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Graft-derived cell-free DNA (GcfDNA) is a promising non-invasive biomarker

for detecting allograft injury. In this study, we aimed to evaluate the efficacy of

programmed monitoring of GcfDNA for identifying BK polyomavirus-

associated nephropathy (BKPyVAN) in kidney transplant recipients. We

recruited 158 kidney transplant recipients between November 2020 and

December 2021. Plasma GcfDNA was collected on the tenth day, first

month, third month, and sixth month for programmed monitoring and one

day before biopsy. DGcfDNA (cp/mL) was obtained by subtracting the baseline

GcfDNA (cp/mL) from GcfDNA (cp/mL) of the latest programmed monitoring

before biopsy. The receiver operating characteristic curve showed the

diagnostic performance of GcfDNA (cp/mL) at biopsy time and an optimal

area under the curve (AUC) of 0.68 in distinguishing pathologically proven

BKPyVAN from pathologically unconfirmed BKPyVAN. In contrast, DGcfDNA
(cp/mL) had a sensitivity and specificity of 80% and 84.6%, respectively, and an

AUC of 0.83. When distinguishing clinically diagnosed BKPyVAN from clinical

excluded BKPyVAN, the AUC of GcfDNA (cp/mL) was 0.59 at biopsy time, and

DGcfDNA (cp/mL) had a sensitivity and specificity of 81.0% and 76.5%,

respectively, and an AUC of 0.81. Plasma DGcfDNA (cp/mL) was not

significantly different between TCMR [0.15 (0.08, 0.24) cp/mL] and

pathologically proven BKPyVAN[0.34 (0.20, 0.49) cp/mL]. In conclusion, we

recommend programmed monitoring of plasma GcfDNA levels after a kidney

transplant. Based on our findings from the programmed monitoring, we have

developed a novel algorithm that shows promising results in identifying and

predicting BKPyVAN.
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Introduction

BK polyomavirus (BKPyV) infection frequently causes BK

polyomavirus-associated nephropathy (BKPyVAN) in up to

10% of kidney transplant recipients (KTRs) (1). BKPyV is a

significant risk factor for kidney allograft dysfunction and loss

among KTRs (2). The primary method for detecting BKPyV

infection is quantitative polymerase chain reaction (PCR) to

detect BKPyV DNA in urine and plasma. However, the PCR

results cannot be used for diagnosing BKPyVAN. The diagnosis

of BKPyVAN relies on the histopathological detection of simian

virus 40 (SV40) in kidney biopsy tissues. However, this has

several disadvantages, including invasive procedures, high false-

negative rates, and sampling errors. In other words, a negative

anti-SV40 stain does not exclude BKPyVAN, especially when

infected renal tubules cannot be obtained or no significant

infection has been formed in the renal cortex, which will affect

the accuracy of pathology. Therefore, some cases cannot be

diagnosed by pathological biopsy. At the same time, some

kidney transplant centers do not perform kidney graft biopsies

as part of their routine follow-up procedures. Therefore, non-

invasive biomarkers are urgently needed to assist in the

diagnosis of BKPyVAN.

Graft-derived cell-free DNA (GcfDNA) originates from

allografts and is considered a potential noninvasive marker for

evaluating graft injury, especially in distinguishing antibody-

mediated rejection (ABMR) (3–10). As with graft rejection, graft

injury caused by BKPyV may also lead to increased GcfDNA

levels in the urine or blood. Apart from BKPyV, there is little

research on the relationship of GcfDNA levels with other viruses

such as Cytomegalovirus or Epstein–Barr virus after kidney

transplantation (11). Chen et al. reported that urine GcfDNA

concentration in BKPyVAN was higher than that in T cell-

mediated rejection (TCMR), borderline change, and negative

biopsies (12). Chen et al. reported that elevated urine GcfDNA

levels may help to distinguish BKPyVAN in kidney transplant

recipients with BKPyV viruria (13). Kant et al. suggested that

GcfDNA may be a useful noninvasive test to assess progression

of BKPyV to BKPyVAN (14). BKPyVAN can induce moderate

increases in GcfDNA (15). Goussous et al. suggested that

elevations in GcfDNA are not specific to kidney allograft

rejection and can be associated with BK viremia affecting the

transplanted kidney (16). However, these studies mainly focused

on urine GcfDNA, which is associated with poor reproducibility

and a low DNA extraction rate, and were primarily assessed on a
02
“for-cause” basis but not a “for-protocol” basis. More

importantly, GcfDNA tends to rise before clinical symptoms,

so it may not be appropriate to assess GcfDNA when BKPyV-

related kidney injury is suspected.

Thus far, the role of plasma GcfDNA in the diagnosis of

BKPyVAN has not been confirmed. We performed this study to

investigate the value of plasma GcfDNA level in programmed

monitoring and during BKPyV infection. The diagnostic

capabilities of plasma GcfDNA in BKPyVAN were further

analyzed and used to develop algorithms to detect BKPyVAN.
Materials and methods

Study design and patients

We enrolled primary KTRs at the organ transplant center of

Sichuan Provincial People’s Hospital (Chengdu, China). The

inclusion criteria were as follows: (a) adult male or female aged >

18 years and (b) voluntary participation with informed consent.

The exclusion criteria were as follows: (a) multi-organ

transplant, (b) repeated kidney transplant, (c) severe

pneumonia, (d) refusal to participate in the study, and (e) loss

to follow-up. Urine BKPyV infection in our study included

patients with urine BKPyV load > 3 log10 copies/mL. Those

with urine BKPyV DNA load > 7 log10 copies/mL would

undergo further kidney biopsy to confirm the diagnosis of

BKPyVAN (biopsy cohort). Written informed consent was

obtained from all the patients. Kidney allografts from living or

deceased organ donors who met the ethical guidelines for kidney

donation were used in this study. No kidney transplant

recipients received donor organs from executed prisoners or

other institutionalized individuals. This study adhered to the

tenets of the Declaration of Helsinki and was approved by the

Ethics Committee of the Sichuan Provincial People’s Hospital

(No. 2020405).
Sample collection and DNA extraction

For each recipient, 10 mL peripheral blood samples were

collected regularly on the tenth day (D10), first month (M1), third

month (M3), and sixth month (M6) after transplantation. A

kidney biopsy was required for KTRs who were diagnosed with

a urine BKPyV DNA load > 7 log10 copies/mL during the
frontiersin.org
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postoperative follow-up. Additional blood samples for GcfDNA

were collected 1 d before kidney biopsy (biopsy time).Within 10 h

of blood collection, plasma was separated by centrifugation for 10

min at 2000 × g, after which the supernatant was centrifuged for

20 min at 4000 × g. Then, the plasma was stored at −80°C until

circulating cell-free DNA (cfDNA) was extracted. cfDNA was

extracted using the QIAamp Circulating Nucleic Acid Kit

( Q I A G E N , G e r m a n y ) , a c c o r d i n g t o t h e

manufacturer’s instructions.
)

Quantification of GcfDNA

The fractional abundance (%) and genomic copies per mL

plasma (cp/mL) of the GcfDNA were measured using a technical

testing service called “YiLeShu-Graft sentinal®” by S&KM

Biotechnology Co., Ltd. GcfDNA fractions (%) were calculated

using the following formula:

GcfDNA fractions(% ) 

=
Donor cfDNA (copy number of  homozygous genotype representing graft − derived cfDNA in selected SNP

Total cfDNA (total copy number of  selected SNP)

Absolute quantification of haploid GcDNA genomic copies

per mL plasma (cp/mL) is calculated by multiplying the total

concentration of cfDNA (cp/mL) in a sample by the GcfDNA

fraction (%). The concentration of the total cfDNA is

determined by a digital droplet PCR. The assay was performed

using the Bio-Rad QX200 Droplet Digital System (Bio-Rad

Laboratories, US), and the data were processed using

QuantaSoft™ version 1.7.4 software (Bio-Rad Laboratories, US).
Diagnosis of BKPyVAN

The pathological diagnosis of BKPyVAN is according to the

2019 American Society of Transplantation guidelines in

(Table 1) (17). Proven BKPyVAN will also be referred to as

pathologically proven BKPyVAN, and the other categories will

be considered as pathologically unconfirmed BKPyVAN.

Pathological lesions were scored according to the 2017 Banff

criteria (18). The pathological features of BKPyVAN were

classified using the American Society for Transplantation

schema; BKPyVAN was classified as stage A, B, or C, based on

the Banff guidelines published by Hirsch et al. (19).
Frontiers in Immunology 03
The detection method of IHC staining is as follows: 2–3 μm

paraffin sections, dewaxed in water, were thermally repaired with

EDTA antigen repair solution (pH 8.0) for 3–5 min. An

appropriate amount of endogenous peroxidase blocker was

added and incubated at room temperature for 10 min, after

which an appropriate amount of primary antibody SV40 was

added and incubated overnight at 4°C. Next, an appropriate

amount of secondary antibody was added and incubated at 37°C

for 30 min; DAB chromogenic solution was added to the sections

and incubated for 5 min at room temperature; they were then

counterstained with hematoxylin and sealed.

We used the BK virus nucleic acid detection kit and real-

time fluorescent PCR probe (TaqMan) technology to detect BK

virus DNA quantitatively. For the plasma sample, 35 mL of the

patient’s venous blood was drawn, and the detection was

completed within 4 h at room temperature. For urine samples,

we obtained 10–20 mL of interrupted morning urine and

completed the detection within 24 h at room temperature. The

minimum detection limit of the kit is 2 × 103 copies/mL, and the

upper limit is 5 × 108 copies/mL.

Considering the fact that the pathological diagnosis of

BKPyVAN was far from perfect, patients with negative

pathological results who responded to CNI dose reduction

could be diagnosed with clinical BKPyVAN if drug-induced

renal injury and other possible causes were ruled out.
Statistical analysis

Continuous variables with normal distributions were

presented as means with standard deviation (SD) and

evaluated using an independent t-test. Skewed distributed

variables were presented as medians (interquartile range

[IQR]) and analyzed using the Mann–Whitney U test.

Categorical variables were presented as percentages and were

tested using the c2 test. The Kolmogorov–Smirnov normality

test was used to assess for normality. Pearson’s test was used to

identify correlations among variables. Logistic regression

modeling was used for binary covariates. Discrimination was

quantified using the area under the curve (AUC) of the receiver

operating characteristic (ROC) curve. The least absolute

shrinkage and selection operator (LASSO) regression was used

to predict BKPyVAN after kidney transplantation using various
TABLE 1 BKPyVAN diagnostic guideline.

Pathological diagnose Urine BKPyV DNA load Plasma BKPyV DNA load Anti-SV40 IHC stain

possible BKPyVAN > 7 log10 copies/mL negative negative

probable BKPyVAN > 7 log10 copies/mL > 3 log10 copies/mL in two measurements wiSthin 3 weeks negative

presumptive BKPyVAN > 7 log10 copies/mL > 4 log10 copies/mL in at least one of two measurements in< 3 weeks negative

proven BKPyVAN > 7 log10 copies/mL > 4 log10 copies/mL in at least one of two measurements in< 3 weeks positive
BKPyVAN, BK polymavirus-associated nephropathy;BKPyV, BK polymavirus; IHC, immunohistochemistry.
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clinical variables and early GcfDNA. The predictions were then

compared with the actual diagnosis of BKPyVAN to assess the

effectiveness of the predictions. These were used to develop

algorithms to predict BKPyVAN using GcfDNA. Statistical

analyses were performed using GraphPad Prism 8.0 and R

version 4.0.3. All statistical tests adopted a 95% confidence

interval (95% CI) and a two-tailed value of P< 0.05, indicating

statistical significance.
Results

Patients and samples

A flow diagram depicting the criteria used for patient

inclusion is shown in Figure 1. A total number of 158

recipients with 672 plasma GcfDNA samples were included.

The study data were collected until May 2022, with a median

follow-up time of 325 (264, 408) days. The baseline information

and indications between all patients and those with BKPyV
Frontiers in Immunology 04
infection were compared, and plasma GcfDNA (cp/mL) and

GcfDNA (%) were not significantly different (Table 2).

According to the biopsy results, 17 were possible BKPyVAN,

9 were presumptive BKPyVAN, and 14 were proven BKPyVAN.

No patient was diagnosed with probable BKPyVAN during the

study period. Based on clinical judgment, in addition to 14

proven BKPyVAN, 2 out of 17 possible BKPyVAN and 2 out of 9

presumptive BKPyVAN were classified as clinically diagnosed

BKPyVAN (n = 18). Serum creatinine levels before kidney

transplant in the proven BKPyVAN group [85.8 (66.93, 124.2)

μmol/L] were comparable to those in the presumptive

BKPyVAN group [69.4 (52.3, 112.8) μmol/L, P = 0.53)] but

greater than those in the possible BKPyVAN group [42.9 (41.2,

51.7) μmol/L, P< 0.001, P = 0.01]. The warm ischemia time

(WIT) in the proven BKPyVAN group [11 (5.5, 14.75) min] was

similar to that in the presumptive BKPyVAN group [8 (6, 12)

min (P = 0.58)] but significantly higher than that in the possible

BKPyVAN group [2 (2, 5) min (P = 0.006)]. The cold ischemia

time (CIT) in the possible BKPyVAN group [230 (120, 480)

min] was comparable to that in the presumptive BKPyVAN
FIGURE 1

Consort diagram of patient flow through the study.
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group [360 (240, 500) min (P = 0.33)] but was significantly lower

than that in the proven BKPyVAN group [790 (440, 900) min

(P = 0.007, P = 0.03)] (Table 3).
Plasma GcfDNA (cp/mL) and GcfDNA (%)
at biopsy time

At biopsy time, the median GcfDNA (cp/mL) in the proven

BKPyVAN group [0.90 (0.63–1.06) cp/mL] was comparable to

that in the presumptive BKPyVAN group [0.80 (0.70–1.05) cp/

mL] but was significantly higher than that in the possible

BKPyVAN group [0.52 (0.42–0.78) cp/mL (P = 0.037]

(Figure 2A). However, no significant differences in median

GcfDNA (%) were found between the possible BKPyVAN

[0.75 (0.33–1.00)%], presumptive BKPyVAN [0.65 (0.53–

0.70)%], and proven BKPyVAN [0.78 (0.59–1.03)%] groups

(Figure 2B). Based on the patients’ creatinine levels, we

divided them into a normal creatinine group (≤ 104 μmol/L)
Frontiers in Immunology 05
and an abnormal creatinine group (> 104 μmol/L). Our results

revealed that there were no significant differences in plasma

GcfDNA (cp/mL) (Figure 2C) and GcfDNA (%) (Figure 2D)

between the normal and abnormal creatinine groups (P > 0.05).
Diagnostic performance of plasma
GcfDNA in BKPyVAN

The ROC curve showed the diagnostic performance of both

GcfDNA (cp/mL) [AUC = 0.68, 95% CI: 0.51–0.85] and

GcfDNA (%) [AUC = 0.62, 95% CI: 0.45–0.80] at biopsy time

in distinguishing pathologically proven BKPyVAN from

pathologically unconfirmed BKPyVAN. Moreover, the

sensitivity and specificity of GcfDNA (cp/mL) were 92.9% and

46.2%, respectively, at a cutoff value of 0.57 cp/mL (Figure 3A).

GcfDNA (%) had a cut-off value of 0.43%, with 92.9% sensitivity

and 26.9% specificity (Figure 3B). The ROC curve showed the

diagnostic performance of both GcfDNA (cp/mL) (Figure 3C)
TABLE 2 Patient characteristic.

Characteristic All patients
(n=158)

BKPyV infection patients
(n=55)

P*

Baseline information

Age (years)_doners, median (IQR) 49 (39, 54) 49 (44, 54) 0.973

Age (years)_recipients, mean ± SD 36 (28, 46) 38 (30, 45.5) 0.866

Serum creatinine levels before kidney transplant (mmol/L), median (IQR) 63.5 (43, 108.2) 65.7 (43.3, 90.35) 0.747

WIT (min), median (IQR) 6 (2, 14) 7 (2, 14.5) 0.922

CIT (min), median (IQR) 450 (180, 945) 400 (180, 740) 0.326

Donor type, n (%) 0.294

DBD 32 (15%) 6 (2.8%)

DCD 63 (29.6%) 24 (11.3%)

LD 63 (29.6%) 25 (11.7%)

Indication for kidney transplant, n (%) 0.302

IgA nephropathy 12 (5.6%) 2 (0.9%)

Nephrotic syndrome 84 (39.4%) 39 (18.3%)

Chronic glomerulonephritis 2 (0.9%) 0 (0%)

Diabetic nephropathy 1 (0.5%) 0 (0%)

Others 11 (5.2%) 2 (0.9%)

Not available 48 (22.5%) 12 (5.6%)

GcfDNA(cp/mL), median (IQR)

D10 0.64 (0.38, 1.00) 0.84 (0.47, 1.10) 0.142

M1 0.48 (0.29, 0.70) 0.48 (0.36, 0.75) 0.281

M3 0.45 (0.22, 0.67) 0.45 (0.20, 0.76) 0.606

M6 0.32 (0.17, 0.54) 0.28 (0.16, 0.55) 0.848

GcfDNA(%), median (IQR)

D10 0.61 (0.40, 0.90) 0.7 0(0.40, 0.89) 0.883

M1 0.44 (0.30, 0.70) 0.50 (0.40, 0.78) 0.135

M3 0.40 (0.20, 0.60) 0.35 (0.18, 0.60) 0.475

M6 0.31 (0.20, 0.60) 0.30 (0.20, 0.70) 0.628
frontiersi
WIT, warm ischemia time; CIT, cold ischemia time; DBD, donor after brain death; DCD, donor after cardiac death; LD, living donor; BKPyV, BK polyomavirus; GcfDNA, graft-derived cell
free DNA.
*Comparison between all patients and BKPyV infection patients.
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[AUC = 0.59, 95% CI: 0.41–0.77] and GcgDNA (%) (Figure 3D)

[AUC = 0.56, 95% CI: 0.38–0.74] at biopsy time in

distinguishing clinical diagnosed BKPyVAN from clinical

excluded BKPyVAN.

It is widely recognized that GcfDNA elevation precedes

clinical manifestations. We presume that this is the same for

BKPyV infections. Therefore, we attempted to trace GcfDNA

data before biopsy time. We focused on the latest programmed

monitoring of GcfDNA (cp/mL) before biopsy time and baseline
Frontiers in Immunology 06
of GcfDNA (cp/mL) and found that 76.92% (30/39) of

programmed monitoring values before biopsy were increased;

plasma GcfDNA of programmed monitoring time and biopsy

time of possible BKPyVAN, presumptive BKPyVAN, and

proven BKPyVAN rec ip i en t s a re summar i zed in

Supplementary Table 1. Therefore, we defined the individual

change in GcfDNA (DGcfDNA) (cp/mL) to describe this

increase. The formula used to calculate the change in GcfDNA

is as follows:
TABLE 3 Characteristic of possible BKPyVAN, presumptive BKPyVAN, and proven BKPyVAN patients.

Characteristic Possible BKPyVAN
(n=17)

Presumptive BKPyVAN
(n=9)

Proven BKPyVAN
(n=14)

P*

Donor-associated parameters

Age(years), mean ± SD 49.29 ± 11.64 47.33 ± 4.95 49 ± 10.36 0.889

Sex, n (%) 0.009

Female 3 (7.5%) 3 (7.5%) 10 (25%)

Male 14 (35%) 6 (15%) 4 (10%)

BMI(kg/m2), mean ± SD 23.07 ± 3.16 22.49 ± 2.99 22.73 ± 3.28 0.899

Donor type, n (%) < 0.001

DBD 0 (0%) 1 (2.5%) 5 (12.5%)

DCD 3 (7.5%) 6 (15%) 6 (15%)

LD 14 (35%) 2 (5%) 3 (7.5%)

Serum creatinine levels before kidney transplant (mmol/L),
median (IQR)

42.9 (41.2, 51.7) 69.4 (52.3, 112.8) 85.8 (66.93, 124.2) 0.001

WIT(min), median (IQR) 2 (2, 5) 8 (6, 12) 11 (5.5, 14.75) 0.015

CIT(min), median (IQR) 230 (120, 480) 360 (240, 500) 790 (440, 900) 0.012

Recipient-associated parameters

Age(years), mean ± SD 32.47 ± 7.32 36.44 ± 9.11 42.64 ± 9.05 0.007

Sex, n (%) 0.078

Female 9 (22.5%) 4 (10%) 2 (5%)

Male 8 (20%) 5 (12.5%) 12 (30%)

BMI (kg/m2), median (IQR) 19.86 (18.37, 22.84) 22.32 (18.91, 22.64) 22.54 (20.69, 23.34) 0.276

Matching parameters

HLA-MM, n (%) < 0.001

0-3 16 (40%) 2 (5%) 4 (10.0%)

4-6 1 (2.5%) 7 (17.5%) 10 (25.0%)

DSA, n (%) 0.695

No 16 (40%) 8 (20%) 14 (35%)

Yes 1 (2.5%) 1 (2.5%) 0 (0%)

Induction agent

Basiliximab, n (%) 0.533

No 4 (10%) 1 (2.5%) 1 (2.5%)

Yes 13 (32.5%) 8 (20%) 13 (32.5%)

r-ATG, n (%) 0.258

No 13 (32.5%) 9 (22.5%) 13 (32.5%)

Yes 4 (10%) 0 (0%) 1 (2.5%)

Rituximab, n (%) 1.000

No 16 (40%) 9 (22.5%) 13 (32.5%)

Yes 1 (2.5%) 0 (0%) 1 (2.5%)
frontier
BMI, body mass index; DBD, donor after brain death; DCD, donor after cardiac death; LD, living donor; WIT, warm ischemia time; CIT, cold ischemia time; HLA-MM, human leukocyte
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DGcfDNA cp=mLð Þ 
=  GcfDNA cp=mLð Þ of  the latest programmed monitoring time before biopsy time  –

 Baseline GcfDNA cp=mLð Þ

Two cases were excluded from the analysis: one patient was

diagnosed with proven BKPyVAN on day 5 (baseline GcfDNA

not available), and another patient was diagnosed with
Frontiers in Immunology 07
presumptive BKPyVAN on day 339 (long interval from

programmed monitoring). The ROC curve showed that the

diagnostic performance of DGcfDNA (cp/mL) had a sensitivity

and specificity of 80% and 84.6%, respectively, when

distinguishing pathologically proven BKPyVAN from

pathologically unconfirmed BKPyVAN (AUC = 0.83)

(Figure 4A), and a sensitivity and specificity of 81% and
B

C D

A

FIGURE 2

GcfDNA (cp/mL) and GcfDNA (%) in the possible BKPyVAN, presumptive BKPyVAN, and proven BKPyVAN groups were collected at biopsy time.
(A) Boxplot with bold line represents the median GcfDNA (cp/mL) level in each subgroup; (B) Boxplot with bold line represents the median
GcfDNA (%) level in each subgroup. GcfDNA (cp/mL) and GcfDNA (%) of between creatinine normal and abnormal groups. (C) Boxplot with bold
line represents the median GcfDNA (cp/mL) level in normal creatinine group and abnormal creatinine group; (D) Boxplot with bold line
represents the median GcfDNA (%) level in normal creatinine group and abnormal creatinine group. * P< 0.05.
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76.5%, respectively, when distinguishing clinically diagnosed

BKPyVAN from clinical excluded BKPyVAN (AUC =

0.81) (Figure 4B).
Plasma DGcfDNA (cp/mL) in BKPyVAN
and TCMR

It is known that the pathological changes of BKPyVAN and

TCMR sometimes show many similarities, making the

differential diagnosis very difficult. We wondered if DGcfDNA
(cp/mL) could help distinguish them. Eight patients were

diagnosed as biopsy-proven TCMR, We found programmed

monitoring values before biopsy were also increased in the

TCMR group, but plasma DGcfDNA (cp/mL) was not
Frontiers in Immunology 08
significantly different between TCMR [0.15 (0.08, 0.24) cp/mL]

and pathologically proven BKPyVAN[0.34 (0.20, 0.49) cp/

mL] (Figure 5).
GcfDNA (cp/mL) is a predictor for
pathologically proven BKPyVAN

In our previous studies, we found that early GcfDNA can

predict eGFR values 90 days post-transplant (20). Furthermore,

we intended to explore the efficacy of GcfDNA (cp/mL) of the

first programmed monitoring (at D10) in predicting

pathologically proven BKPyVAN. Consequently, we included

relevant clinical variables (recipient age, donor age, serum

creatinine level before transplant, WIT, CIT, HLA-MM, and
B

C D

A

FIGURE 3

The discrimination capacity of GcfDNA (cp/mL) and GcfDNA (%) at biopsy time. Receiver operating curves of (A) GcfDNA (cp/mL) for
distinguishing pathologically proven BKPyVAN(proven BKPyVAN) from pathologically unconfirmed BKPyVAN (possible BKPyVAN+presumptive
BKPyVAN); (B) GcfDNA (%) for distinguishing pathologically proven BKPyVAN(proven BKPyVAN) from pathologically unconfirmed BKPyVAN
(possible BKPyVAN+presumptive BKPyVAN); (C) GcfDNA (cp/mL) for distinguishing clinically diagnosed BKPyVAN from clinical excluded
BKPyVAN; (D) GcfDNA (%) for distinguishing clinically diagnosed BKPyVAN from clinical excluded BKPyVAN.
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creatinine level at D10) and GcfDNA (cp/mL) at D10 for

LASSO regression analysis. LASSO regression was used to

eliminate clinical variables that might overfit the model. We

found that according to the coefficient distribution, recipients’

age, serum creatinine level before transplant, CIT, and

GcfDNA (cp/mL) at D10 were included for model

construction (Supplementary Figure 1 and Supplementary
Frontiers in Immunology 09
Table 2). Our results revealed that the use of the LASSO

regression model obtained high AUC values (0.89, 95% CI =

0.79–0.98) when predicting pathologically proven BKPyVAN,

and the sensitivity and specificity were 0.93 and 0.69,

respectively (Supplementary Figure 2A). The AUC of the

LASSO regression model using clinical variables alone was

0.84 (Supplementary Figure 2B).
BA

FIGURE 4

The discrimination capacity of DGcfDNA(cp/mL). Receiver operating curves of (A) DGcfDNA(cp/mL) for distinguishing pathologically proven
BKPyVAN (proven BKPyVAN) from pathologically unconfirmed BKPyVAN (possible BKPyVAN+presumptive BKPyVAN); (B) DGcfDNA(cp/mL) for
distinguishing clinically diagnosed BKPyVAN from clinical excluded BKPyVAN.
FIGURE 5

Comparison of DGcfDNA(cp/mL) between TCMR and pathologically proven BKPyVAN. BKPyVAN, BK polyomavirus-associated nephropathy;
TCMR, T cell-mediated rejection.
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We further performed multivariate logistic regression to

investigate whether GcfDNA alone had a predictive value. We

include recipient age, donor age, serum creatinine level before

transplant, WIT, CIT, HLA-MM, and creatinine level at D10 and

GcfDNA at D10 in the model. And the multivariate logistic

regression shows that GcfDNA at D10 (P = 0.007, OR = 13.04,

95% CI, 2.01–84.38) and HLA-MM (P = 0.021, OR = 7.92, 95% CI,

1.37–45.70) are independent predictors (Supplementary Table 3).
Discussion

Plasma or urine GcfDNA levels can be used as non-invasive

markers of kidney transplant injury; during ABMR, graft-

damaged vascular endothelial cells directly release large

amounts of GcfDNA into the circulation, followed by a

simultaneous increase in plasma GcfDNA (cp/mL) and

GcfDNA (%) (6, 7, 21). On the other hand, when BKPyV

infection occurs in KTRs, changes in plasma GcfDNA (cp/mL)

and GcfDNA (%) are less pronounced than those in ABMR, with

only sporadic data reporting an abnormal rise (6, 10, 22–24).

This is consistent with our findings, where we found that plasma

GcfDNA (cp/mL) and GcfDNA (%) were not significantly

elevated in 55 patients with BKPyV infection during the

follow-up period. A likely reason for this is that BKPyV

infection mainly causes damage to the renal tubular

epithelium, and the GcfDNA released from the renal tubules

does not enter the circulatory system until the development of

BKPyVAN; therefore, the elevation of plasma GcfDNA is not

significant. Many studies have suggested the use of urine

GcfDNA for the diagnosis of BKPyVAN, and a study by Chen

et al. has suggested that increased urine GcfDNA concentration

is significantly correlated with BKPyVAN (12). However, the

selection of urine GcfDNA has several limitations. First, cfDNA

is easily decomposed and not easily preserved; the internal

environment of urine is far less stable than that of blood, and

its stable extraction is more challenging. Second, the volume of

urine varies from patient to patient at different testing points in

time, resulting in poor reproducibility of urine GcfDNA results.

Finally, when combined with urinary tract infection, the total

urine cfDNA is significantly elevated. Therefore, the GcfDNA

test results are severely interfered with and do not accurately

reflect the actual situation of kidney transplant damage due to

BKPyV infection (25). Therefore, plasma GcfDNA rather than

urine GcfDNA should be used to more accurately reflect the

actual damage to the kidney transplant in BKPyVAN.

Our results were consistent with those reported by Chen

(13), that plasma GcfDNA (cp/mL) was more diagnostic efficient

than GcfDNA percentage (9, 26). With an AUC of 0.68 for

pathologically proven BKPyVAN and an AUC of 0.62 for

clinically diagnosed BKPyVAN, the ability of GcfDNA (cp/

mL) at biopsy time to diagnose BKPyVAN was still relatively

poor. As we know, subclinical injury is common among KTR
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and BKPyV infections and can cause graft damage before any

clinical symptom, such as proteinuria or worsening creatinine

(27). Therefore, it may not be appropriate to assess GcfDNA “for

cause”. To further explore the use of plasma GcfDNA (cp/mL) in

the diagnosis of BKPyVAN, we compared the changes in

GcfDNA (cp/mL) values at the biopsy time and time of

programmed monitoring. Interestingly, when compared to the

baseline GcfDNA (cp/mL), 76.9% (30/39) of the programmed

monitoring time GcfDNA (cp/mL) started to increase before

biopsy time. The results support our hypothesis that GcfDNA

(cp/mL) at the biopsy time is not a good representation of the

onset of renal injury in BKPyVAN, and abnormal elevation of

GcfDNA (cp/mL) caused by BKPyVAN should occur earlier.

Moreover, to quantify the degree of this elevation, the baseline

levels of GcfDNA should also be considered.

Considering patients’ programmed monitoring of GcfDNA

on D10, M1, M3, and M6, we proposed a new algorithm for

DGcfDNA (cp/mL), which is obtained by subtracting the

baseline GcfDNA (cp/mL) from the measured GcfDNA(cp/

mL) of the latest programmed monitoring time before biopsy

time. The results showed that the diagnostic performance of

DGcfDNA (cp/mL) has a better discriminatory ability for the

diagnosis of BKPyVAN than GcfDNA (cp/mL) at the biopsy

time, regardless of the diagnostic criteria of pathologically

proven BKPyVAN or clinically diagnosed BKPyVAN. This

result further suggests that BKPyVAN injury occurs before

clinical manifestations and that programmed monitoring of

plasma GcfDNA (cp/mL) may help identify kidney transplant

injury earlier, thereby triggering earlier kidney biopsy and

therapeutic intervention.

Shen et al. (28) found that urine GcfDNA can distinguish

between BKPyVAN and type I TCMR. However, our results

suggest that plasma DGcfDNA (cp/mL) cannot distinguish

TCMR from pathologically proven BKPyVAN. This is also in

line with the theory that GcfDNA is not specific to kidney

allograft rejection which may be affected by different types of

injury, the severity of the injury, and the detection time. In

addition, the pathological changes of BKPyVAN and TCMR

sometimes show many similarities, making the differential

diagnosis very difficult. In other words, without information

on virus load and dosage of an immunosuppressive agent, we

question the practical value of GcfDNA in distinguishing

between BK infection and TCMR. Moreover, a recent review

suggests a threshold of 0.5% be considered for indicating TCMR

(29). Our results showed that 29/40 patients with BKPyV

infection have higher GcfDNA levels than 0.5% at biopsy time.

This phenomenon again proves that GcfDNA cannot

distinguish TCMR from pathologically proven BKPyVAN.

Early prediction of BKPyVAN can greatly improve its

treatment outcomes. To our knowledge, this is the first study

that combined clinical features with GcfDNA (cp/mL) to

develop an algorithmic model for predicting BKPyVAN.

Previous kidney transplant prediction models have been
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developed based on multiple sets of clinical data and algorithms,

which could inform clinicians regarding graft rejection, graft

acceptance, and patient survival (30). In the present study, using

the LASSO regression model, which included clinical variables and

GcfDNA biomarkers, we found that the clinical variables combined

with GcfDNA (cp/mL) of the first programmed monitoring were

better predictors of postoperative pathologically proven BKPyVAN

thantheclinical variablesalone.Ourresultsprovideanewstrategy for

assessing and predicting various complications such as BKPyVAN

after kidney transplantation. However, more data are required to

validate thispredictionmodel. Should thevalidationbe successful,we

expect to achieve real-timemonitoring of individualized graft health

after kidney transplant in clinical applications to improve the long-

term survival of allogeneic kidney transplant recipients.

The main limitation of this study is that the number of

patients recruited from a single hospital with a concurrent

diagnosis of BKPyVAN was low, which requires the continued

expansion of the cohort. Patients with multiorgan transplants,

repeated kidney transplants, and severe pneumonia were not

included in this study; therefore, these findings need to be

extrapolated to these patients with caution.

In conclusion, this study found that plasma GcfDNA (cp/

mL) and GcfDNA (%) in BKPyV-infected recipients did not

differ significantly from all transplant patients in programmed

monitoring. However, they showed significant elevation in

proven BKPyVAN. Moreover, GcfDNA (cp/mL) has a low

diagnostic efficacy for BKPyVAN at biopsy time. Our novel

algorithms based on programmed monitoring, DGcfDNA (cp/

mL), and the LASSO regression model show promising results in

identifying and predicting BKPyVAN.
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