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Abstract

Background and Objectives: BK virus (BKPyV) is a common latent pathogen in humans,
but it becomes particularly insidious in kidney transplant recipients, where reactivation
may contribute to allograft loss. The immune mechanisms controlling BKPyV latency in
immunocompromised hosts remain incompletely understood. We assume the urinary
immune proteome reflects local immune response in the kidney and the urinary tract. Thus,
this study aimed to determine whether the presence of BKPyV alters the urinary immune-
related proteomic profile of kidney transplant recipients and shifts it away to that observed
in healthy individuals. Materials and Methods: 137 urine samples were collected from kidney
recipients, both BKPyV-positive and BKPyV-negative, patients with stage 5 chronic kidney
disease, and healthy controls. Targeted proteomic analysis was performed using the proxim-
ity extension assay, followed by heatmapping, principal component analysis, random forest,
and linear regression modeling. Results: The urinary proteome of BKPyV-positive recipients
remained more distinct from healthy controls than that of BKPyV-negative ones. Among
the 33 proteins detected across all samples, 17 showed significant intergroup differences,
with KLRD1 (CD94) uniquely upregulated in all transplant recipients, but downregulated
in BKPyV-positive samples. Conclusions: We conclude that the presence of BKPyV in the
urinary tract of kidney recipients notably interplays with the local immune response even
in the absence of clinical disease.

Keywords: BK Polyomavirus; kidney transplantation; urine; proteomics; immune response;
KLRD1 protein; CD94 antigens; cross-sectional studies; DNA Viruria; urinary proteomics

1. Introduction
The BK virus (BKPyV) represents members of the Polyomaviridae family. First isolated

in 1971, this is a small, non-enveloped DNA virus with a circular, double-stranded genome.
BKPyV infection is widespread in the general population, with seroprevalence rates ranging
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from 60% to 80% in adults globally [1]. After primary exposure, BKPyV primarily estab-
lishes a latent infection in the renal epithelium, and this is generally asymptomatic in im-
munocompetent individuals. It is well-documented that transient DNAuria, characterized
by the shedding of BKPyV in the urine, can occur sporadically even in healthy individuals
without any clinical consequences [2]. Nevertheless, in kidney recipients, BKPyV reactiva-
tion occurs mainly during the first two years after kidney transplantation with potentially
severe complications, including hemorrhagic cystitis, ureteric stenosis, and most notably,
BK virus-associated nephropathy (BKVAN) [3]. The risk of such complications ranges from
1 to 10% [4]. However, the replication of the BK virus itself does not always result in the
onset of full-blown BKVAN. Asymptomatic DNAuria followed by DNAemia represents
the preceding stages. Asymptomatic BKPyV DNAuria affects 20–60% of kidney recipients,
with 13% of these individuals subsequently developing BKPyV DNAemia. Detection of
BKPyV viral load in the blood in combination with impaired graft function constitutes a
clinical suspicion of BKVAN.

The laboratory diagnostics of BKPyV infection and associated complications rely
on various techniques, including viral DNA detection in body fluids using polymerase
chain reaction (PCR) as mentioned earlier, and histopathological examination of renal
biopsies supplemented with SV40 large T antigen staining [5]. The updated 2024 guide-
lines for BKPyV infection management in kidney recipients recommend routine, monthly
plasma surveillance with quantitative BKPyV DNA PCR during the first nine months post-
transplant, followed by every three months testing up to 24 months post-transplant, and
annually or as clinically indicated, thereafter. A plasma viral load exceeding 1000 copies
per milliliter is considered indicative of the need for closer monitoring, while persistent or
rising levels above 10,000 copies per milliliter warrant further diagnostic evaluation. In
cases of significant DNAemia or unexplained graft dysfunction, the renal biopsy remains
the definitive diagnostic tool, with histological evidence of viral cytopathic changes and
positive SV40 large T antigen staining used to confirm BKVAN. Although urine cytol-
ogy and urinary PCR may support early detection of reactivating BKPyV, plasma PCR is
regarded as the gold standard for guiding the clinical management [2].

BKPyV DNAuria appears transiently in both kidney recipients and in healthy individu-
als. However, it seems to be more frequent and may potentially lead to clinical consequences
only under immunosuppression. Despite the advances in transplant medicine and antiviral
therapies, the management of BKPyV-associated complications remains challenging, with
limited therapeutic options and variable outcomes. Thus, there is a growing need for an
improved understanding of how BKPyV reactivation is initiated. Although the immuno-
logical mechanisms underlying polyomavirus infection remain incompletely understood,
recent research has begun to shed light on the immune pathways involved in viral control
and tissue-specific immune activation. Experimental and translational studies suggest that
BKPyV reactivation may trigger distinct antiviral immune responses within the kidney
microenvironment, including chemokine-mediated recruitment of T cells and the modula-
tion of cytotoxic and regulatory cell subsets. Emerging evidence also suggested potential
interactions between signaling axes such as CXCR6–CXCL16, and other immune receptors,
including CD94, which may reflect the development of specialized T cell phenotypes within
tissues affected by BKPyV replication [6]. Hence, we hypothesized that detectable BKPyV
DNAuria associates with the profile of immune response markers present in the urine of
kidney recipients and that this is possibly dependent on the urine viral DNA load.

Proteomic research explores the entire set of proteins expressed in a cell, tissue, or or-
ganism at a specific time point. In recent years, advanced molecular approaches, including
next-generation sequencing (NGS) and other omics-based techniques, have enabled com-
prehensive characterization of viral genomes, viral diversity, and host–virus interactions [7].
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However, nucleic acid-based methods primarily reflect the presence and quantity of viral
genetic material, whereas proteomics provides complementary insight into downstream
functional immune responses at the protein level [8]. Urine proteomics appears particularly
promising due to its non-invasive character and, at the same time, due to its explorative
potential in reflecting local changes in the urinary tract. At the same time, the Olink® Target
96 Immuno-Response panel is a multiplex platform that enables simultaneous quantifica-
tion of 92 targeted immune-related proteins involved in a range of local immune response
processes, such as inflammation, cell-mediated cytotoxicity, immune cell activation, and
antiviral defense.

The primary aim of the study was (1) to explore the differences between the profiles of
immune mediators in the urine of kidney transplant recipients with and without BKPyV-
DNAuria; (2) to determine whether BKPyV post-transplant shifts these profiles away
from healthy individuals. Secondarily, we aimed to determine whether the differentially
expressed proteins detected in the urine in kidney recipient’s groups reflect biological
relevance in controlling BKPyV latency.

2. Materials and Methods
2.1. Subject

This study was designed as an exploratory cross-sectional comparative study. The
study aimed to characterize differences in local urinary immune proteomic profiles across
these groups without longitudinal follow-up or interventional procedures. The study was
conducted and reported in accordance with the STROBE guidelines for cross-sectional studies.

The study was conducted at the Clinical Department of Internal Medicine, Nephrology
and Transplantation, in collaboration with the Department of Immunological Diagnostics
of Pomeranian Medical University in Szczecin and the National Medical Institute of the
Ministry of the Interior Affairs and Administration in Warsaw. The study was approved by
the Local Bioethical Committee (decision number KB-0012/136/17) and written consent
was obtained from all participants. Urine samples were collected at a single time point from
adult participants belonging to predefined study groups, between 6 and 12 months after
kidney transplantation. We collected 104 samples, from 51 kidney transplant recipients,
18 samples from 18 CKD patients and 15 samples from 15 healthy controls, between 2018
and 2022. The sample size was determined by the availability of urine samples that met the
predefined eligibility criteria.

All participants were adults (≥18 years of age) representing immunocompromised
and non-immunocompromised hosts. Kidney transplant recipients with BKPyV DNAu-
ria (TX-BK+/BK+; group 1) and kidney transplant recipients without BKPyV DNAuria
(TX-BK−/BK−; group 2) both represented immunocompromised hosts; whereas patients
with stage 5 chronic kidney disease (CKD; group 3) and healthy controls (HC; group 4)
represented non-immunocompromised hosts. The flowchart indicating groups selection is
presented in Scheme 1 and the detailed baseline characteristics of the study population are
presented in Table 1.

Since the Olink® Target 96 Immuno-Response panel has not previously been applied
to urine samples, four study groups, as aforementioned, were designed to provide a com-
prehensive comparison between urinary proteomic profiles. Patients with stage 5 chronic
kidney disease were indicated to the whole group of kidney transplant recipients (com-
bined BK+ and BK−) to identify the proteomic shifts related to kidney transplantation itself.
This stage preceded and created the background for the targeted comparison between both
groups of kidney transplant recipients (BK+ and BK−).
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Scheme 1. Flow chart illustrating study group allocation and sample selection process. It also
presents the number of urine samples included at each step of the study. The corresponding number
of patients is provided in Table 1.

Table 1. Group characteristics.

TX CKD HC

Samples (number) 104 18 15
Patients (number) 51 18 15
Female (samples) 43 12 8
Male (samples) 61 6 7
Female (%) 41.4 66.7 53.3
Male (%) 58.6 33.3 46.7
Age (mean) 48.9 ± 13.4 43 ± 10.4 24 ± 3.5

TX: kidney transplant recipients; CKD: patients with chronic kidney disease; HC: healthy controls. Age is
presented as mean ± standard deviation. Percentages refer to the distribution of samples by sex.

2.2. Urine Preparation

Samples of fresh voided urine from the patients were centrifuged for 20 min at
2000 rpm directly after collection. The supernatant was then stored at −80 ◦C until fur-
ther analysis. All samples were verified regarding BKPyV DNAuria onset using Gene-
Proof BK Virus PCR Kit (GeneProof a.s., Brno, Czech Republic). Preceding DNA isola-
tion was performed using the standardized nucleic acids extraction system from Sacace
Biotechnologies—SaMag12 (Sacace Biotechnologies S.r.l., Como, Italy), according to the
manufacturer’s instructions.
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2.3. Protein Profiling

The samples were thawed at 4 ◦C, shipped, and processed in Olink® Proteomics
(Uppsala, Sweden), using the Immune Response panel. In total, 100% of the samples
passed the quality control. The results were expressed in Normalized Protein Expression
(NPX) units, which is a normalized, log-transformed measure of protein levels in samples.

2.4. Computational Analysis

All analyses were performed using RStudio (version 1.3.1093) with R (version 4.0.3)
and Python (version 3.11). The overall computational strategy combined exploratory data
visualization, unsupervised clustering, supervised classification, dimensionality reduction,
and classical regression modeling. These analytical approaches are complementary, provid-
ing both global and targeted perspectives on proteomic variation across study groups.

2.4.1. Protein Expression Mapping

To explore global patterns of urinary immune protein expression across the study
groups—healthy controls, chronic kidney disease, kidney transplant recipients with and
without BKPyV—heatmaps were generated using the “ComplexHeatmap” package (ver-
sion 2.6.2) in R. NPX values were standardized by z-score transformation. Hierarchical
clustering based on Euclidean distance was applied to display patterns of differentially
expressed proteins (DEPs) among samples after z-score transformation of NPX values.
DEPs were split using k-means clustering.

2.4.2. Venn Diagram

A Venn diagram was used to illustrate the differences between groups and was
performed using the open-access tool available on https://bioinformatics.psg.ugent.be/
cgi-bin/liste/Venn/calculate_venn.html (accessed on 21 February 2024).

2.4.3. Random Forest Classification and Feature Selection, Principal Component Analysis

Prior to downstream machine learning analysis, the protein expression matrix was
standardized using StandardScaler, as the protein variables had diverse units and measure-
ment scales. The K-Means algorithm was then executed iteratively for a range of cluster
numbers k ∈ [2, 10]. The optimal number of clusters was selected based on the value of k
that maximized the silhouette score. The final K-Means model generated cluster labels for
each sample based on this optimal configuration.

Subsequently, a Random Forest (RF) classifier was trained on the same scaled protein
dataset, using the cluster labels from K-Means as the target variable. Random Forest—an
ensemble method based on aggregating of multiple decision trees—is well-suited for capturing
complex and nonlinear interactions between variables [9]. After training, feature importance
scores were computed. These scores reflect the relative contribution of each variable to
the tree-based decision-making process. High feature importance values indicate that the
corresponding protein was a significant contributor to defining the clustering structure.

To visualize overall similarities and differences in protein expression across groups,
with dimensionality reduction, Principal Component Analysis (PCA) was performed using
the subset of proteins identified as important by RF.

2.4.4. General Linear Modeling and Statistical Testing

Classical statistical modeling was conducted to confirm differential protein expression.
Calculated NPX values above the respective protein limit of detection (LOD) in at least 30%
of samples were included in further analysis. A general linear model (GLM) regression
approach with analysis of contrasts, with FDR correction by Benjamini–Hochberg, using the
R package “emmeans” (version 1.6.2.1) was performed. GLM was fitted to the expression
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of each protein. As previously mentioned, we performed two approaches. First, we
targeted the following sample groups: TX (including both BK-positive and BK-negative),
HC, and CKD; GLM was fitted using the condition/group as the independent variable
and sex as a confounding factor. Then, we targeted the TX group, which was divided into
BK(+) and BK(−) groups. GLM was fitted using the presence/absence of BK infection
within the TX group as an independent variable considered differentially expressed with a
p-value < 0.05. Ggplot2 (version 3.3.5) was used for graphics generation. The differentially
expressed proteins representing the detection rates over 90% were included into further
investigation which targeted the relationship between NPX and DNAuria load. Pearson
correlation rate was used in these calculations. DNAuria values were log transformed.
The statistical framework was based on methodologies described in previous studies,
analogously approaching Olink® protein panels [10]. The analytical pipeline implemented
in this study is presented in Scheme 2.

 

Scheme 2. Flow chart illustrating analytical pipeline.

3. Results
3.1. BKPyV Detection

BKPyV DNAuria was detected in 29 out of 104 samples (27.9%). Based on this,
we divided the samples into respective groups: BK(+) and BK(−). The differences in
glomerular filtration rate (GFR) values between the BK(−) group and the BK(+) group were
not statistically significant at the moment of sample collection (Table 2, Figure A1). The
values of BKPyV DNA load are presented in Table A1.
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Table 2. Glomerular filtration rate values.

BK(−) BK(+)

Samples (number) 75 29
Mean GFR (mL/min/1.73 m2) ± SD 62.3 ± 20.7 61.5 ± 19.9
Median 61.6 60.5
Range (min-max) 15–100.6 20.4–90.9
p-value 9.94

BK(−): kidney transplant recipients without BKPyV; BK(+): kidney transplant recipients with BKPyV DNAuria.
GFR: glomerular filtration rate; values are presented as mean ± standard deviation, median, and range. Normality
was assessed using the Shapiro–Wilk test. The p-value was calculated using the unpaired Student’s t-test.

3.2. Proteins Detectability

Out of the 92 proteins targeted within the immune response panel, 82 were detected in
the analysis, 24 showed a detection rate above 30% of all tested urine samples, 36 exceeded
50% in at least one of the groups, and 16 had over 90% detectability—including 11 that
were detected in 100% of samples in at least one group. A complete list of proteins assigned
to groups with detection rates is presented in Table S1 of the Supplementary Materials.

3.3. Protein Expression Profiles

The hierarchical clustering heatmap illustrates the standardized expression levels
across all samples from the following experimental groups: TX (combined BK+ and BK−),
CKD and HC (Appendix, Figure A2). The numbers of subclusters have been extinguished,
with the TX group distributed among all of these.

We further used a heatmap to demonstrate the protein expression profiles in the respec-
tive targeted groups of CKD, HC, BK(−), and BK(+) (Figure 1). The overall distribution of
immune-related urinary proteins revealed distinct expression patterns among the analyzed
groups. Healthy controls demonstrated consistently low protein abundance, while CKD
samples showed high protein abundance. Kidney transplant recipients—both BK+ and
BK—remained internally differentiated.

 
Figure 1. Heatmap for BK(+), CKD, HC, and BK(−) groups. The z-score normalized NPX values are
color-coded from red (high expression) to blue (low expression). Gray cells represent proteins not
detected in each sample. Columns represent individual samples; rows represent proteins. Groups are
indicated by colored bars above the heatmap: blue—BK-positive kidney transplant recipients (BK+),
red—BK-negative transplant recipients (BK−), green—healthy controls (HC), and yellow—patients
with chronic kidney disease (CKD).

Since the heatmaps were used to illustrate up- and downregulation of all detected
proteins irrespectively of their detection rate, the statistical significance was not considered.
To gain a deeper insight beyond what could be observed in the heatmap, we applied a
dimensionality reduction strategy to explore the underlying structure of the proteomic data.

Three-dimensional PCA visualization revealed distinct clustering patterns among the
analyzed groups. Figure 2—the BK(+) kidney transplant recipients and healthy controls

https://doi.org/10.3390/medicina62020240
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showed clear separation, with a minimal overlap, with most HC samples forming a compact
cluster. Figure 3—the BK(−) kidney transplant recipients exhibited the protein expression
pattern overlapping substantially with HC indicating closer similarity to their proteomic
profile. This analysis was performed using the selected proteins with a detection rate of at
least 50% in at least one of the study groups

Figure 2. PCA visualization with group-specific areas. The plots illustrate how individual samples
are distributed based on principal component analysis of the most informative urinary proteins.
BK(+) kidney transplant recipients compared to healthy controls. BK(+) recipients displayed greater
variability and partial separation, suggesting that virus-related modulation of immune protein
expression occurred. The first three principal components explained 77.9% of the total variance
(PC1: 57.0%, PC2: 13.2%, PC3: 7.7%).

Random Forest analysis was employed to identify the most informative proteins con-
tributing to group discrimination based on their importance scores. The resulting rankings
revealed distinct sets of proteins differentiating BK(+) and BK(−) kidney transplant re-
cipients from HC and indicating that the discriminative proteomic signatures were not
identical between the two transplant groups. In the BK(+) vs. HC comparison revealed
that KLRD1 (CD94) emerged as one of the top-ranked features. The complete results of the
Random Forest analysis are provided in Supplementary Materials Figures S1 and S2.

3.4. Proteins Assignment

We identified a certain number of proteins that appeared either characteristic of
each group or were commonly shared between different groups. The detailed results
are presented in a Venn diagram (Figure 4). The largest number of shared elements—33,
was presented as common across all groups, including 16 with a detection rate above 90%
(CLEC7A, KLRD1, CD83, ITGB6, PRDX1, HNMT, CDSN, EDAR, BTN3A2, LAMP3, STC1,
FAM3B, KRT19, CLEC4A, AREG, PTH1R); 17 were shared exclusively among the CKD,
BK(+), and BK(−) groups, among these CXADR appeared absent in HC and showed the
highest detection rate within this subset, observed in at least 55% of samples. These and the
33 common proteins are listed in Table A2. Eleven proteins were presented as shared between
BK(+) and CKD; however, they were detected in single BKPyV-DNA positive samples.

https://doi.org/10.3390/medicina62020240
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Figure 3. PCA visualization with group-specific areas. The plots illustrate how individual samples are
distributed based on principal component analysis of the most informative urinary proteins. BK(−)
recipients showed profiles that more closely resembled those of HC. The explained total variance was
69.9% (PC1: 45.5%, PC2: 14.7%, PC3: 5.7%).

Figure 4. Venn diagram. Venn diagram illustrating the overlap of detected urinary proteins among
four study groups: BKPyV-positive transplant recipients (BK+), BKPyV-negative transplant recipients
(BK−), chronic kidney disease patients (CKD), and healthy controls (HC). Each region of the diagram
indicates the number of proteins uniquely or commonly shared between the specified groups. The
largest overlap (33 proteins) was observed among all four clinical groups.
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In the regression model, 17 of the 33 common elements were identified as differently
expressed between HC, TX, and CKD (Figure 5, the corresponding p-values for all compar-
isons are provided in the Supplementary Materials Tables S2–S4). All the proteins were
found downregulated in the healthy controls, with most exhibiting low expression levels.
Sixteen of these were upregulated in patients with chronic transplant disease, and one,
KLRD1 (CD94), in the kidney transplant recipients. The upregulation of KLRD1 between
TX and HC groups was highly significant, and present, but insignificant, between TX and
CKD. EDAR, CLEC4A, CDSN, LILRB4, KRT19, HNMT, PTH1R, STC1, FAM3B, DFFA,
DCBLD2, AREG, CD83, and BTN3A2 appeared significantly downregulated in kidney
transplant recipients compared with CKD patients. Among the differentially expressed
proteins, several—including BTN3A2, AREG, CDSN, and PTH1R—showed a gradual
increase in expression across the HC, TX, and CKD groups. Except for PADI2, all listed
proteins exhibited a detection rate of ≥50% in at least one study group and these have been
included in the relevant boxplot.

Figure 5. Box and whisker plots with normalized protein expression of significant proteins between
HC, CKD, and TX. Boxplot showing the distribution of selected urinary protein in three groups:
healthy controls (HC, red), patients with chronic kidney disease (CKD, green), and kidney transplant
recipients (TX, blue). * and ** indicate statistically significant with an adjusted p-value < 0.05 and
<0.01, respectively.

3.5. Differences Between BK(+) and BK(−) Groups

Regression modeling for the BK(−) and BK(+) groups exclusively revealed four pro-
teins with significantly different expression: EDAR, PTH1R, KLRD1, and CXADR. Two
of these, EDAR and KLRD1, appeared to be upregulated in the BK(−) group. In contrast,
the other two, PTH1R and CXADR, were upregulated in the BK(+) group, respectively
(Figure 6). Their pathway assignment has been presented in Table 3.

The top-ranking proteins in the Random Forest that distinguish the BK(+) and BK(−)
groups include KLRD1, CXADR, and PTH1R, accompanied by CCL11, CDSN, BTN3A2,
and CLEC4A. Notably, urinary viral load values used in this model, despite enhancing
group separation, did not show high feature importance but rather increased the importance
of particular proteins, suggesting their expression as closely associated with BK virus
replication (Figure 7).

Finally, based on differently expressed proteins, we performed PCA comparing BK(−),
BK(+), and HC (Figure 8). The corresponding Random Forest is provided in the Supple-
mentary Materials Figure S3. The two clusters showed an overlap, yet with a discernible
separation between BK(+) and BK(−), and a clear distinction between these two and HC.
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Figure 6. Box and whisker plots with normalized protein expression of statistically significant
proteins, BK(−) vs. BK(+). Boxplots show the distribution of urinary protein levels for EDAR,
PTH1R, CXADR, and KLRD1 in kidney transplant recipients without BKPyV DNAuria (BK(−),
red) and with BKPyV DNAuria (BK(+), blue). * and ** indicate statistically significant with an
adjusted p-value < 0.05 and <0.01, respectively.

Table 3. KEGG pathway associations for proteins EDAR, PTH1R, CXADR, and KLRD1. KEGG
pathway analysis was performed for four selected proteins: EDAR, PTH1R, CXADR, and KLRD1.
Data were retrieved using KEGG Mapper and literature-based validation.

EDAR PTH1R CXADR KLRD1

Cytokine-cytokine
receptor interaction Neuroactive ligand-receptor interaction Viral myocarditis Antigen processing and

presentation

NF-kappa B signaling
pathway

Parathyroid hormone synthesis,
secretion, and action Virion-Adenovirus Natural killer

cell-mediated cytotoxicity

Endocrine and other factor-regulated
calcium reabsorption Graft-versus-host disease

 

Figure 7. Random Forest BK(+) vs. BK(−). The bar plot illustrates the relative importance of the top
urinary proteins that contribute to group separation. CCL11, CDSN, and BTN3A2 were identified
as the most informative features, followed by KLRD1 and CXADR. The importance values reflect
each variable’s contribution to the model’s accuracy in classifying samples. “Viruria (copy/mL)”
represents the input value of BKVyP viral load.
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Figure 8. PCA visualization for BK(+) vs. BK(−) vs. HC. Principal component analysis was performed
based on the expression of selected urinary proteins to visualize differences between healthy controls (HC,
green), kidney transplant recipients without BKPyV DNAuria (BK(−), yellow), and those with BKPyV
DNAuria (BK(+), orange). The first two principal components accounted for a total of 87.6% of the
variance in the dataset. Specifically, PC1 explained 67.9% of the total variance, and PC2 explained 19.6%.

To explore the relationship with BKPyV DNAuria more closely, we examined the
correlations among urinary expression levels of EDAR, and KLRD1, since these two proteins
achieved over 90% detectability in all samples. Notably, EDAR and KLRD1 show a strong
positive correlation with each other and appear to decrease in parallel with the load of
BKPyV DNAuria (Figure 9). However, the statistical significance was not indicated.

Figure 9. Correlations of urinary immune-related proteins with BK polyomavirus DNAuria and with
each other. (A) Negative correlation between urinary KLRD1 levels and BK polyomavirus DNAuria
(log10 copies/mL). (B) Negative correlation between urinary EDAR levels and BK polyomavirus
DNAuria (log10 copies/mL). (C) Positive correlation between EDAR and KLRD1 expression levels in
urine. Shaded areas represent 95% confidence intervals of the regression lines.
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4. Discussion
The study compared the immune response profile present in the urine of several

groups: healthy individuals, patients with stage 5 chronic kidney disease, and kidney
transplant recipients, including those with BKPyV DNAuria. We hypothesized that urinary
replication of BKPyV is associated with this profile in kidney transplant recipients and
shifts it away from healthy individuals. We further assumed that these shifts are possibly
related to controlling the latent BKPyV infection. The markers included in the applied
Olink Target 96 Immune Response panel revealed differentiated detectability in urine;
however, a number of these displayed high detectability rates of over 90%, including
KLRD1 (CD94) and EDAR. Notably further, CXADR was entirely undetectable in the
HC group; however, it was relatively highly expressed in all other groups. Despite the
overall higher protein expression in the CKD group, KLRD1 (CD94) appeared to be the
only one upregulated in kidney transplant recipients compared both to healthy controls
and CKD. The differences in proteomic profiles between kidney transplant recipients
and healthy controls were shown to be more evident in BKPyV-DNA-positive than in
BKPyV-DNA-negative patients. Despite the fact that no unique profile was identified
exclusively for BKPyV DNAuria, a set of four proteins—EDAR, KLRD1 (CD94), PTH1R,
and CXADR—appeared to differentiate between BKPyV-DNA-positive and BKPyV-DNA-
negative transplant recipients, indicating a measurable shift in the PCA plot. KLRD1
(CD94) and EDAR reveal a statistically insignificant, but evident, negative relationship
with DNAuria load, and a positive relationship with each other.

KLRD1 (CD94) is a key receptor in the NK cell repertoire, forming heterodimers with
NKG2 family members—either inhibitory (NKG2A) or activating (NKG2C)—to recognize
HLA-E, a non-classical MHC class I molecule [11,12]. The CD94/NKG2A complex con-
tributes to NK cell licensing, ensuring self-tolerance and functional competence through
interaction with self-MHC, while CD94/NKG2C promotes cytotoxicity [13,14]. CD94 is
also expressed on CD8+ T cells, where it modulates responses to viral antigens. Gunturi
et al. showed that CD94/NKG2 signaling in CD8+ T cells regulates both effector function
and survival via Qa-1, the murine homolog of HLA-E [15]. In our study, urinary KLRD1
(CD94) expression was significantly elevated in kidney transplant recipients compared to
both CKD patients and healthy controls. Still, it was markedly reduced in BKPyV-positive
recipients, correlating with viral load and strongly distinguishing BKPyV-infected indi-
viduals from healthy controls. Prior studies by the Lukacher group support the role of
CD94 in antiviral immunity, particularly in polyomavirus infections. Byers et al. reported
CD94/NKG2A expression on CD8+ T cells during persistent polyomavirus infection, which
is linked to proliferative potential and IL-2 production [16]. Wojtasik et al. demonstrated
that CD94/NKG2 expression is induced by TCR signaling, reflecting antigen-specific ac-
tivation [17]. Further evidence from Fang et al. indicates that CD94 is essential for NK
cell–mediated viral defense, as CD94-deficient mice showed increased susceptibility to
lethal infection [18]. Nevertheless, the specific CD94/NKG2C’s role in BK polyomavirus
remains uncharacterized [19]. Its expression—like that of CD94/NKG2A—is known to be
influenced by tacrolimus treatment, aligning with the overall upregulation observed in
transplant recipients in our cohort [20].

Among the downregulated proteins, EDAR also showed significantly lower expression
in the BKPy-DNA-positive group. It also revealed a strong relationship with KLRD1 (CD94)
and with the viral load. The EDAR protein is a transmembrane receptor involved in the
signaling pathway associated with ectodermal development. It plays a crucial role in
the formation of various structures derived from the ectoderm, such as hair, teeth, sweat
glands, and sebaceous glands. Hence, it potentially impacts the body’s protective barriers
and its ability to combat infections [21,22]. At the molecular level, EDAR activates the
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NF-κB pathway, influencing the expression of genes involved in both innate and adaptive
immunity, including those related to antiviral immunity [23,24]. Although direct studies
on the impact of EDAR protein levels on viral infections are limited, we hypothesize
that there are several mechanisms through which EDAR downregulation may indirectly
influence susceptibility to viral infections, by influencing innate rather than adaptive
immunity. Notably, EDAR expression has also been reported in The Human Protein
Atlas in renal tubular epithelial cells, although this aspect remains poorly characterized
in the literature. Given EDAR’s emerging role in immune signaling, this finding may
indicate a compromised epithelial immune function in the renal tubular microenvironment,
potentially facilitating viral persistence or impaired antiviral responses in the urinary tract.
Interestingly, EDAR detection rates exceeded 95% in all samples.

CXADR is widely expressed in different locations, including epithelia, muscles, brain,
heart, lungs, and kidneys [25]. It was primarily recognized as a transmembrane receptor
protein that enables cell invasion with coxsackieviruses and adenoviruses through the
interactions with the respective viral capsid proteins [26,27]. However, CXADR exhibits
diverse functions in cellular physiology, such as regulating the cell’s adhesion, migration,
differentiation, and signal transduction [28]. It has also been described as involved in
intercellular junction [29]. To date, CXADR has not been described in the context of
infections with polyomavirus, which itself is known to replicate in the epithelium of renal
tubules [30]. High detectability rate of CXADR in both post-transplant groups and CKD, in
contrast to the healthy controls, may indicate increased epithelial cell turnover associated
with chronic kidney disease and the kidney transplantation group. The upregulation
observed during BKPyV DNAuria may be triggered by the infection itself, and this aligns
with the fact that BK virus replicates in epithelial cells. We find it remarkable that it plays a
role in regulating innate immune responses at the epithelial level by stimulating gamma
delta lymphocytes to produce cytokines, which, in turn, influence epithelial regeneration
processes [31,32]. Moreover, in the epithelial setting specifically, CXADR deficiency has
also been found to be associated with reduced inflammatory responses, including fewer
inflammatory cell infiltrations and decreased cytokine release [33]. Considering all the
above, we are prone to hypothesize that the role of CXADR in BKPyV infection is to
contribute to immunity itself or cellular turnover, rather than acting as a virus receptor
molecule. However, the implications of this finding for the graft and the course of BKPyV
infection in kidney transplant recipients remain unclear. Further studies are necessary
to explore its role in the progression of BKPyV infection and its potential clinical utility,
especially given the growing interest in this protein in various contexts. These include
recent and impactful data on the role of oncogenic KRAS mutations, which induce CXADR
expression, facilitate enterovirus infections, and accelerate the progression of pancreatic
cancer [34]. Similarly, CXADR has been implicated in type 1 diabetes, where the presence
of enterovirus was detected in β cells of pancreatic islets [35].

PTH1R is a receptor for parathyroid hormone (PTH), a peptide involved in regulating
calcium-phosphate metabolism. This receptor is primarily present in osteoblastic cells,
where it acts in conjunction with parathyroid hormone to stimulate bone resorption and
increase the blood calcium level [36]. The protein PTH1R reveals certain connections with
the immune system through its interaction with parathyroid hormone. Although it is
not directly involved in the immune response in the same manner as typical immune
system receptors, studies suggest that PTH and its receptor may influence immunity. These
indicate that PTH affects the activity of T lymphocytes and dendritic cells, which mainly
refers to cytokine secretion. However, the full extent of the interaction between PTH and
PTH1R with the immune system, as well as the mechanisms of these interactions, requires
further research [37,38]. The influence of chronic kidney disease on PTH metabolism and its
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impact on the PTH1R level cannot be omitted [39]. Some of the available data demonstrate
increased expression of PTH1R in CKD [40], but other evidence appears contradictory [41].
In our study, as shown in Supplementary Materials Table S1, PTH1R had the highest
detectability in the CKD group, supporting the hypothesis that its upregulation is more
likely related to disturbed calcium-phosphate metabolism rather than immune activity.
Therefore, the observed expression pattern in CKD is biologically plausible.

The study has several limitations, primarily due to its single-center character. There-
fore, selection bias cannot be excluded, as the study population was derived from available
urine samples meeting predefined eligibility criteria. Measurement bias may arise from
technical limitations inherent to targeted proteomic platforms and includes variability in
protein detectability and reliance on relative NPX values. Nevertheless, the NPX values
are generated through a rigorous, multi-step internal normalization process and represent
relative protein abundance. Therefore, these are commonly used as an input for profiling
and exploratory strategies as implemented in this study. The variety of detection rates
for different proteins, is typically observed in urine, which makes urinary investigations
somewhat challenging. However, in this study, standardized sample processing and quality
control procedures were applied to minimize analytical variability. Since the normalized
expression values represent the excellent potential for profiling algorithms, we included
detectability as an additional variable. In our study, the large proportion of proteins sur-
passed the 50% detectability threshold, though often only within individual groups. So, we
established the threshold of 50% detectability in at least one group. Still, from the point of
view of antiviral immunity, the most interesting proteins, such as KLRD1 (CD94) and EDAR,
showed an outstanding detectability rate of over 90% in all samples. These also showed a rela-
tionship with the viral load; however, possibly due to the sample size, we could not establish
statistical significance of this finding. The observational design of the study precludes causal
inference and limits conclusions about associations found at a single time point. Nevertheless,
this observation suggests that the shifts we identified, particularly in KLRD1 (CD94), reflect a
deeper level of immunity against BKPyV under immunosuppression.

As highlighted in “The Second International Consensus Guidelines on the Manage-
ment of BK Polyomavirus in Kidney Transplantation” [2], occasional detection of BKPyV
DNA in urine is possible both in healthy individuals and kidney transplant recipients. This
concern has been addressed in both Random Forrest and PCA, which emphasized that the
BK(−) and BK(+) groups diverge from healthy controls in distinct ways. So, it was in the
PCA plot, which involved the four proteins of significantly different expression between
BK(+), BK(−), and HC, and further by indicating the relationship between KLRD1 (CD94),
EDAR, and DNAuria load. Indeed, the clinical consensus also highlights the significance of
BKPyV DNAemia in the management of BKPyV reactivation. However, investigating the
progression from DNAuria to DNAemia remained beyond the aim of this study because
it primarily represents an explorative character and focuses on the local consequences of
urinary BKPyV replication.

5. Conclusions
In conclusion, our study highlights the proteomic diversity among the examined

groups. Within the immune response panel used, most of the detected proteins were
upregulated in the CKD group. Not surprisingly, kidney transplantation appeared to
attenuate this effect, making the urinary proteomic profile of kidney transplant recipients
closer to that of healthy controls. In contrast, the presence of BKPyV DNAuria shifted these
profiles away from healthy controls. All the above indicate that viral replication introduces
a specific biological imprint that overlays the transplant-related immune modulation.
Although the number of significantly dysregulated proteins between the BK(+) and BK(−)
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groups is limited, the ones we identified, especially KLRD1 (CD94), carry a high biological
relevance reflected in the previous basic research on BKPyV latency. Hence, we propose
CD94 as a candidate for further investigation on the dynamics of BKPyV reactivation in the
kidney transplant recipients.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/medicina62020240/s1, Figure S1: Random Forest BK vs.
HC. The bar plot displays the relative importance of individual urinary immune proteins in distin-
guishing between study groups, as determined by the Random Forest algorithm. Higher values
indicate a greater contribution of a protein to the classification model. KLRD1, HEXIM1, and CXADR
emerged as the top-ranked proteins; Figure S2: Random Forest TX vs. HC. The bar plot displays the
relative importance of individual urinary immune proteins in distinguishing between study groups, as
determined by the Random Forest algorithm. Higher values indicate a greater contribution of a protein
to the classification model. BTN3A2, LILRB4, and CLEC4A emerged as the top-ranked proteins; Figure
S3: Random Forest for BK vs. TX vs. HC- differently expressed. The bar plot displays the relative
contribution of four proteins (CXADR, PTH1R, KLRD1, EDAR) to group classification as determined by
the Random Forest algorithm; Table S1: List of protein with detection percentage; Table S2: Statistical
analysis by regression modeling—HC vs. TX; Table S3: Statistical analysis by regression modeling—CKD
vs. TX; Table S4: Statistical analysis by regression modeling—CKD vs. HC.
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Abbreviations
The following abbreviations are used in this manuscript:

BKPyV BK virus
BKPyV-DNA BK Polyomavirus DNA
TX Kidney transplant recipients
CKD Chronic kidney disease
HC Healthy controls
PEA Proximity extension assay
KLRD1 Killer cell lectin-like receptor subfamily D member 1
BKVAN BK virus-associated nephropathy
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PCR polymerase chain reaction
NPX Normalized Protein Expression
DEPs Differentially expressed proteins
RF Random Forest
PCA Principal Component Analysis
LOD Limit of detection
GLM General linear model
BK(+) Patients with BKPyV DNAuria
BK(−) Patients without BKPyV DNAuria
GFR Glomerular filtration rate
Z-scores Standardized expression levels
CLEC7A C-type lectin domain family 7 member A
CD83 CD83 antigen
ITGB6 Integrin beta 6
PRDX1 Peroxiredoxin 1
HNMT Histamine N-methyltransferase
CDSN Corneodesmosin

EDAR
Tumor necrosis factor receptor superfamily member
EDAR (EDAR)

BTN3A2 Butyrophilin subfamily 3 member A2
STC1 Stanniocalcin-1
FAM3B Protein FAM3B
KRT19 Keratin, type 1cytoskeletal 19
CLEC4A C-type lectin domain family 4 member A
FAM3B Protein FAM3B
KRT19 Keratin, type 1cytoskeletal 19
CLEC4A C-type lectin domain family 4 member A
AREG Amphiregulin
PTH1R Parathyroid hormone receptor 1
CXADR Coxsackievirus and adenovirus receptor
LILRB4 Leukocyte immunoglobulin like receptor B4
DFFA DNA fragmentation factor subunit alpha
DCBLD2 Discoidin, CUB and LCCL domain-containing protein
PADI2 Peptidyl arginine deiminase 2
CCL11 C-C motif chemokine 11
NKG2A Killer cell lectin-like receptor subfamily C1
NKG2C Killer cell lectin-like receptor subfamily C2/3
CD94 CD94 antigen
HLA-E Major histocompatibility complex, class I, E
MHC Major histocompatibility complex
NK Natural killer cell
TCR T-cell antigen receptor alpha
PTH Parathormone

Appendix A

Table A1. Parameters of DNAuria.

DNAuria (Copy/mL)

Min. value 290
Max. value 772,500,000
Average 64,406,589.6
Mean 1,450,000
SD 174,876,401.5
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Figure A1. Density distribution of GFR in the groups. Density plots show the distribution of es-
timated GFR values among kidney transplant recipients without (BK−) and with (BK+) detectable
BKPyV DNAuria.

Appendix B

 

Figure A2. Hierarchical clustering heatmap of proteins across study groups. The heatmap visualizes
standardized expression levels (Z-scores) of proteins in urine samples from patients with chronic
kidney disease (CKD), kidney transplant recipients (TX), and healthy controls (HC). Rows represent
proteins and columns represent individual samples.

Appendix C

Table A2. List of proteins shared between groups as shown in the Venn diagram.

Proteins Shared Exclusively Among the CKD, BK(+), and
BK(−) Groups Common Proteins (Shared Across All Groups)

dual adapter for phosphotyrosine and 3-phosphotyrosine
and 3-phosphoinositide (DAPP1)

leukocyte immunoglobulin-like receptor subfamily B member 4
(LILRB4)

ATP-dependent RNA helicase DDX58 (DDX58) butyrophilin subfamily 3 member A2 (BTN3A)
interleukin 12 receptor beta-1 (IL12RB1) keratin, type 1cytoskeletal 19 (KRT19)
tryptase alpha/beta 1 (TPSAB1) C-type lectin domain family 7 member A (CLEC7A)
Fanconi anaemia group J protein (BACH1) histamine N-methyltransferase (HNMT)
fibroblast growth factor 2 (FGF2) lysosomal-associated membrane protein 3 (LAMP3)
mannan-binding lectin serine protease 1 (MASP1) corneodesmosin (CDSN)
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Table A2. Cont.

Proteins Shared Exclusively Among the CKD, BK(+), and
BK(−) Groups Common Proteins (Shared Across All Groups)

eukaryotic translation initiation factor 4 gamma 1 (EIF4G1) peroxiredoxin-5, mitochondrial (PRDX5)
interferon regulatory factor 9 (IRF9) eotaxin (CCL11)
hematopoietic cell-specific Lyn substrate 1 (HCLS1) killer cell lectin-like receptor subfamily D member 1 (KLRD1)
zinc finger and BTB domain-containing protein 16 (ZBTB16) interleukin 6 (IL6)
PC4 and SFRS1-interacting protein (PSIP1) stanniocalcin-1 (STC1)
C-type lectin domain family 4 member C (CLEC4C) DNA fragmentation factor subunit alpha (DFFA)
mast cell immunoglobulin-like receptor 1 (MILR) C-type lectin domain family 4 member A (CLEC4A)
natural cytotoxicity triggering receptor 1 (NCR1) protein-arginine-deiminase type 2 (PADI2)
C-type lectin domain family 4 member D (CLEC4D) amphiregulin (AREG)
coxsackievirus and adenovirus receptor (CXADR) tumor necrosis factor receptor superfamily member EDAR (EDAR)

discoidin, CUB and LCCL domain containing 2 (DCBLD2)
beta-galactosidase (GLB1)
protein FAM3B (FAM3B)
CD83 antigen (CD83)
parathyroid hormone receptor 1 (PTH1R)
integrin beta 6 (ITGB6)
protein HEXIM1 (HEXIM1)
peroxiredoxin 1 (PRDX1).
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