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Abstract: Polyomavirus BK (BKPyV)-associated nephropathy (BKPyV-nephropathy) re-
mains a significant cause of premature kidney allograft failure. In the absence of effective
antiviral treatments, current therapeutic approaches rely on immunosuppression (IS) re-
duction, possibly at the risk of inducing alloimmunity. Therefore, we sought to explore
the long-term effects of a tailored viro-immunologic surveillance and treatment program
for BKPyV on the development of alloimmunity and kidney graft outcome. Forty-five
pediatric kidney transplant recipients were longitudinally monitored for BKPyV replication,
virus-specific immunity, and donor-specific HLA antibodies (DSAs). DNAemia developed
in 15 patients who were treated with stepwise IS reduction. Among the other 30 patients,
17 developed DNAuria without DNAemia and 13 always resulted as BKPyV-negative.
All patients with DNAemia cleared BKPyV after having mounted a virus-specific cellular
immune response, and no biopsy-proven BKPyV-nephropathy was observed. The presence
of cytotoxic populations directed to the BKPyV Large-T (LT) antigen early after transplan-
tation protected kidney recipients from developing BKPyV replication, and the appearance
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of LT-specific T cells in viruric patients prevented the development of BKPyV-DNAemia.
In our cohort, no significant correlation was observed between BKPyV-DNAemia and the
development of DSA and antibody-mediated rejection. However, patients who experienced
and cleared BKPyV-DNAemia had a worse allograft survival at a median follow-up of
18.9 years (p = 0.048). These data need to be confirmed in larger cohorts.

Keywords: pediatric kidney transplantation; polyomavirus BK; cellular immunity; humoral
immunity; donor-specific antibodies

1. Introduction
Polyomavirus BK (BKPyV)-associated nephropathy (BKPyV-nephropathy) is one of

the most challenging infectious complications of renal allograft dysfunction and graft
loss [1–3]. To date, antiviral drugs with specific activity directed at the BKPyV life cycle
are not available, and the therapeutic intervention of choice is immunosuppression (IS)
reduction [2–5]. A significant improvement in BKPyV-nephropathy outcome has been
observed following the adoption of systematic surveillance regimens and application of IS
reduction at early stages of disease [6–8]. Following this approach, progression to proven
BKPyV-nephropathy can be safely prevented if BKPyV-DNAemia is used to guide preemp-
tive therapeutic intervention [9,10]. Since BKPyV-DNAemia has been shown to rapidly
disappear by renal allograft nephrectomy in patients with continued immunosuppression
such as kidney–pancreas recipients, its detection reflects allograft involvement [11]. Hence
the terms probable and presumptive BKPyV-nephropathy reflecting increasing plasma
BKPyV-DNA loads were proposed and proven valuable in clinical practice [12]. Among
the multiple risk factors that contribute to BKPyV-nephropathy development, a central
role has been assigned to a disruption in the balance between BKPyV replication and
virus-specific immune surveillance [13–17]. Thus, in association with viral load deter-
mination in plasma [18], the quantification of BKPyV-specific immune responses could
be used to characterize subgroups of patients at high risk of disease development. This
combined risk classification would in turn improve individualized immune suppression
decisions [19–21]. Indeed, BKPyV replication is generally an early event after allograft, and
therapeutic IS reduction in this crucial phase of transplantation may induce acute rejection
episodes or predispose to acute and/or chronic immune-mediated renal damage [22,23].
In this scenario, optimal modulation of immunosuppressive agents would produce the
desirable reconstitution of BKPyV-specific immunity to control virus reactivation, while
maintaining adequate immune suppression to protect the graft. In the present study, we
analyzed the interplay between BKPyV replication, maintenance immunosuppression, and
immune response to the virus, and their impact on kidney graft outcome, in a pediatric
cohort of kidney recipients prospectively surveilled and treated with a stepwise IS reduc-
tion in the presence of presumptive or probable BKPyV-nephropathy [2,10]. The ultimate
aim of this study was to assess the long-term effects of an individualized approach to
BKPyV-nephropathy and related IS modulation on the basis of combined viremia and
virus-specific immunity.

2. Materials and Methods
2.1. Patients

In this single-center study, patients referred to the Pediatric Nephrology Unit of the
G. Gaslini Institute-Genova for kidney transplantation (KTx) and post-transplant care
between December 2002 and June 2007 were analyzed. The demographic information and
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the baseline clinical parameters of the study subjects are provided in Table 1. Early BKPyV
clinical and immunological data from this cohort have been previously published [10],
while this study provides long-term follow-up data on BKPyV and DSA surveillance.

Table 1. Characteristics of the patients included in the study.

Patient-/Donor-/Transplant-Related Parameters Numbers

Age (years), median (range) 16 (3–32)
Sex, M/F 28/17
No. of transplant, 1st/retransplant 33/12
Donor type, deceased/living 43/2
Donor age (years), median (range) 14 (2–57)
Baseline immunosuppression

Any regimen + anti-CD25 mAb 40
Any regimen + ATG 3
CyA-based regimen 36
FK-based regimen 9
Any regimen + MMF 40

BKV serology, neg/pos 5/36
DGF 7
T cell-mediated rejection 9
CMV replication 21
EBV DNA positivity 23

CyA: cyclosporine-A; FK: tacrolimus; MMF: mycophenolate mofetil; DGF: delayed graft function.

Baseline IS protocols adopted for the patients enrolled into the study included induc-
tion with the anti-CD25 monoclonal antibody basiliximab, and double or triple therapy
with either cyclosporine-A (CyA) or tacrolimus (FK) together with prednisone alone or
prednisone and mycophenolate mofetil (MMF). Three sensitized KTx patients received
anti-tymocyte globulin (ATG) induction. Standard of care included a renal biopsy for graft
dysfunction, which was defined as serum creatinine level elevation ≥ 20% than baseline.
Treatment of acute rejection consisted of pulse steroids and, in case of steroid resistance
(n = 1), photopheresis and switch to tacrolimus were employed as rescue therapy. All
patients received antiviral prophylaxis with acyclovir for the first 6 months post-transplant,
and pneumocystis prophylaxis with cotrimoxazole for 12 months.

Graft biopsies were performed for clinical indication (BKPyV-DNAemia, graft func-
tion decline, and/or proteinuria); since 2010, DSA positivity was also included among
indications. Biopsies were histologically graded following Banff 97 criteria with Banff 2013
and 2017 updates [24]. Patients developing antibody-mediated rejection (ABMR) were
treated with a protocol including a combination of plasmapheresis, i.v. human Ig, and
anti-CD20 monoclonal antibody.

2.2. HLA Typing and Detection of Anti-HLA Antibodies

HLA class I and class II typing were performed as previously described [23].
Anti-HLA class I and class II IgG antibodies were tested by means of a bead-based

detection assay, with LABScreen Mixed kit and Single Antigen kit (One Lambda, Canoga
Park, CA, USA). The MFI cut-off for positivity was set at 1000 [25]. All sera were EDTA-
treated before testing.

2.3. BKPyV Viral Monitoring

Blood and urine samples were collected during routine laboratory testing at 1, 3, 6, 9,
12, 18, 24, 36, 48 months post-transplantation.
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2.3.1. Serology Methods

Patients’ serostatus was determined by testing 1:400 diluted plasma in an IgG ELISA
format with 50 ng of BK virus-like particles (VLPs) as antigens coated onto solid phase
purified from major viral protein (VP1)-expressing baculovirus-infected SF9 cells after
lysis and gradient centrifugation. A cut-off of optical density (OD) 492 nm > 0.110 after
subtracting non-VLP-expressing lysates was considered positive [26]. Baseline BKPyV
serology at transplantation was evaluated for all patients.

2.3.2. Polymerase Chain Reaction (PCR) Methods

For the purposes of this study, qualitative PCR for the detection of BK DNA was
used for patient management. BKPyV DNA detection was performed by a previously
described nested, qualitative PCR assay [18,27]. Samples found positive for BKPyV DNA
with the nested PCR were quantitated by a BKPyV-specific real-time PCR, according to
a previously reported method [10,18]. BKPyV-DNAuria was defined as the presence of
BKPyV DNA in urine, while BKPyV-DNAemia was defined by the detection of viral
DNA in serum. Patients with BKPyV-DNAemia underwent a renal biopsy to evaluate the
presence of BKPyV, and, in the absence of histological findings identifying definitive BKPyV-
nephropathy, were diagnosed as probable/presumptive BKPyV-nephropathy [2,3]. Patients
with probable BKPyV-nephropathy were initially monitored more frequently and treated
with immunosuppression (IS) reduction only if viral load increased to ≥104 copies/mL,
while patients with presumptive BKPyV-nephropathy were preemptively treated with
IS reduction, according to a protocol previously described [10]. Stepwise reduction in
immunosuppression started with a 15–20% decrease in calcineurin inhibitor (CNI) plasma
levels. In the case of increasing viral load over the next four weeks, MMF was halved
as a further step or discontinued as a final step. Reduction in IS therapy was the only
therapeutic intervention used to treat BKPyV-DNAemia in this cohort.

2.4. BKPyV-Specific Immune Monitoring

A total of 414 blood samples were collected and stored from the patients at the
same time points for virological evaluation, with a sampling range of 5–15, according to
the length of follow-up. All samples were processed within 24 h from the blood draw,
and cryopreserved. Immunological monitoring of a single patient was performed by
thawing and plating all samples on the same day in a single assay, in order to minimize
interassay variability. BKPyV-specific T cell immunity was evaluated by measuring the
frequency of virus-specific IFNγ-secreting cells in an ELISPOT assay, and cytotoxicity was
measured in BKPyV-specific cell cultures, using a 51-chromium release assay. Peripheral
blood mononuclear cells (PBMCs) were collected at different time points and cultured
for 8–10 days in the presence of 15 mer peptide pools spanning the entire BKPyV-VP1
and large T (LT) proteins (0.5 µg/mL concentration for each single peptide, JPT Peptide
Technologies, Berlin, Germany). ELISPOT assays were performed according to a previously
described method [13]. Cultured T cells were seeded in the absence or presence of VP1
and LT peptide mixes (0.5 µg/mL). Response to phytohemagglutinin (PHA, 4 µg/mL) was
employed as a positive control. After incubation for 24 h at 37 ◦C, plates were processed
according to a standard procedure. IFN-γ-producing spots were counted using an Elispot
reader (Bioline, Torino, Italy). The number of spots per well was calculated after subtracting
assay background, quantitated as an average of 24 wells containing only sterile complete
medium, and specific background was quantitated as the sum of cytokine spots associated
with responders alone. Specific cytotoxic activity was assessed by a standard 51Cr-release
assay, against a panel of targets including autologous PHA blasts pulsed for 2 h with
2 µg/mL of VP-1 and LT peptide mix or with 2 µg/mL of control peptide (EBV-LMP2
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peptide mix, JPT), and incubated overnight with 51Cr (100 µCi). In brief, PBMCs cultured
for 8–10 days with VP-1 and LT peptide pools were incubated with 1000 target cells at E:T
ratios of 20:1, 10:1, 5:1, 2.5:1.

2.5. Statistical Analysis

Data were expressed as the median and range, or median and 95% confidence interval
(CI) as appropriate. Comparison of immunological parameters among different subgroups
was performed with the Kruskal–Wallis one-way analysis of variance. The correlation of
immunological parameters with BKV viruria and viremia was evaluated with the Wilcoxon
test. Event-free survival was estimated with the Kaplan–Meier method and comparison
between risk groups performed with the log-rank test. For graft failure, the censoring
event was death with a functioning graft, and graft failure due to relapse of end-stage
renal disease. Patients who did not experience graft failure were censored at the end of
follow-up. To determine differences among groups, we compared categorical variables
with the Fisher’s exact test. p values < 0.05 were considered statistically significant; p values
from 0.05 to 0.1 were not considered significant, but reported in detail, while p values > 0.1
were reported as non-significant (ns). Statistical analyses were performed using the NCSS
System (NCSS, Cary, NC, USA).

3. Results
3.1. Study Population

A total of 45 patients, enrolled in a prospective BKPyV surveillance program [10]
for whom suitable post-transplant cellular samples were obtained, and with longitudinal
serum samples for DSA analysis, were evaluated for BKPyV-specific cellular and humoral
immunity, and for DSA development (Figure 1).

Of the 45 patients, 17 experienced urinary shedding in the absence of viremia (group 2),
15 developed concomitant viremia (group 3), while 13 were always BKPyV-negative
(group 1) at the perspective surveillance time points (Figure 1). Among the patients
with urinary shedding alone, nine had sustained BKPyV-DNAuria (at least two con-
secutive samples positive for BKPyV DNA; median peak DNAuria: 2.7 × 108), while
eight had transient DNAuria (single BKPyV DNA positivity; median peak DNAuria:
1.2 × 105). Median BKPyV-DNAemia onset was at 3 months post-transplant, and me-
dian duration was 2 months (range 1–9 months). Nine of the fifteen patients had peak
viremia > 104/mL, which lasted a median of 3 months. None of the patients included in
the study were diagnosed with proven BKPyV-nephropathy, with a median observation
period of 18.9 years (3.5–21.7 years). None of the patients had BKPyV-DNAemia in the
absence of BKPyV-DNAuria. A total of 9 out of the 45 patients included in the study were
BKPyV-seronegative at transplantation (20% of the total population, distributed as follows:
15% in the BKPyV DNA-negative group, 18% in the positive DNAuria group, and 26% in
the BKPyV-DNAemic patients, p = ns).
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BKPyV: polyomavirus BK; IS: immunosuppression; CNI: calcineurin inhibitors; DSA: donor-specific 
antibodies. 
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IFNγ-producing cells increased according to the degree of viral exposure. In detail, Vp1-
specific T cells increased in the three groups (Figure 2A). Conversely, LT-specific T cells, 
which were high (median 70 spot-forming units SFU/105 cells) and remained unchanged 
throughout the follow-up period in patients belonging to group 1, had a significant in-
crease in recipients belonging to both groups 2 and 3 (Figure 2B). Similar kinetics were 
observed for BKPyV cytotoxicity. In groups 2 and 3, cytotoxic T cell responses to Vp1 and 
LT antigens were mostly absent before exposure, and an efficient lysis against BKPyV an-
tigen-bearing targets was observed only in viremic patients following therapeutic IS 

Figure 1. Flow diagram of study cohort and main outcome results for BKPyV infection, DSA,
and graft survival. Left-bottom diagram: allograft survival in kidney graft recipients stratified by
absence or presence of BKPyV replication. Right-bottom diagram: allograft survival in patients
with or without BKPyV-DNAemia. Right-upper diagram: DSA development in patients with or
without BKPyV-DNAemia. The statistical difference between Kaplan–Meier survival curves was
evaluated with the log-rank test; differences with p values < 0.05 were considered statistically
significant. BKPyV: polyomavirus BK; IS: immunosuppression; CNI: calcineurin inhibitors; DSA:
donor-specific antibodies.

3.2. Kinetics of Humoral and Cellular Immunity to BKPyV After Kidney Transplantation

In order to prospectively assess cellular and humoral immunity to BKPyV, the fre-
quency of IFN-γ-producing cells, specific cytotoxic capacity, and specific IgG levels were
evaluated in samples obtained from the patients at different time points after transplanta-
tion, and the results were then analyzed in relation to the BKPyV status of the patient at
the time of evaluation (Figure 2). After transplantation, the frequency of BKPyV-specific
IFNγ-producing cells increased according to the degree of viral exposure. In detail, Vp1-
specific T cells increased in the three groups (Figure 2A). Conversely, LT-specific T cells,
which were high (median 70 spot-forming units SFU/105 cells) and remained unchanged
throughout the follow-up period in patients belonging to group 1, had a significant in-
crease in recipients belonging to both groups 2 and 3 (Figure 2B). Similar kinetics were
observed for BKPyV cytotoxicity. In groups 2 and 3, cytotoxic T cell responses to Vp1
and LT antigens were mostly absent before exposure, and an efficient lysis against BKPyV
antigen-bearing targets was observed only in viremic patients following therapeutic IS
reduction (Figure 2C,D). However, patients belonging to group 1 had significantly higher
cytotoxicity to LT antigens at 1 month after transplantation, compared to patients belonging
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to groups 2 and 3 (median cytotoxicity in group 1: 8% vs. 0% in groups 2 and 3, p < 0.05).
Among the three BKPyV replication groups, we also evaluated the immunological behavior
of BKPyV-seronegative patients versus BKPyV-seropositive at transplantation. We did not
observe significant differences in the response kinetics to BKPyV in the latter cohorts. In
particular, BKPyV-seronegative patients who developed BK viremia after transplantation
had comparable levels of cellular immunity at peak viruria, peak viremia, and at viremia
clearance in comparison to BKPyV-seropositive viremic patients. In the case of humoral
immunity, BKPyV-seropositive patients who never reactivated the virus did not show a
significant increase in IgG levels (from a median OD of 0.37 at month + 1 to 0.39 at the end
of follow-up), while patients with urinary shedding alone or with viremia increased from a
median OD of 0.3 to 1.2 (p = 0.09), and 0.26 to 2.8 (p < 0.0005) (Figure 2E). At peak DNAuria,
BKPyV-DNAemic patients already exhibited an 8-fold rise in specific IgG compared to the
1.5 increase observed in group 2 recipients.

Microorganisms 2025, 13, x FOR PEER REVIEW 7 of 18 
 

 

reduction (Figure 2C,D). However, patients belonging to group 1 had significantly higher 
cytotoxicity to LT antigens at 1 month after transplantation, compared to patients belong-
ing to groups 2 and 3 (median cytotoxicity in group 1: 8% vs. 0% in groups 2 and 3, p < 
0.05). Among the three BKPyV replication groups, we also evaluated the immunological 
behavior of BKPyV-seronegative patients versus BKPyV-seropositive at transplantation. 
We did not observe significant differences in the response kinetics to BKPyV in the latter 
cohorts. In particular, BKPyV-seronegative patients who developed BK viremia after 
transplantation had comparable levels of cellular immunity at peak viruria, peak viremia, 
and at viremia clearance in comparison to BKPyV-seropositive viremic patients. In the 
case of humoral immunity, BKPyV-seropositive patients who never reactivated the virus 
did not show a significant increase in IgG levels (from a median OD of 0.37 at month + 1 
to 0.39 at the end of follow-up), while patients with urinary shedding alone or with vire-
mia increased from a median OD of 0.3 to 1.2 (p = 0.09), and 0.26 to 2.8 (p < 0.0005) (Figure 
2E). At peak DNAuria, BKPyV-DNAemic patients already exhibited an 8-fold rise in spe-
cific IgG compared to the 1.5 increase observed in group 2 recipients. 

 

Figure 2. Kinetics of BKPyV-specific cellular and humoral immune responses in the KTx cohort. 
Data on the frequency of IFNγ-secreting lymphocytes (A,B) and virus-specific cytotoxicity (C,D), 
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Figure 2. Kinetics of BKPyV-specific cellular and humoral immune responses in the KTx cohort. Data
on the frequency of IFNγ-secreting lymphocytes (A,B) and virus-specific cytotoxicity (C,D), measured
in patients’ cultured PBMCs, after a 10-day stimulation with VP1 (IFNγ-secreting lymphocytes: (A);
cytotoxicity: (C)) and LT (IFNγ-secreting lymphocytes: (B); cytotoxicity: (D)) peptides, are reported.
In (E), data on patients’ anti-BKV IgG are shown. Responses of KTx recipients who did not develop
BKPyV-DNaemia and/or DNAuria (group 1, Neg), of DNAuric only (group 2, U+), and BKPyV-
DNaemia-positive patients (U+P+, group 3) are reported. Blue dots represent pre-Tx data while white
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dots are for post-Tx measures; red rectangle represent median values. For groups 2 and 3, data
obtained at the earliest time point before development of DNAuria (group 2) or DNAemia (group 3),
at DNAuria or DNAemia increase, and at decrease and after viral clearance, are reported. IFNγ-
secreting cells are represented as number of spots/105 cells (median spots of triplicate experiments
± SD). Cytotoxicity is represented as % specific lysis at an effector to target ratio of 10:1 (mean of
triplicate experiments ± SD). Differences among results obtained at the different time points were
analyzed by the Kruskal–Wallis test (*: p < 0.05; **: p < 0.005; ***: p < 0.001).

3.3. Immunological Predictors of BKPyV Replication and Reactivation

We first determined whether a general state of immune deficiency, likely due to an
excess of immune suppression, could account for the development of BKPyV reactivation.
Thus, we assessed whether there was a correlation between T cell immunity, measured as
the production of IFNγ in response to stimulation with a polyclonal T cell activator such
as PHA, and the presence of BKPyV DNAuria and DNAemia. Development of BKPyV
replication, measured as BKPyV urinary shedding, did not correlate with an impaired
cellular response to PHA, as patients belonging to groups 2 and 3 showed measurable levels
of PHA-directed IFNγ-SFU prior to BKPyV-DNAuria appearance, comparable to those
observed in group 1 at +1 month after transplantation (median SFU/105 cells: 255 in group
1 vs. 268 in group 2 vs. 232 in group 3) (Figure 3A). Moreover, the levels of cellular response
to PHA did not correlate with cellular immunity to BKPyV VP1 and LT (Figure 3B,C).
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Figure 3. Immune response to polyclonal T cell activator PHA, and its relationship with BKPyV-
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Figure 3. Immune response to polyclonal T cell activator PHA, and its relationship with BKPyV-
specific immune response, in the KTx cohort. In (A), data on the frequency of IFNγ-secreting
lymphocytes in response to PHA in KTx recipients who did not develop BKPyV-DNaemia and/or
-DNAuria (group 1, Neg), of DNAuric only (group 2, U+), and of BKPyV-DNaemia-positive patients
(U+P+, group 3) are reported. For group 1, assessment was at month + 1 post-KTx, while for groups
2 and 3, data were obtained at the earliest time point before development of viruria (group 2) or
viremia (group 3). IFNγ-secreting cells are represented as number of spots/105 cells (single patients
as white dots, median spots of triplicate experiments ± SD as boxes). In (B,C), the correlation between
response to PHA, as depicted in panel (A), and BKPyV VP1 and LT antigens at the same points of
time, is reported.
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We then proceeded to analyze the role of the different virus-specific cellular and
humoral response compartments, namely cytokine production and cytotoxicity against Vp1
and LT antigens, and specific antibody production, in the development and progression of
BKPyV replication. We observed that the only parameter that correlated with protection
from the development of BKPyV replication was the presence of LT-specific cytotoxic
activity early after transplantation. In detail, patients belonging to group 1 have significantly
higher levels of LT-specific cytotoxicity at month + 1 from transplant, in comparison to
allograft recipients included in both groups 2 and 3 (median cytotoxicity group 1: 7% vs. 0%
in groups 2–3, p < 0.05) (Figure 4). Regarding the risk of progression from urinary shedding
to BKPyV reactivation, patients with urinary shedding who do not progress to DNAemia
show a median 3-fold increase in LT-specific T cell levels at peak DNAuria, compared to
no increase observed in patients who develop DNAemia (Figure 5A). The latter group
mounted a significant response to LT only after therapeutic IS reduction. As for BKPyV
replication development, the response to PHA was not found to be significantly correlated
with progression from BKPyV-DNAuria to DNAemia (Figure 5B). Following IS reduction,
the appearance or a significant increase in BKPyV-specific immunity was observed in all
patients, with the clearance of BKPyV-DNAemia after a median of 2 (range 1–9) months.
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Figure 4. BKPyV LT-specific cytotoxicity in patients early after KTx. BKPyV LT-specific cytotoxicity,
measured in samples obtained at 1 month after KTx in patients’ cultured PBMCs after 10-day
stimulation with LT peptides, is reported. Responses of KTx recipients who did not develop BKPyV-
DNAemia and/or DNAuria (group 1, Neg, blue dots), and of BKPyV-DNAuric only and DNAemic
patients (U+/U+P+, groups 2 and 3, white dots) are reported. Cytotoxicity is represented as % specific
lysis at an effector to target ratio of 10:1 (mean of triplicate experiments ± SD). Differences among
results were analyzed by the Wilcoxon test. Red rectangle represent median values.

Upon the appearance of/increase in BKPyV immunity, stepwise IS reduction was
stopped. The observation of a trend in viremia decrease prompted the resumption of the
maintenance IS target levels, in order to limit prolonged suboptimal immunosuppression.
Indeed, no difference in the CNI levels in the DNAemia-positive versus DNAemia-negative
patients was observed at any time point during the post-transplant follow-up (Table A1).
Likewise, no statistical difference was observed in memory immune responses to BKPyV
or to PHA at 12 months or at the time of steady-state IS among patients with or without
BKPyV-DNAemia, despite patients with BKPyV-DNAemia having higher frequencies of
memory T cells (Table A2).
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segmental glomerulosclerosis recurrence (n = 2), or amyloidosis (n = 1). None of these pa-
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Figure 5. Kinetics of cellular immune responses in KTx recipients with BKPyV-DNAuria only
versus BKPyV-DNaemia. Data on the frequency of IFNγ-secreting lymphocytes in response to LT
peptides (A) or PHA (B) are reported. Responses of KTx recipients belonging to group 2 before
(U_pre) and at peak (U_peak) DNAuria, and of group 3 DNAemic patients before replication (P_pre),
at peak DNAuria (P_peak U) and at DNAemia clearance (P_post) are reported. IFNγ-secreting
cells are reported as number of spots/105 cells (median spots of triplicate experiments ± SD).
Differences among results obtained at the different time points were analyzed by the Wilcoxon test;
ns: not significant.

3.4. Immunological and Clinical Parameters of the Cohort and Their Correlation with
Graft Outcome

Twenty patients (44%) developed DSA at a median time of 55 months (range
6–116 months) (Figure 1). Among the DSA-positive patients, six, seven, and seven de-
veloped anti-class I (anti-A in four patients, anti-B in four patients, and anti-C in one
patient; median MFI peak of dominant antibody: 4800), anti-class II (anti-DQ in all patients;
median MFI peak of dominant Ab: 17,020), or both anti-class I and II DSA (anti-A in six
patients, anti-B in three patients, anti-C in one patient, anti-DR in two patients, anti-DQ in
seven patients; median MFI peak of dominant Ab: 19,720), respectively. All patients with
anti-class II DSA had at least one positivity for DQ antibodies. Most DSA+ patients showed
prolonged positivity, which persisted throughout the follow-up, but one patient exhibited a
transient DSA. Antibody-mediated rejection (ABMR) was diagnosed in 16 patients at a me-
dian follow-up of seven years. We analyzed the association between probable/presumptive
BKPyV-nephropathy and onset of DSAs and ABMR in this cohort. No correlation was
found between the presence of BKPyV-DNAemia and DSA (DSA+ 6/15 DNAemic vs.
14/30 non DNAemic pts; p = 0.75) or ABMR (ABMR+ 8/15 DNAemic vs. 8/30 non
DNAemic pts; p = 0.1). Fifteen patients lost their graft at a median time of 6.7 years (range
3.5–14.5), due to ABMR (n = 11), chronic T cell-mediated rejection (TCMR) (n = 1), focal
segmental glomerulosclerosis recurrence (n = 2), or amyloidosis (n = 1). None of these
patients’ biopsies showed signs of BKPyV-nephropathy. We conducted a univariate analysis
to assess the clinical and immunological parameters correlated with graft loss (start of renal
replacement therapy) in our population (Table 2).

We demonstrated that the presence of DSAs, ABMR, and TCMR were significantly
associated with graft loss. Regarding BKPyV replication, patients that developed DNAemia,
but not those that remained DNAuric without progression to probable or presumptive
BKPyV-nephropathy, experienced a significantly lower graft survival at long-term follow-
up (Figure 1). Immunity to BKPyV or PHA at 12 months for BKPyV-negative patients or at
maintenance IS steady state after BKPyV positivity did not correlate with graft loss (Table 2).
Moreover, among viremic patients, the extent of cellular immunity to BKPyV or PHA at
follow-up as described above did not correlate with graft loss [median response (and 95%
CI) to BKPyV in patients without graft loss 341 SFU/105 (118–543) vs. 446 (63–875) in
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patients experiencing graft loss, p = ns; PHA in patients without graft loss 444 SFU/105

(102–540) vs. 533 (96–705) in patients experiencing graft loss, p = ns].

Table 2. Risk of developing graft loss as a function of individual clinical parameters.

Variables Patients
(n) HR * 95% CI p Value

BKPyV positivity
Yes 32 5.39 0.92–10.27 0.069
No 13

BKPyV-DNAemia
Yes 15 3.02 1.02–11.63 0.047
No 30

Anti-HLA DSA
Yes 20 6.7 1.72–19.46 0.005
No 25

Antibody-mediated rejection
Yes 16 24.28 5.05–58.77 <0.0001
No 29

T cell-mediated rejection
Yes 9 10.31 2.17–60.38 0.004
No 36

Calcineurin inhibitor
Tacrolimus 9 1.85 0.52–8.20 0.307
Cyclosporine-A 36

PHA T cell immunity at early follow-up
frequency > 360 SFU/105 cells

Yes 22 2.26 0.69–7.46 0.180
No 23

BKPyV T cell immunity at early follow-up
frequency > 177 SFU/105 cells

Yes 22 0.79 0.26–2.47 0.69
No 23

* HR: hazard ratio.

4. Discussion and Conclusions
Data on the long-term impact of BKPyV-DNAemia on kidney graft outcomes are

limited. In this study, we provide a detailed clinical, virological, and immunological report
of a pediatric kidney cohort followed prospectively for BKPyV events, who were treated
with stepwise IS reduction for probable and presumptive BKPyV-nephropathy. With a
median follow-up of 18 years, we observed that (i) close viral and immune monitoring
and IS reduction were able to clear BKPyV-DNAemia and prevent BKPyV-nephropathy
progression; (ii) BKPyV-DNAemia and our treatment protocol did not increase the risk
of DSA or ABMR in our patient population; and (iii) despite successes in preventing
humoral alloimmunity in our BK viremic patients, BKPyV-DNAemia negatively influenced
long-term graft outcomes.

Our observation that BKPyV-DNAemia was not associated with DSA development
is in line with a study conducted in a large cohort of adult kidney recipients, in which
BKPyV-nephropathy, but not BKPyV-DNAemia, was an independent risk factor for DSA
and subsequent ABMR [28]. In contrast, two other studies found a relationship between
BKPyV-DNAemia and DSAs [29,30]. The discrepancies are likely due to different IS
reduction protocols for BKPyV-DNAemia. Indeed, our treatment protocol for BKPyV-
DNAemia was based on the reduction in CNI levels before the reduction in MMF, and
only four patients from our cohort did reduce MMF, similarly to the viremic patients
described by Cheungpasitporn et al. [28], while in the other studies, a large proportion
of patients reduced or discontinued MMF [29,30]. Moreover, longitudinal BKPyV cellular
immunity monitoring allowed for cautious IS reduction and relatively rapid resumption of
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maintenance IS in our patients, successfully preventing progression to BKPyV-nephropathy
and related graft loss while avoiding the development of humoral alloimmunity.

In the study by Sawinski et al., the increased incidence of DSAs after BKPyV-DNAemia
was not associated with a worse graft outcome at a median follow-up of 3 years [30]. In
our population, as expected in the absence of an increased risk of DSAs, graft loss at 5- and
10-year follow-up was not significantly different in BKPyV viremic vs. non-viremic patients,
as described in a cohort treated with preemptive IS reduction for BKPyV-DNAemia [22].
However, we were able to expand our observation further because of the long follow-up
in our cohort, and we were surprised to find that at almost 19-year follow-up, kidney
grafts from BKPyV viremic patients had a significantly worse outcome compared with
kidney recipients that did not develop BKPyV-DNAemia. When looking at the outcome,
the main cause of graft loss was ABMR, but BKPyV-DNAemia in our patients was not in
itself associated with DSAs or ABMR. Moreover, when looking at the IS levels during the
first year post-transplant and at steady state, BKPyV viremic patients did not differ from
BKPyV-DNAemia-negative kidney recipients. We hypothesize that our finding may be
related to subtle inflammatory/fibrotic damage to the graft caused by BKPyV, as described
by Drachenberg et al. [31]. The lesions may not be so evident, as the early diagnosis allowed
prompt viremia control and none of the patients were found with a histologic diagnosis of
BKPyV-nephropathy, but they may have rendered the graft more susceptible to subsequent
antibody damage in those patients that ultimately developed DSA and ABMR. Indeed,
it is possible that the initial damage may have exposed cryptic antigens within the graft,
favoring not only HLA-DSA formation but also non-HLA DSAs [32]. The statistical data are
weak, likely due to the limited number of patients analyzed, and for this reason, the finding
of a worse long-term graft outcome in KTx recipients with previous BKPyV DNAemia may
be biased. Therefore, our results need to be confirmed in larger cohorts.

Our data suggest that even when optimizing a management protocol for BKPyV
replication, and tailoring IS modulation, the long-term outcome of the grafts may be
affected by probable/presumptive BKPyV-nephropathy. Thus, a different approach may be
needed to manage BKPyV replication and prolong graft outcome, especially in the pediatric
population with its long survival expectancy. Data from our and other groups indicated
that the frequency of BKPyV-specific T cells and levels of specific IgG increased according
to the degree of viral exposure, and that IS tapering in BKPyV-DNAemic kidney recipients
led to an increase in BKV-specific T cell responses and viremia clearance [10,13,16,20,33–37].
The presence of defects that impair innate immunity may allow early viral spreading in
the renal tubule of the allograft [38]. In line with others, we observed that the frequency of
BKPyV-specific T cells, although generally low early after allografting, is higher in BKPyV-
seropositive KTx recipients who do not develop detectable levels of BKPyV-DNAemia
and/or BKBKPyV-nephropathy after transplantation [39]. The protective effect of virus-
specific T cells is also suggested by the observation that viruric patients who do not progress
to BKPyV-DNAemia are better able to respond to viral shedding by mounting a vigorous
virus-specific cellular response. Moreover, we expanded prior evidence demonstrating that
the loss of BKV-specific T cells directed to LT antigens from pre- to post-KTx-characterized
patients are at increased risk of BKPyV replication [39], by showing that the presence of
cytotoxic populations directed to LT early after transplantation protects kidney recipients
from BKPyV-related disease. These populations are likely CD8+ T cells, as cytotoxicity
was visible at 5 h, a temporal characteristic compatible with CD8+ effectors. The crucial
role played by cytotoxic CD8+ T cells in preventing BKPyV-nephropathy progression has
been previously underlined by studies demonstrating that CD8+ T lymphocyte functional
impairment is correlated with clinically relevant BKPyV replication [20,36].
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One way to boost BKPyV-specific immunity in patients positive for BKPyV-DNAemia
is to act on CNI maintenance levels, as we did in our patients and which has been suggested
by other studies [10,40,41]. However, in the early post-transplant period, balancing IS
modulation is a difficult task that may lead to humoral alloimmunity. Our own and
previously published data on the effects of early post-transplant BKPyV-specific immunity
on the prevention of BKPyV-DNAemia suggest that an alternative approach should include
the prevention of BKPyV viruria/viremia by administering BKPyV-targeted cytotoxic T
cells [42–44].

Short LT-immunodominant peptides have been identified and employed to evaluate
the effects of BKPyV-specific CD8+ T cells in KTx recipients with BKPyV replication [35,45].
The same peptides could be employed to expand cytotoxic T cell populations that could be
used in a cell therapy strategy of BKPyV-nephropathy prevention, as has been performed
for JCPyV-associated progressive multifocal encephalopathy [46,47]. It may be argued
that T cells administered during the early phases post-transplant, when maintenance IS
is at its highest, could fail to expand and control viral outgrowth. However, we believe
that cultured cytotoxic effectors would still be able to exert their activity, although maybe
with low expansion potential, as demonstrated with T cell therapy for post-transplant
Epstein–Barr virus-related lymphoproliferative disease after KTx [48]. In addition, pre-
clinical studies have demonstrated the feasibility of producing pathogen-specific T cells
resistant to steroids [49], or to CI [50,51], and clinical trials are underway. Finally, as T
cells from KTx recipients may have functional impairment [20,36], a viable option could
be the use of third-party allogeneic T cells [48,52–54], perhaps with improved clinical and
virological efficacy [55] and in combination with administering high neutralizing antibody
activities [56].

In conclusion, despite a tailored strategy that allowed for BKPyV-DNAemia clearance
and the prevention of BKPyV-nephropathy progression while avoiding the development
of humoral alloimmunity, KTx recipients who developed BKPyV-DNAemia may experi-
ence worse long-term graft outcomes. Evaluation of BKPyV-specific immunity early after
transplantation, and the promotion of virus-specific cellular therapy in allograft recipi-
ents with high-level BKPyV-DNAuria, may prevent the onset of BKPyV-DNAemia and
ameliorate outcomes.
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Appendix A

Table A1. Calcineurin inhibitor levels in KTx recipients with or without BKPyV-DNAemia.

Time
Post-Tx IS BKPyV-DNaemia-

Positive
BKPyV-DNaemia-

Negative p Value

1 month
CyA ng/mL 1175 (776–1885) 1258 (700–2305) 0.35
FK ng/mL 12.2 (7–16.9) 14 (7.9–18.6) 0.55

6 months
CyA ng/mL 1003 (696–1650) 925 (625–1680) 0.55
FK ng/mL 9.5 (6.2–12.5) 9.7 (6.3–16) 0.66

Steady state CyA ng/mL 861 (592–1396) 978 (668–1594) 0.3
FK ng/mL 8.1 (7.4–12.7) 8.4 (5.4–12) 0.61

* CyA: cyclosporine-A; FK: tacrolimus.

Table A2. Response to BKPyV antigens or PHA in KTx recipients after BKPyV replication resolution
or at +12 months in BKPyV-negative patients.

Stimulus BKPyV-DNaemia-
Positive *

BKPyV-DNaemia-
Negative p Value

BKPyV antigens 341 (158–612) 261 (94–383) ns

PHA 487 (121–567) 257 (137–478) ns
* Responses are reported as median SFU (and 95% CI). p values > 0.1 were reported as non-significant (ns).

References
1. Graf, F.E.; Hirsch, H.H. BK Polyomavirus After Solid Organ and Hematopoietic Cell Transplantation: One Virus –Three Diseases.

In Emerging Transplant Infections: Clinical Challenges and Implications; Morris, M.I., Kotton, C.N., Wolfe, C., Eds.; Springer
International Publishing: Cham, Switzerland, 2020; pp. 1–26, ISBN 9783030017514.

2. Hirsch, H.H.; Randhawa, P.S. AST Infectious Diseases Community of Practice BK Polyomavirus in Solid Organ Transplantation—
Guidelines from the American Society of Transplantation Infectious Diseases Community of Practice. Clin. Transplant. 2019, 33,
e13528. [CrossRef] [PubMed]

3. Kotton, C.N.; Kamar, N.; Wojciechowski, D.; Eder, M.; Hopfer, H.; Randhawa, P.; Sester, M.; Comoli, P.; Tedesco Silva, H.; Knoll,
G.; et al. The Second International Consensus Guidelines on the Management of BK Polyomavirus in Kidney Transplantation.
Transplantation 2024, 108, 1834–1866. [CrossRef] [PubMed]

4. Hirsch, H.H.; Brennan, D.C.; Drachenberg, C.B.; Ginevri, F.; Gordon, J.; Limaye, A.P.; Mihatsch, M.J.; Nickeleit, V.; Ramos,
E.; Randhawa, P.; et al. Polyomavirus-Associated Nephropathy in Renal Transplantation: Interdisciplinary Analyses and
Recommendations. Transplantation 2005, 79, 1277–1286. [CrossRef] [PubMed]

5. Kasiske, B.L.; Zeier, M.G.; Chapman, J.R.; Craig, J.C.; Ekberg, H.; Garvey, C.A.; Green, M.D.; Jha, V.; Josephson, M.A.; Kiberd,
B.A.; et al. KDIGO Clinical Practice Guideline for the Care of Kidney Transplant Recipients: A Summary. Kidney Int. 2010, 77,
299–311. [CrossRef]

6. Hirsch, H.H.; Knowles, W.; Dickenmann, M.; Passweg, J.; Klimkait, T.; Mihatsch, M.J.; Steiger, J. Prospective Study of Polyomavirus
Type BK Replication and Nephropathy in Renal-Transplant Recipients. N. Engl. J. Med. 2002, 347, 488–496. [CrossRef]

7. Buehrig, C.K.; Lager, D.J.; Stegall, M.D.; Kreps, M.A.; Kremers, W.K.; Gloor, J.M.; Schwab, T.R.; Velosa, J.A.; Fidler, M.E.; Larson,
T.S.; et al. Influence of Surveillance Renal Allograft Biopsy on Diagnosis and Prognosis of Polyomavirus-Associated Nephropathy.
Kidney Int. 2003, 64, 665–673. [CrossRef] [PubMed]

https://doi.org/10.1111/ctr.13528
https://www.ncbi.nlm.nih.gov/pubmed/30859620
https://doi.org/10.1097/TP.0000000000004976
https://www.ncbi.nlm.nih.gov/pubmed/38605438
https://doi.org/10.1097/01.TP.0000156165.83160.09
https://www.ncbi.nlm.nih.gov/pubmed/15912088
https://doi.org/10.1038/ki.2009.377
https://doi.org/10.1056/NEJMoa020439
https://doi.org/10.1046/j.1523-1755.2003.00103.x
https://www.ncbi.nlm.nih.gov/pubmed/12846764


Microorganisms 2025, 13, 48 15 of 17

8. Schaub, S.; Hirsch, H.H.; Dickenmann, M.; Steiger, J.; Mihatsch, M.J.; Hopfer, H.; Mayr, M. Reducing Immunosuppression
Preserves Allograft Function in Presumptive and Definitive Polyomavirus-Associated Nephropathy. Am. J. Transplant. 2010, 10,
2615–2623. [CrossRef]

9. Brennan, D.C.; Agha, I.; Bohl, D.L.; Schnitzler, M.A.; Hardinger, K.L.; Lockwood, M.; Torrence, S.; Schuessler, R.; Roby, T.;
Gaudreault-Keener, M.; et al. Incidence of BK with Tacrolimus Versus Cyclosporine and Impact of Preemptive Immunosuppres-
sion Reduction. Am. J. Transplant. 2005, 5, 582–594. [CrossRef] [PubMed]

10. Ginevri, F.; Azzi, A.; Hirsch, H.H.; Basso, S.; Fontana, I.; Cioni, M.; Bodaghi, S.; Salotti, V.; Rinieri, A.; Botti, G.; et al. Prospective
Monitoring of Polyomavirus BK Replication and Impact of Pre-Emptive Intervention in Pediatric Kidney Recipients. Am. J.
Transplant. 2007, 7, 2727–2735. [CrossRef] [PubMed]

11. Hirsch, H.H.; Mengel, M.; Kamar, N. BK Polyomavirus Consensus. Clin. Infect. Dis. 2022, 75, 2046–2047. [CrossRef]
12. Hirsch, H.H. Can you have a cake and eat it? Comparing reducing mycophenolate versus switching to everolimus for kidney

transplants with new-onset BKPyV-DNAemia. Kidney Int. 2024, in press.
13. Comoli, P.; Azzi, A.; Maccario, R.; Basso, S.; Botti, G.; Basile, G.; Fontana, I.; Labirio, M.; Cometa, A.; Poli, F.; et al. Polyomavirus

BK-Specific Immunity after Kidney Transplantation. Transplantation 2004, 78, 1229–1232. [CrossRef]
14. Babel, N.; Volk, H.D.; Reinke, P. BK polyomavirus infection and nephropathy: The virus-immune system interplay. Nat. Rev.

Nephrol. 2011, 7, 399–406. [CrossRef]
15. Chen, Y.; Trofe, J.; Gordon, J.; Du Pasquier, R.A.; Roy-Chaudhury, P.; Kuroda, M.J.; Woodle, E.S.; Khalili, K.; Koralnik, I.J. Interplay

of Cellular and Humoral Immune Responses against BK Virus in Kidney Transplant Recipients with Polyomavirus Nephropathy.
J. Virol. 2006, 80, 3495–3505. [CrossRef]

16. Binggeli, S.; Egli, A.; Schaub, S.; Binet, I.; Mayr, M.; Steiger, J.; Hirsch, H.H. Polyomavirus BK-Specific Cellular Immune Response
to VP1 and Large T-Antigen in Kidney Transplant Recipients. Am. J. Transplant. 2007, 7, 1131–1139. [CrossRef]

17. Kaur, A.; Wilhelm, M.; Wilk, S.; Hirsch, H.H. BK Polyomavirus-Specific Antibody and T-Cell Responses in Kidney Transplantation:
Update. Curr. Opin. Infect. Dis. 2019, 32, 575–583. [CrossRef]

18. Nickeleit, V.; Klimkait, T.; Binet, I.F.; Dalquen, P.; Del Zenero, V.; Thiel, G.; Mihatsch, M.J.; Hirsch, H.H. Testing for Polyomavirus
Type BK DNA in Plasma to Identify Renal-Allograft Recipients with Viral Nephropathy. N. Engl. J. Med. 2000, 342, 1309–1315.
[CrossRef]

19. Comoli, P.; Hirsch, H.H.; Ginevri, F. Cellular Immune Responses to BK Virus. Curr. Opin. Organ. Transplant. 2008, 13, 569–574.
[CrossRef]

20. Schaenman, J.M.; Korin, Y.; Sidwell, T.; Kandarian, F.; Harre, N.; Gjertson, D.; Lum, E.L.; Reddy, U.; Huang, E.; Pham, P.T.; et al.
Increased Frequency of BK Virus-Specific Polyfunctional CD8+ T Cells Predict Successful Control of BK Viremia After Kidney
Transplantation. Transplantation 2017, 101, 1479–1487. [CrossRef]

21. Ahlenstiel-Grunow, T.; Liu, X.; Schild, R.; Oh, J.; Taylan, C.; Weber, L.T.; Staude, H.; Verboom, M.; Schröder, C.; Sabau, R.; et al.
Steering Transplant Immunosuppression by Measuring Virus-Specific T Cell Levels: The Randomized, Controlled IVIST Trial. J.
Am. Soc. Nephrol. 2021, 32, 502–516. [CrossRef]

22. Hardinger, K.L.; Koch, M.J.; Bohl, D.J.; Storch, G.A.; Brennan, D.C. BK-Virus and the Impact of Pre-Emptive Immunosuppression
Reduction: 5-Year Results. Am. J. Transplant. 2010, 10, 407–415. [CrossRef] [PubMed]

23. Elfadawy, N.; Flechner, S.M.; Schold, J.D.; Srinivas, T.R.; Poggio, E.; Fatica, R.; Avery, R.; Mossad, S.B. Transient versus Persistent
BK Viremia and Long-Term Outcomes after Kidney and Kidney–Pancreas Transplantation. Clin. J. Am. Soc. Nephrol. 2014, 9,
553–561. [CrossRef]

24. Haas, M.; Loupy, A.; Lefaucheur, C.; Roufosse, C.; Glotz, D.; Seron, D.; Nankivell, B.J.; Halloran, P.F.; Colvin, R.B.; Akalin,
E.; 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. [CrossRef] [PubMed]

25. Comoli, P.; Cioni, M.; Tagliamacco, A.; Quartuccio, G.; Innocente, A.; Fontana, I.; Trivelli, A.; Magnasco, A.; Nocco, A.; Klersy,
C.; et al. Acquisition of C3d-Binding Activity by De Novo Donor-Specific HLA Antibodies Correlates with Graft Loss in
Nonsensitized Pediatric Kidney Recipients. Am. J. Transplant. 2016, 16, 2106–2116. [CrossRef] [PubMed]

26. Bodaghi, S.; Comoli, P.; Bösch, R.; Azzi, A.; Gosert, R.; Leuenberger, D.; Ginevri, F.; Hirsch, H.H. Antibody Responses to
Recombinant Polyomavirus BK Large T and VP1 Proteins in Young Kidney Transplant Patients. J. Clin. Microbiol. 2009, 47,
2577–2585. [CrossRef]

27. Leuzinger, K.; Naegele, K.; Schaub, S.; Hirsch, H.H. Quantification of Plasma BK Polyomavirus Loads Is Affected by Sequence
Variability, Amplicon Length, and Non-Encapsidated Viral DNA Genome Fragments. J. Clin. Virol. 2019, 121, 104210. [CrossRef]
[PubMed]

28. Cheungpasitporn, W.; Kremers, W.K.; Lorenz, E.; Amer, H.; Cosio, F.G.; Stegall, M.D.; Gandhi, M.J.; Schinstock, C.A. De Novo
Donor-specific Antibody Following BK Nephropathy: The Incidence and Association with Antibody-mediated Rejection. Clin.
Transplant. 2018, 32, e13194. [CrossRef]

https://doi.org/10.1111/j.1600-6143.2010.03310.x
https://doi.org/10.1111/j.1600-6143.2005.00742.x
https://www.ncbi.nlm.nih.gov/pubmed/15707414
https://doi.org/10.1111/j.1600-6143.2007.01984.x
https://www.ncbi.nlm.nih.gov/pubmed/17908275
https://doi.org/10.1093/cid/ciac594
https://doi.org/10.1097/01.TP.0000137932.44791.D3
https://doi.org/10.1038/nrneph.2011.59
https://doi.org/10.1128/JVI.80.7.3495-3505.2006
https://doi.org/10.1111/j.1600-6143.2007.01754.x
https://doi.org/10.1097/QCO.0000000000000602
https://doi.org/10.1056/NEJM200005043421802
https://doi.org/10.1097/MOT.0b013e3283186b93
https://doi.org/10.1097/TP.0000000000001314
https://doi.org/10.1681/ASN.2020050645
https://doi.org/10.1111/j.1600-6143.2009.02952.x
https://www.ncbi.nlm.nih.gov/pubmed/20055811
https://doi.org/10.2215/CJN.08420813
https://doi.org/10.1111/ajt.14625
https://www.ncbi.nlm.nih.gov/pubmed/29243394
https://doi.org/10.1111/ajt.13700
https://www.ncbi.nlm.nih.gov/pubmed/26725780
https://doi.org/10.1128/JCM.00030-09
https://doi.org/10.1016/j.jcv.2019.104210
https://www.ncbi.nlm.nih.gov/pubmed/31759262
https://doi.org/10.1111/ctr.13194


Microorganisms 2025, 13, 48 16 of 17

29. Dieplinger, G.; Everly, M.J.; Briley, K.P.; Haisch, C.E.; Bolin, P.; Maldonado, A.Q.; Kendrick, W.T.; Kendrick, S.A.; Morgan,
C.; Terasaki, P.I.; et al. Onset and Progression of de Novo Donor-specific Anti-human Leukocyte Antigen Antibodies after BK
Polyomavirus and Preemptive Immunosuppression Reduction. Transpl. Infect. Dis. 2015, 17, 848–858. [CrossRef]

30. Sawinski, D.; Forde, K.A.; Trofe-Clark, J.; Patel, P.; Olivera, B.; Goral, S.; Bloom, R.D. Persistent BK Viremia Does Not Increase
Intermediate-Term Graft Loss but Is Associated with De Novo Donor-Specific Antibodies. J. Am. Soc. Nephrol. 2015, 26, 966–975.
[CrossRef]

31. Drachenberg, C.B.; Papadimitriou, J.C.; Chaudhry, M.R.; Ugarte, R.; Mavanur, M.; Thomas, B.; Cangro, C.; Costa, N.; Ramos,
E.; Weir, M.R.; et al. Histological Evolution of BK Virus–Associated Nephropathy: Importance of Integrating Clinical and
Pathological Findings. Am. J. Transplant. 2017, 17, 2078–2091. [CrossRef]

32. Zhang, Q.; Reed, E.F. The importance of non-HLA antibodies in transplantation. Nat. Rev. Nephrol. 2016, 12, 484–495. [CrossRef]
[PubMed]

33. Weist, B.J.D.; Wehler, P.; El Ahmad, L.; Schmueck-Henneresse, M.; Millward, J.M.; Nienen, M.; Neumann, A.U.; Reinke, P.; Babel,
N. A Revised Strategy for Monitoring BKV-Specific Cellular Immunity in Kidney Transplant Patients. Kidney Int. 2015, 88,
1293–1303. [CrossRef]

34. Mutlu, E.; Köksoy, S.; Mutlu, D.; Yılmaz, V.T.; Koçak, H.; Dinçkan, A.; Süleymanlar, G.; Gültekin, M. Quantitative Analysis of
BKV-Specific CD4+ T Cells before and after Kidney Transplantation. Transpl. Immunol. 2015, 33, 20–26. [CrossRef] [PubMed]

35. Leboeuf, C.; Wilk, S.; Achermann, R.; Binet, I.; Golshayan, D.; Hadaya, K.; Hirzel, C.; Hoffmann, M.; Huynh-Do, U.; Koller,
M.T.; et al. BK Polyomavirus-Specific 9mer CD8 T Cell Responses Correlate with Clearance of BK Viremia in Kidney Transplant
Recipients: First Report From the Swiss Transplant Cohort Study. Am. J. Transplant. 2017, 17, 2591–2600. [CrossRef]

36. Van Aalderen, M.C.; Remmerswaal, E.B.M.; Heutinck, K.M.; Ten Brinke, A.; Feltkamp, M.C.W.; Van Der Weerd, N.C.; Van Der
Pant, K.A.M.I.; Bemelman, F.J.; Van Lier, R.A.W.; Ten Berge, I.J.M. Clinically Relevant Reactivation of Polyomavirus BK (BKPyV)
in HLA-A02-Positive Renal Transplant Recipients Is Associated with Impaired Effector-Memory Differentiation of BKPyV-Specific
CD8+ T Cells. PLoS Pathog. 2016, 12, e1005903. [CrossRef] [PubMed]

37. Ahlenstiel-Grunow, T.; Sester, M.; Sester, U.; Hirsch, H.H.; Pape, L. BK Polyomavirus-Specific T Cells as a Diagnostic and
Prognostic Marker for BK Polyomavirus Infections After Pediatric Kidney Transplantation. Transplantation 2020, 104, 2393–2402.
[CrossRef] [PubMed]

38. Manzetti, J.; Weissbach, F.H.; Graf, F.E.; Unterstab, G.; Wernli, M.; Hopfer, H.; Drachenberg, C.B.; Rinaldo, C.H.; Hirsch, H.H. BK
Polyomavirus Evades Innate Immune Sensing by Disrupting the Mitochondrial Network and Promotes Mitophagy. iScience 2020,
23, 101257. [CrossRef]

39. Schachtner, T.; Stein, M.; Babel, N.; Reinke, P. The Loss of BKV-Specific Immunity from Pretransplantation to Posttransplantation
Identifies Kidney Transplant Recipients at Increased Risk of BKV Replication. Am. J. Transplant. 2015, 15, 2159–2169. [CrossRef]
[PubMed]

40. Bischof, N.; Hirsch, H.H.; Wehmeier, C.; Amico, P.; Dickenmann, M.; Hirt-Minkowski, P.; Steiger, J.; Menter, T.; Helmut, H.; Schaub,
S. Reducing Calcineurin Inhibitor First for Treating BK Polyomavirus Replication after Kidney Transplantation: Long-Term
Outcomes. Nephrol. Dial. Transplant. 2019, 34, 1240–1250. [CrossRef] [PubMed]

41. Höcker, B.; Schneble, L.; Murer, L.; Carraro, A.; Pape, L.; Kranz, B.; Oh, J.; Zirngibl, M.; Dello Strologo, L.; Büscher, A.; et al.
Epidemiology of and Risk Factors for BK Polyomavirus Replication and Nephropathy in Pediatric Renal Transplant Recipients:
An International CERTAIN Registry Study. Transplantation 2019, 103, 1224–1233. [CrossRef] [PubMed]

42. Comoli, P.; Basso, S.; Azzi, A.; Moretta, A.; De Santis, R.; Del Galdo, F.; De Palma, R.; Valente, U.; Nocera, A.; Perfumo, F.; et al.
Dendritic Cells Pulsed with Polyomavirus BK Antigen Induce Ex Vivo Polyoma BK Virus–Specific Cytotoxic T-Cell Lines in
Seropositive Healthy Individuals and Renal Transplant Recipients. J. Am. Soc. Nephrol. 2003, 14, 3197–3204. [CrossRef]

43. Lamarche, C.; Orio, J.; Georges-Tobar, V.; Pincez, T.; Goupil, M.; Dahmani, A.; Carli, C.; Brasey, A.; Busque, L.; Delisle, J.-S.
Clinical-Scale Rapid Autologous BK Virus-Specific T Cell Line Generation from Kidney Transplant Recipients with Active Viremia
for Adoptive Immunotherapy. Transplantation 2017, 101, 2713–2721. [CrossRef] [PubMed]

44. Wilhelm, M.; Kaur, A.; Wernli, M.; Hirsch, H.H. BK Polyomavirus–Specific CD8 T-Cell Expansion In Vitro Using 27mer Peptide
Antigens for Developing Adoptive T-Cell Transfer and Vaccination. J. Infect. Dis. 2021, 223, 1410–1422. [CrossRef] [PubMed]

45. Cioni, M.; Leboeuf, C.; Comoli, P.; Ginevri, F.; Hirsch, H.H. Characterization of Immunodominant BK Polyomavirus 9mer Epitope
T Cell Responses. Am. J. Transplant. 2016, 16, 1193–1206. [CrossRef]

46. Balduzzi, A.; Lucchini, G.; Hirsch, H.H.; Basso, S.; Cioni, M.; Rovelli, A.; Zincone, A.; Grimaldi, M.; Corti, P.; Bonanomi, S.; et al.
Polyomavirus JC-Targeted T-Cell Therapy for Progressive Multiple Leukoencephalopathy in a Hematopoietic Cell Transplantation
Recipient. Bone Marrow Transpl. 2011, 46, 987–992. [CrossRef] [PubMed]

47. Muftuoglu, M.; Olson, A.; Marin, D.; Ahmed, S.; Mulanovich, V.; Tummala, S.; Chi, T.L.; Ferrajoli, A.; Kaur, I.; Li, L.; et al.
Allogeneic BK Virus–Specific T Cells for Progressive Multifocal Leukoencephalopathy. N. Engl. J. Med. 2018, 379, 1443–1451.
[CrossRef]

https://doi.org/10.1111/tid.12467
https://doi.org/10.1681/ASN.2014010119
https://doi.org/10.1111/ajt.14314
https://doi.org/10.1038/nrneph.2016.88
https://www.ncbi.nlm.nih.gov/pubmed/27345243
https://doi.org/10.1038/ki.2015.215
https://doi.org/10.1016/j.trim.2015.05.005
https://www.ncbi.nlm.nih.gov/pubmed/26048051
https://doi.org/10.1111/ajt.14282
https://doi.org/10.1371/journal.ppat.1005903
https://www.ncbi.nlm.nih.gov/pubmed/27723787
https://doi.org/10.1097/TP.0000000000003133
https://www.ncbi.nlm.nih.gov/pubmed/31985731
https://doi.org/10.1016/j.isci.2020.101257
https://doi.org/10.1111/ajt.13252
https://www.ncbi.nlm.nih.gov/pubmed/25808077
https://doi.org/10.1093/ndt/gfy346
https://www.ncbi.nlm.nih.gov/pubmed/30476254
https://doi.org/10.1097/TP.0000000000002414
https://www.ncbi.nlm.nih.gov/pubmed/30130322
https://doi.org/10.1097/01.ASN.0000096374.08473.E3
https://doi.org/10.1097/TP.0000000000001698
https://www.ncbi.nlm.nih.gov/pubmed/28230645
https://doi.org/10.1093/infdis/jiaa546
https://www.ncbi.nlm.nih.gov/pubmed/32857163
https://doi.org/10.1111/ajt.13598
https://doi.org/10.1038/bmt.2010.221
https://www.ncbi.nlm.nih.gov/pubmed/20921942
https://doi.org/10.1056/NEJMoa1801540


Microorganisms 2025, 13, 48 17 of 17

48. Prockop, S.; Doubrovina, E.; Suser, S.; Heller, G.; Barker, J.; Dahi, P.; Perales, M.A.; Papadopoulos, E.; Sauter, C.; Castro-Malaspina,
H.; et al. Off-the-Shelf EBV-Specific T Cell Immunotherapy for Rituximab-Refractory EBV-Associated Lymphoma Following
Transplantation. J. Clin. Investig. 2020, 130, 733–747. [CrossRef] [PubMed]

49. Basar, R.; Daher, M.; Uprety, N.; Gokdemir, E.; Alsuliman, A.; Ensley, E.; Ozcan, G.; Mendt, M.; Hernandez Sanabria, M.; Kerbauy,
L.N.; et al. Large-Scale GMP-Compliant CRISPR-Cas9–Mediated Deletion of the Glucocorticoid Receptor in Multivirus-Specific T
Cells. Blood Adv. 2020, 4, 3357–3367. [CrossRef] [PubMed]

50. De Angelis, B.; Dotti, G.; Quintarelli, C.; Huye, L.E.; Zhang, L.; Zhang, M.; Pane, F.; Heslop, H.E.; Brenner, M.K.; Rooney, C.M.;
et al. Generation of Epstein-Barr Virus–Specific Cytotoxic T Lymphocytes Resistant to the Immunosuppressive Drug Tacrolimus
(FK506). Blood 2009, 114, 4784–4791. [CrossRef] [PubMed]

51. Ricciardelli, I.; Blundell, M.P.; Brewin, J.; Thrasher, A.; Pule, M.; Amrolia, P.J. Towards Gene Therapy for EBV-Associated
Posttransplant Lymphoma with Genetically Modified EBV-Specific Cytotoxic T Cells. Blood 2014, 124, 2514–2522. [CrossRef]

52. Nelson, A.S.; Heyenbruch, D.; Rubinstein, J.D.; Sabulski, A.; Jodele, S.; Thomas, S.; Lutzko, C.; Zhu, X.; Leemhuis, T.; Cancelas,
J.A.; et al. Virus-specific T-cell therapy to treat BK polyomavirus infection in bone marrow and solid organ transplant recipients.
Blood Adv. 2020, 4, 5745–5754. [PubMed]

53. Khoury, R.; Grimley, M.S.; Nelson, A.S.; Leemhuis, T.; Cancelas, J.A.; Cook, E.; Wang, Y.; Heyenbruch, D.; Bollard, C.M.; Keller,
M.D.; et al. Third-party virus-specific T cells for the treatment of double-stranded DNA viral reactivation and posttransplant
lymphoproliferative disease after solid organ transplant. Am. J. Transpl. 2024, 24, 1634–1643. [CrossRef] [PubMed]

54. Chandraker, A.; Regmi, A.; Gohh, R.; Sharma, A.; Woodle, E.S.; Ansari, M.J.; Nair, V.; Chen, L.-X.; Alhamad, T.; Norman, S.; et al.
Posoleucel in Kidney Transplant Recipients with BK Viremia: Multicenter, Randomized, Double-Blind, Placebo-Controlled Phase
2 Trial. J. Am. Soc. Nephrol. 2024, 35, 618–629. [CrossRef]

55. Wilhelm, M.; Geng, A.; Schaub, S.; Hirsch, H.H. Posoleucel for BK Polyomavirus in Kidney Transplant Recipients. J. Am. Soc.
Nephrol. 2024, 35, 1784–1785. [CrossRef]

56. Hillenbrand, C.A.; Akbari Bani, D.; Follonier, O.; Kaur, A.; Weissbach, F.H.; Wernli, M.; Wilhelm, M.; Leuzinger, K.; Binet, I.;
Bochud, P.Y.; et al. BK polyomavirus serotype-specific antibody responses in blood donors and kidney transplant recipients with
and without new-onset BK polyomavirus-DNAemia: A Swiss Transplant Cohort Study. Am. J. Transpl. 2024, in press. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1172/JCI121127
https://www.ncbi.nlm.nih.gov/pubmed/31689242
https://doi.org/10.1182/bloodadvances.2020001977
https://www.ncbi.nlm.nih.gov/pubmed/32717029
https://doi.org/10.1182/blood-2009-07-230482
https://www.ncbi.nlm.nih.gov/pubmed/19759356
https://doi.org/10.1182/blood-2014-01-553362
https://www.ncbi.nlm.nih.gov/pubmed/33216887
https://doi.org/10.1016/j.ajt.2024.04.009
https://www.ncbi.nlm.nih.gov/pubmed/38643944
https://doi.org/10.1681/ASN.0000000000000329
https://doi.org/10.1681/ASN.0000000000000500
https://doi.org/10.1016/j.ajt.2024.11.019
https://www.ncbi.nlm.nih.gov/pubmed/39580075

	Introduction 
	Materials and Methods 
	Patients 
	HLA Typing and Detection of Anti-HLA Antibodies 
	BKPyV Viral Monitoring 
	Serology Methods 
	Polymerase Chain Reaction (PCR) Methods 

	BKPyV-Specific Immune Monitoring 
	Statistical Analysis 

	Results 
	Study Population 
	Kinetics of Humoral and Cellular Immunity to BKPyV After Kidney Transplantation 
	Immunological Predictors of BKPyV Replication and Reactivation 
	Immunological and Clinical Parameters of the Cohort and Their Correlation with Graft Outcome 

	Discussion and Conclusions 
	Appendix A
	References

