPyVAN + probable BKPyVAN), the level of
dd-cfDNA in patients with elevated serum creatinine (>30%
increased from baseline serum creatinine) (n = 32) was similar
to that in patients with stable serum creatinine (n = 15) (23.20
± 22.90 vs. 16.72 ± 10.29, P = 0.465). Of the 32 patients
with elevated serum creatinine at sample collection, 31 (96.9%)
had an elevated dd-cfDNA level that was higher than the 8.93
BKPyVAN threshold as calculated in Table 3. Conversely, of the
15 patients with stable serum creatinine at the time of biopsy, 14
(93.3%) had an elevated dd-cfDNA level that was higher than the
8.93 BKPyVAN threshold, indicating that renal allograft injury
occurred before serum creatinine elevating.

Pathological Scores and dd-cfDNA
Anti-SV40-T IHC staining was negative on all kidney biopsies
of probable BKPyVAN, possible BKPyVAN, and resolving
BKPyVAN but was positive on biopsies of proven BKPyVAN.
In the proven BKPyVAN group, including one stage A, 12
stage B1, 21 stage B2, five stage B3, and one stage C, no
significant correlations were found between various kinds of
histological signs and urine dd-cfDNA or urine dd-cfDNA%
(Table 4).

Repeated Detection of Urine dd-cfDNA
Repeated detection of urine dd-cfDNA was performed in four
patients in the proven BKPyVAN group and five patients in
the probable BKPyVAN group. The level of urine dd-cfDNA
declined significantly in four with proved BKPyVAN (14.3 ng/ml
vs. 6.5 ng/ml, P = 0.011) and in five patients with probable
BKPyVAN (15.4 vs. 3.6 ng/ml, P = 0.021) after reducing
immunosuppression, accompanied by obliteration of BK viremia
(For a more detailed description of these patients, please refer to
the Table 5).

DISCUSSION

Studies have shown that measuring plasma dd-cfDNA is useful
for the detection of allograft rejection/injury episodes in organ
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FIGURE 3 | The discrimination capacity of urine dd-cfDNA. Receiver operating characteristic curves of dd-cfDNA for (A) distinguishing proven BKPyVAN from

resolving BKPyVAN; (B) distinguishing proven BKPyVAN from possible BKPyVAN; (C) distinguishing probable BKPyVAN from possible BKPyVAN; (D) distinguishing

BKPyVAN (proven BKPyVAN + probable BKPyVAN) from non-BKPyVAN (possible BKPyVAN + resolving BKPyVAN).

transplant recipients (3, 20). However, elevated dd-cfDNA
isn’t specific for rejection; elevated levels are also observed in
BKPyVAN in sporadic reports (4, 9, 10). This large-scale clinical
study systematically assessed the performance of urine dd-cfDNA
and dd-cfDNA% for discriminating BKPyVAN in adult kidney
transplant recipients with BKPyV viruria. The results show
that both measures are able to discriminate proven BKPyVAN
from resolving BKPyVAN and possible BKPyVAN. In addition,
urine dd-cfDNA had better performance than urine dd-cfDNA%,
serum creatinine, urine BKPyVDNA, or plasma BKPyVDNA for
discriminating BKPyVAN.

Currently, there is no uniform consensus regarding the
proportion or absolute value of urine dd-cfDNA for detecting
renal allograft injury. Burnham et al. observed (21) an elevated

proportion of urine dd-cfDNA in patients with BKPyVAN (mean
65.1%, n= 12) compared with patients with normal biopsies (no
BKPyVAN, mean 51.4%, n = 4). Similarly, we found urine dd-
cfDNA% was significantly elevated in biopsy-proven BKPyVAN
(mean 71%) as compared with possible BKPyVAN (mean 56%).
Detecting urine dd-cfDNA concentration can avoid the influence
of fluctuation in total cfDNA (22). In addition, the vast majority
of cfDNA in urine is from white blood cells (i.e., neutrophils
and lymphocytes) undergoing a natural apoptosis process (22).
The absolute quantification of urine dd-cfDNA can avoid the
influence of these factors on the proportion of dd-cfDNA in the
urine. This study also shows that urine dd-cfDNA compared with
dd-cfDNA% had a better discrimination capacity for diagnosis
of BKPyVAN.
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FIGURE 4 | The discrimination capacity of urine dd-cfDNA%. Receiver operating characteristic curves of dd-cfDNA% for (A) distinguishing proven BKPyVAN from

resolving BKPyVAN; (B) distinguishing proven BKPyVAN from possible BKPyVAN; (C) distinguishing probable BKPyVAN from possible BKPyVAN; (D) distinguishing

BKPyVAN (proven BKPyVAN + probable BKPyVAN) from non-BKPyVAN (possible BKPyVAN + resolving BKPyVAN).

TABLE 3 | Discrimination capacity of dd-cfDNA and dd-cfDNA% for the diagnosis of BKPyVAN.

Discrimination of proven

BKPyVAN from resolving

BKPyVAN

Discrimination of proven

BKPyVAN from possible

BKPyVAN

Discrimination of probable

BKPyVAN from possible

BKPyVAN

Discrimination of BKPyVAN# from

non-BKPyVAN*

dd-cfDNA >

8.06 ng/ml

dd-cfDNA% >

0.50

dd-cfDNA >

8.93 ng/ml

dd-cfDNA% >

0.84

dd-cfDNA >

9.06 ng/ml

dd-cfDNA% >

0.84

dd-cfDNA >

8.93 ng/ml

dd-cfDNA% >

0.84

AUC 0.965 0.760 0.943 0.653 0.957 0.963 0.956 0.745

Sensitivity 1.00 0.90 0.95 0.38 1.00 1.00 0.96 0.47

Specificity 0.91 0.61 0.83 0.91 0.83 0.91 0.87 0.91

PPV 0.95 0.80 0.90 0.88 0.64 0.78 0.88 0.85

NPV 1.00 0.78 0.90 0.46 1.00 1.00 0.95 0.63

PLR 11.50 2.30 5.46 4.31 5.75 11.50 7.34 5.38

NLR 0.00 0.16 0.06 0.68 0.00 0.00 0.05 0.58

DOR 420.00 14.00 90.25 6.30 33.25 73.50 150.00 9.24

Youden index 0.91 0.51 0.78 0.29 0.83 0.91 0.83 0.38

BKPyVAN, BK polyomavirus-associated nephropathy; BKPyV, BK polyomavirus; dd-cfDNA, donor-derived cell-free DNA; AUC, area under the receiver operating characteristics curve;

PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio; NLR, negative likelihood ratio; DOR, diagnostic odds ratio.
#BKPyVAN = proved BKPyVAN + probable BKPyVAN; *non-BKPyVAN = possible BKPyVAN + resolving BKPyVAN.
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Recently, the guideline about BKPyVAN in solid organ
transplantation has been updated by Hirsch et al. (13). In this
study, patients were grouped by the latest guideline, and seven
patients who had negative anti-SV40-T immunohistochemical
staining on allograft biopsies were diagnosed with probable

FIGURE 5 | Receiver operating characteristic curves of the plasma BKPyV

DNA load, urine dd-cfDNA and urine dd-cfDNA% for the discrimination of

biopsy-proved BKPyVAN from biopsy-excluded BKPyVAN (probable

BKPyVAN + possible BKPyVAN). The discrimination capacity of urine

dd-cfDNA (AUC = 0.842) was superior to that of plasma BKPyV DNA load

(AUC = 0.660, P = 0.010) and that of urine dd-cfDNA% (AUC = 0.530, P <

0.001). The discrimination capacity of urine dd-cfDNA% (AUC = 0.530) was

inferior to that of plasma BKPyV DNA load (AUC = 0.660, P = 0.147).

BKPyVAN because of sustained plasma BKPyV DNA load >

3 log10 copies/mL in two measurements within 3 weeks. The
level of urine dd-cfDNA in probable BKPyVAN was higher than
that in possible BKPyVAN but was similar to that in proven
BKPyVAN, indicating kidney injury in probable BKPyVAN and
proven BKPyVAN. Repeated detection of urine dd-cfDNA in five
patients with probable BKPyVAN showed that the level of dd-
cfDNA declined significantly after reducing immunosuppression
in a median of 5.9 months with their allograft function improved
rather than deteriorated, indicating remission of kidney injury.
The probable BKPyVAN, which presented a negative biopsy,
might be suffering from BKPyV infection in renal allograft
but was misdiagnosed due to sample errors because BKPyV
replicates locally in themedullary area, especially during the early
stage (23). In addition, the urine dd-cfDNA% of the probable
BKPyVAN group was even significantly higher than that of the
proved BKPyVAN group. This may be due to the small sample
size in the probable BKPyVAN group. Regardless, these results
uniformly indicate that probable BKPyVAN has undergone renal
allograft injury. Therefore, we recommend preemptive treatment
for patients with BKPyV infection who have negative anti-SV40-
T IHC staining on kidney biopsies but have elevated urine dd-
cfDNA. To further confirm this conclusion, future studies should
be performed to dynamically monitor urine dd-cfDNA before,
during, and after BKPyV infection.

Our results show that there was no significant correlation
between various kinds of histological signs and urine dd-cfDNA
or urine dd-cfDNA%. This may be because these pathological
damage indicators are morphological manifestations observed
from very small tissue, which are not equivalent to the degree of
kidney damage. In contrast, urine dd-cfDNA can reflect damage
to the entire kidney.

This study showed that, among 15 patients with stable
serum creatinine at diagnosis of BKPyVAN, 14 (93.3%) had an
elevated dd-cfDNA level that was higher than the 8.93 BKPyVAN
threshold. This result indicates that renal allograft injury has

FIGURE 6 | Scatterplot with regression line between serum creatinine level at data collection and (A) dd-cfDNA% and (B) dd-cfDNA. The correlation coefficient was

0.08 between serum creatinine and dd-cfDNA% (P = 0.424), and 0.31 between serum creatinine and dd-cfDNA (P = 0.002).
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TABLE 4 | Spearman correlation analysis (n = 40).

dd-cfDNA% dd-cfDNA

Pathological score r P r P

Glomerulitis 0.02 0.892 0.15 0.360

Transplant glomerulopathy −0.27 0.096 0.06 0.705

Extent of anti-SV40-T IHC staining 0.09 0.562 0.20 0.218

Tubulitis 0.19 0.235 0.19 0.229

Interstitial inflammation −0.07 0.651 −0.12 0.461

Total interstitial inflammation 0.14 0.391 0.09 0.597

Tubular atrophy 0.35 0.026 −0.03 0.876

Interstitial fibrosis 0.25 0.113 0.003 0.984

dd-cfDNA, donor-derived cell-free DNA; IHC, immunohistochemical.

occurred before serum creatinine elevating, and monitoring
urine dd-cfDNA can help recognize renal allograft injury earlier,
thus triggering kidney biopsy and therapeutic intervention
earlier. The level of urine dd-cfDNA declined significantly in
four patients with proven BKPyVAN and in five patients with
probable BKPyVAN. This result suggests that dd-cfDNA can be
used to dynamically evaluate the therapeutic effect of BKPyVAN.
This hypothesis can be verified in future large sample studies.

PCR-based BKPyV DNA load quantitation in the plasma
is the preferred screening method for monitoring BKPyV
reactivation at most transplant centers, including our
own. Although qualitative PCR is sensitive for detecting
plasma BKPyV replication, BK viremia has a relatively
low positive predictive value (30–50%) for BKPyVAN
(24), partially due to technical variation, including DNA
extraction, primer design, and PCR cycling parameters
(13, 25). With an AUC of 0.842, urine dd-cfDNA
exhibited higher discrimination capacity compared with
plasma BKPyV DNA load for discriminating biopsy-
proved BKPyVAN from biopsy-excluded BKPyVAN in
our study.

Our previous study has shown that, after kidney
transplantation, the plasma dd-cfDNA level decreased
rapidly, following an L-shaped curve, but the level increased
markedly when an acute rejection episode occurred (15).
In this study, urine dd-cfDNA levels fluctuated depending
on the BKPyV infection state. The dynamic decline of
urine dd-cfDNA, accompanied by obliteration of viremia,
strongly suggests that kidney damage exists in probable
BKPyVAN and remission of intrarenal injury after effective
treatment. A similar trend was observed in proven
BKPyVAN. In addition, the lower level of urine dd-cfDNA
in resolving BKPyVAN was consistent with the corresponding
clinicopathological state, including negative viremia, negative
anti-SV40-T IHC staining on kidney biopsies, resolution
of tubulointerstitial inflammation, stable serum creatinine,
and persistent low copy number of urine BKPyV DNA
(12, 14).

In this study, we introduced a hybrid capture sequencing
approach for the quantification of dd-cfDNA based on 6200 T
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SNPs from whole-genome. This method is not limited by
the gender of the transplant recipient because the strategy of
using the Y chromosome for dd-cfDNA quantification can be
used only in gender-mismatched kidney transplantation (26).
However, this study has some limitations. Urine dd-cfDNA
was primarily assessed on a “for-cause” basis but not “for-
protocol.” This may maximize the prevalence of BKPyVAN
in the study cohort to a level higher than typically observed
in the general kidney transplant population. The purpose of
this study was to assess the value of urine dd-cfDNA for
discriminating BKPyV-caused renal allograft injury in kidney
transplant recipients with BKPyV viruria. Since all patients in this
study had BKPyV viruria, the conclusion cannot be generalized
to other patients without BKPyV infection. Moreover, there
was no patient with urinary BKPyV infection combined with
biopsy-proved T cell-mediated rejection (TCMR), so it was not
able to provide more value for distinguishing BKPyVAN and
TCMR. Our results provide clues to whether BKPyV-caused
renal allograft injury has occurred in patients with BKPyV
infection. Elevated urinary dd-cfDNA levels can prompt more
targeted renal biopsy in patients with BKPyV infection. Declining
urinary dd-cfDNA levels suggests a resolution of BKPyVAN
under effective treatment.

CONCLUSIONS

The results of this study suggest that the absolute quantification
of urine dd-cfDNA could serve as an indicator for discriminating
BKPyVAN injury in patients with BKPyV infection. Larger and
longitudinal studies are necessary to assess the discrimination
capacity of urine dd-cfDNA for serial surveillance in kidney
transplant recipients.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the First Affiliated
Hospital of Sun Yat-sen University. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

GH and JQ designed the study, reviewed and edited the whole
manuscript. X-TC, W-FC, and JL interpreted data and wrote
the manuscript. R-HD and YH reviewed the whole manuscript.
S-CY and W-FC as pathologists and evaluated the slides.
P-SC performed laboratory testing. L-ZC and C-XW collected,
analyzed, and interpreted data. H-TL performed cell-free DNA
detection. T-YJ conducted bioinformatics analysis. All of the
authors have read, approved the manuscript, and made an
important contribution to the manuscript.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China (81770749), the Natural
Science Foundation of Guangdong Province (2017A030313710),
the China Organ Transplantation Development Foundation
(2019JYJH07) and the Basic Scientific Research Fund of Sun
Yat-Sen University (17ykpy29).

ACKNOWLEDGMENTS

We would like to give special thanks to the Guangdong
Provincial Key Laboratory of Organ Donation and Transplant
Immunology (2013A061401007, 2017B030314018), and the
Guangdong Provincial International Cooperation Base of Science
and Technology (Organ Transplantation) (2015B050501002) for
providing experimental platforms.

REFERENCES

1. Yi SG, Knight RJ, Lunsford KE. BK virus as a mediator of graft dysfunction

following kidney transplantation. Curr Opin Organ Transplant. (2017)

22:320–7. doi: 10.1097/MOT.0000000000000429

2. Sawinski D, Goral S. BK virus infection: an update on diagnosis and

treatment. Nephrol Dial Transplant. (2015) 30:209–17. doi: 10.1093/ndt/g

fu023

3. Beck J, Bierau S, Balzer S, Andag R, Kanzow P, Schmitz J, et al. Digital droplet

PCR for rapid quantification of donor DNA in the circulation of transplant

recipients as a potential universal biomarker of graft injury. Clin Chem. (2013)

59:1732–41. doi: 10.1373/clinchem.2013.210328

4. Bloom RD, Bromberg JS, Poggio ED, Bunnapradist S, Langone AJ,

Sood P, et al. Cell-Free DNA and active rejection in kidney allografts.

J Am Soc Nephrol. (2017) 28:2221–32. doi: 10.1681/ASN.20160

91034

5. Zhang H, Zheng C, Li X, Fu Q, Li J, Su Q, et al. Diagnostic performance of

donor-derived plasma cell-free DNA fraction for antibody-mediated rejection

in post renal transplant recipients: a prospective observational study. Front

Immunol. (2020) 11:342. doi: 10.3389/fimmu.2020.00342

6. Schutz E, Fischer A, Beck J, Harden M, Koch M, Wuensch T, et al. Graft-

derived cell-free DNA, a noninvasive early rejection and graft damage marker

in liver transplantation: a prospective, observational, multicenter cohort

study. PLoS Med. (2017) 14:e1002286. doi: 10.1371/journal.pmed.1002286

7. Khush KK, Patel J, Pinney S, Kao A, Alharethi R, DePasquale E, et al.

Noninvasive detection of graft injury after heart transplant using donor-

derived cell-free DNA: a prospective multicenter study. Am J Transplant.

(2019) 19:2889–99. doi: 10.1111/ajt.15339

8. Agbor-Enoh S, Jackson AM, Tunc I, Berry GJ, Cochrane A, Grimm D, et al.

Late manifestation of alloantibody-associated injury and clinical pulmonary

antibody-mediated rejection: evidence from cell-free DNA analysis. J Heart

Lung Transplant. (2018) 37:925–32. doi: 10.1016/j.healun.2018.01.1305

9. Whitlam JB, Ling L, Skene A, Kanellis J, Ierino FL, Slater HR, et al.

Diagnostic application of kidney allograft-derived absolute cell-free DNA

levels during transplant dysfunction. Am J Transplant. (2019) 19:1037–49.

doi: 10.1111/ajt.15142

10. Gielis EM, Ledeganck KJ, Dendooven A, Meysman P, Beirnaert C, Laukens

K, et al. The use of plasma donor-derived, cell-free DNA to monitor

acute rejection after kidney transplantation. Nephrol Dial Transplant. (2019)

35:714–21. doi: 10.1093/ndt/gfz091

Frontiers in Immunology | www.frontiersin.org 12 August 2020 | Volume 11 | Article 1763

https://doi.org/10.1097/MOT.0000000000000429
https://doi.org/10.1093/ndt/gfu023
https://doi.org/10.1373/clinchem.2013.210328
https://doi.org/10.1681/ASN.2016091034
https://doi.org/10.3389/fimmu.2020.00342
https://doi.org/10.1371/journal.pmed.1002286
https://doi.org/10.1111/ajt.15339
https://doi.org/10.1016/j.healun.2018.01.1305
https://doi.org/10.1111/ajt.15142
https://doi.org/10.1093/ndt/gfz091
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Donor-Derived cfDNA in Kidney BKPyVAN

11. Bloom RD. Using (cell-free) DNA to incriminate rejection as the cause of

kidney allograft dysfunction: do we have a verdict? Am J Transplant. (2019)

19:1609–10. doi: 10.1111/ajt.15338

12. Drachenberg CB, Papadimitriou JC, Chaudhry MR, Ugarte R, Mavanur M,

Thomas B, et al. Histological evolution of BK virus-associated nephropathy:

importance of integrating clinical and pathological findings. Am J Transplant.

(2017) 17:2078–91. doi: 10.1111/ajt.14314

13. Hirsch HH, Randhawa PS. BK polyomavirus in solid organ transplantation

- guidelines from the american society of transplantation infectious

diseases community of practice. Clin Transplant. (2019) 39:e13528.

doi: 10.1111/ctr.13528

14. Menter T, Mayr M, Schaub S, Mihatsch MJ, Hirsch HH, Hopfer H. Pathology

of resolving polyomavirus-associated nephropathy. Am J Transplant. (2013)

13:1474–83. doi: 10.1111/ajt.12218

15. Shen J, Zhou Y, Chen Y, Li X, Lei W, Ge J, et al. Dynamics of early post-

operative plasma ddcfDNA levels in kidney transplantation: a single-center

pilot study. Transpl Int. (2019) 32:184–92. doi: 10.1111/tri.13341

16. Huang G, Wang CX, Zhang L, Fei JG, Deng SX, Qiu J, et al.

Monitoring of polyomavirus BK replication and impact of preemptive

immunosuppression reduction in renal-transplant recipients in China: a

5-year single-center analysis. Diagn Microbiol Infect Dis. (2015) 81:21–6.

doi: 10.1016/j.diagmicrobio.2014.09.024

17. Haas M, Loupy A, Lefaucheur C, Roufosse C, Glotz D, Seron D, et al. The

Banff 2017 Kidney Meeting Report: revised diagnostic criteria for chronic

active T cell-mediated rejection, antibody-mediated rejection, and prospects

for integrative endpoints for next-generation clinical trials. Am J Transplant.

(2018) 18:293–307. doi: 10.1111/ajt.14625

18. Huang G, Wu LW, Yang SC, Fei JG, Deng SX, Li J, et al. Factors

influencing graft outcomes following diagnosis of polyomavirus -associated

nephropathy after renal transplantation. PLoS ONE. (2015) 10:e142460.

doi: 10.1371/journal.pone.0142460

19. Hirsch HH, Randhawa P. BK polyomavirus in solid organ transplantation.

AM J TRANSPLANT. (2013) 13 (Suppl. 4):179–88. doi: 10.1111/ajt.12110

20. Knight SR, Thorne A, Lo FM. Donor-specific cell-free dna as a biomarker

in solid organ transplantation. A systematic review. Transplantation. (2019)

103:273–83. doi: 10.1097/TP.0000000000002482

21. Burnham P, Dadhania D, Heyang M, Chen F, Westblade LF,

Suthanthiran M, et al. Urinary cell-free DNA is a versatile analyte for

monitoring infections of the urinary tract. Nat Commun. (2018) 9:2412.

doi: 10.1038/s41467-018-04745-0

22. Sun K, Jiang P, Chan KC, Wong J, Cheng YK, Liang RH, et al. Plasma DNA

tissue mapping by genome-wide methylation sequencing for noninvasive

prenatal, cancer, and transplantation assessments. Proc Natl Acad Sci USA.

(2015) 112:E5503–12. doi: 10.1073/pnas.1508736112

23. Drachenberg CB, Papadimitriou JC, Hirsch HH, Wali R, Crowder

C, Nogueira J, et al. Histological patterns of polyomavirus

nephropathy: correlation with graft outcome and viral load. Am

J Transplant. (2004) 4:2082–92. doi: 10.1046/j.1600-6143.2004.0

0603.x

24. Ambalathingal GR, Francis RS, Smyth MJ, Smith C, Khanna R. BK

polyomavirus: clinical aspects, immune regulation, and emerging therapies.

Clin Microbiol Rev. (2017) 30:503–28. doi: 10.1128/CMR.00074-16

25. Bateman AC, Greninger AL, Atienza EE, Limaye AP, Jerome KR, Cook

L. Quantification of BK virus standards by quantitative real-time PCR

and droplet digital PCR is confounded by multiple virus populations

in the WHO BKV international standard. Clin Chem. (2017) 63:761–9.

doi: 10.1373/clinchem.2016.265512

26. Sigdel TK, VitaloneMJ, Tran TQ, Dai H, Hsieh SC, Salvatierra O, et al. A rapid

noninvasive assay for the detection of renal transplant injury. Transplantation.

(2013) 96:97–101. doi: 10.1097/TP.0b013e318295ee5a

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Chen, Chen, Li, Deng, Huang, Yang, Chen, Jiang, Liu, Wang,

Chen, Qiu and Huang. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 13 August 2020 | Volume 11 | Article 1763

https://doi.org/10.1111/ajt.15338
https://doi.org/10.1111/ajt.14314
https://doi.org/10.1111/ctr.13528
https://doi.org/10.1111/ajt.12218
https://doi.org/10.1111/tri.13341
https://doi.org/10.1016/j.diagmicrobio.2014.09.024
https://doi.org/10.1111/ajt.14625
https://doi.org/10.1371/journal.pone.0142460
https://doi.org/10.1111/ajt.12110
https://doi.org/10.1097/TP.0000000000002482
https://doi.org/10.1038/s41467-018-04745-0
https://doi.org/10.1073/pnas.1508736112
https://doi.org/10.1046/j.1600-6143.2004.00603.x
https://doi.org/10.1128/CMR.00074-16
https://doi.org/10.1373/clinchem.2016.265512
https://doi.org/10.1097/TP.0b013e318295ee5a
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Urine Donor–Derived Cell-Free DNA Helps Discriminate BK Polyomavirus-Associated Nephropathy in Kidney Transplant Recipients With BK Polyomavirus Infection
	Introduction
	Materials and Methods
	Study Population and Samples
	Urine cfDNA Isolation and Blood Genomic DNA Extraction
	Library Construction and Target Region Capture Sequencing
	Bioinformatics and dd-cfDNA Quantification
	Virological Studies
	Diagnosis of BKPyVAN
	Statistical Analysis

	Results
	Patients
	Dd-cfDNA and dd-cfDNA% in Urine
	Discrimination Capacity of dd-cfDNA and dd-cfDNA%
	Serum Creatinine and dd-cfDNA
	Pathological Scores and dd-cfDNA
	Repeated Detection of Urine dd-cfDNA

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


