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Background. Before kidney transplantation, donors and recipients are routinely screened for viral pathogens using specific tests. 
Little is known about unrecognized viruses of the urinary tract that potentially result in transmission. Using an open metagenomic 
approach, we aimed to comprehensively assess virus transmission in living-donor kidney transplantation.

Methods. Living kidney donors and their corresponding recipients were enrolled at the time of transplantation. Follow-up study 
visits for recipients were scheduled 4–6 weeks and 1 year thereafter. At each visit, plasma and urine samples were collected and trans-
plant recipients were evaluated for signs of infection or other transplant-related complications. For metagenomic analysis, samples 
were enriched for viruses, amplified by anchored random polymerase chain reaction (PCR), and sequenced using high-throughput 
metagenomic sequencing. Viruses detected by sequencing were confirmed using real-time PCR.

Results. We analyzed a total of 30 living kidney donor and recipient pairs, with a follow-up of at least 1 year. In addition to 
viruses commonly detected during routine post-transplant virus monitoring, metagenomic sequencing detected JC polyomavirus 
(JCPyV) in the urine of 7 donors and their corresponding recipients. Phylogenetic analysis confirmed infection with the donor strain 
in 6 cases, suggesting transmission from the transplant donor to the recipient, despite recipient seropositivity for JCPyV at the time 
of transplantation.

Conclusions. Metagenomic sequencing identified frequent transmission of JCPyV from kidney transplant donors to recipients. 
Considering the high incidence rate, future studies within larger cohorts are needed to define the relevance of JCPyV infection and 
the donor’s virome for transplant outcomes.
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Donor-derived infections after solid organ transplantation 
range from rare to very common, and from life-threatening to 
subclinical [1]. Recommendations for pre-transplant screening 
of organ recipients and donors for latent or active viral infec-
tions have been issued and are included in routine pre-trans-
plant care [2]. This screening aims to identify donors with 
infections that would disqualify them for donation or require 
prophylactic strategies in the recipient. The most common ex-
ample for the latter is cytomegalovirus (CMV), where transmis-
sion is considered an acceptable risk, if prevention strategies are 

in place. BK polyomavirus (BKPyV) has been associated with 
post-transplant complications causing polyomavirus-associ-
ated nephropathy (PyVAN), which increases the risk of allo-
graft failure in 1–15% of transplant recipients [3, 4].

Besides these established viral infections, the role of addi-
tional pathogens in the donor’s virome is understudied. This 
is surprising, as there are ample examples that the transmis-
sion of pathogenic viruses, albeit commonly rare, can occur. 
Prominent examples in renal transplantation are West Nile 
virus [5], lymphocytic choriomeningitis virus [6], human gam-
maherpesvirus 8 [7], and rabies lyssavirus [8]. Analyses of the 
virome thus far have focused solely on the kidney transplant 
recipients [9, 10]. Urinary tract infections of kidney transplant 
recipients with BKPyV and JC polyomavirus (JCPyV) were as-
sociated with complications occurring after transplantation [9, 
11–13]. Whether these viruses were reactivated from latency 
under immunosuppressive therapy or were transferred from 
donor to recipient has not been resolved. In 1 study, identical 
BKPyV genome sequences in donors and recipients indicated 
transmission via the graft [14].
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The growing uncertainty over which viruses need to be mon-
itored and the relevance of the donor as a significant, but rarely 
studied, source of transmission prompted us to conduct a prospec-
tive, systematic characterization of the virome in a cohort of both 
kidney donors and their corresponding recipients. Participants 
were monitored at the time of transplantation and up to 1 year 
post-transplant using an open, metagenomic approach.

MATERIAL AND METHODS

Ethical Statement

Samples were obtained from living kidney transplant donors and 
recipients within the Viral Metagenome Study of the Clinical 
Research Priority Program ‘Viral Infectious Diseases’ of the 
University of Zurich. The Ethics Committee of the Canton of 
Zurich approved the study, and written informed consent was 
obtained from all participants (protocol number KEK-ZH-Nr. 
2013-0087).

Transplant Cohort

Recipients of kidney grafts and their corresponding living 
donors were enrolled at the time of transplantation. For kidney 
graft recipients, consecutive, post-transplant study visits were 
planned at 4–6 weeks and 1 year after transplantation. For liv-
ing kidney donors, a single visit at the time of organ donation 
was scheduled. At each visit, plasma and urine samples were 
collected and recipients were evaluated for signs of infection 
or present BK viremia, graft function, and transplant-related 
complications. The cohort was divided in 2 subsets, based on 
chronological order.

Immunosuppressive Therapy and Antimicrobial Prophylaxis

Induction immunosuppression therapy was administered to all 
30 recipients, consisting of methylprednisolone (500 mg on day 
of surgery) and either basiliximab (20 mg on day of surgery and 
on day 4) or anti-thymocyte immunoglobulin (ATG) (1.5 mg/
kg body weight on day of surgery and on post-transplant days 
1–4). The most common regimen for maintenance immuno-
suppression consisted of tacrolimus, mycophenolate mofetil, 
and prednisone.

Kidney transplant recipients received Pneumocystis jirovecii 
prophylaxis with trimethoprim/sulfamethoxazole at 400/80 mg 
daily for 6 months post-transplant. Topical antifungal prophy-
laxis with amphotericine B pastilles at 10 mg 4 times a day was 
administered until prednisone was tapered below 20 mg daily.

Recipients with intermediate or high-risk CMV constellation 
and ATG induction immunosuppression received prophylaxis 
with valganciclovir orally for a duration of 3  months. For all 
others, a preemptive strategy was followed.

Metagenomic Sequencing

Metagenomic sequencing and data analysis was performed as 
described previously [15, 16] (Supplementary Methods). Briefly, 

samples were centrifuged, filtered (0.45 μm), and nuclease-treated. 
RNA and DNA were amplified using random reverse transcrip-
tion and anchored PCR in 2 separate workflows. Both workflows 
were pooled for library construction with NexteraXT (Illumina) 
prior to sequencing for 150  bp on an Illumina MiSeq system. 
Reads were analyzed using VirMet (https://github.com/ozag-
ordi/VirMet/releases/tag/v1.1.1). Briefly, reads were quality-fil-
tered, cleaned from non-viral reads, and aligned with Basic Local 
Alignment Search Tool (BLAST) against an in-house, viral data-
base that contains approximately 68 000 different virus sequences. 
Raw sequence data and JCPyV consensus sequences have been 
uploaded to zenodo (doi: 10.5281/zenodo.1344146).

Confirmation of Viral Reads Using Quantitative Polymerase Chain Reaction

Specific PCRs for BKPyV, JCPyV, torque teno virus (TTV), and 
human pegivirus (HPgV) were performed as described [17–20] 
(Supplementary Methods; Supplementary Table 1).

JC Polyomavirus Serology

Enzyme-linked immunosorbent assay to assess the JCPyV–
immunoglobulin G (IgG) serostatus was performed as described 
previously [21]. JCPyV-immunoglobulin M (IgM) serology was 
performed as for IgG, using an IgM-specific secondary antibody 
[22]. A cut-off value of 0.1 normalized Optical Density (nOD) for 
sera diluted 1:200 or 1:400 for IgG or IgM, respectively, was used.

RESULTS

Study Characteristics

To define the virome of kidney transplant recipients and 
their living donors, a total of 30 kidney transplant pairs were 
included in our study. In 10 out of 30 patients (33.3%), kidney 
transplantation was preemptive; 20 patients (66.6%) were on 
renal replacement therapy prior to transplant, with 16 receiving 
hemodialysis and 4 peritoneal dialysis (Table 1). For 28 trans-
plant recipients, follow-up data for at least 1  year post-trans-
plant was available. No major complications and only few 
symptomatic episodes occurred during this period. There were 
5 recipients who experienced symptoms suggestive of infec-
tions, such as fever, gastroenteritis, or inflammatory syndrome 
(Supplementary Figure 1) at the time points of study visits.

Conventional Viral Diagnostics in Kidney Transplant Recipients

In the context of routine post-transplant care, viral quantitative 
PCR (qPCR) monitoring detected BKPyV and CMV in the blood 
samples of 20 recipients. Standard laboratory analyses detected 
several cases of respiratory viruses, such as influenza A  and B 
virus, rhinovirus, or coronavirus, in throat swabs (Figure 1).

Metagenomic Sequencing of Blood and Urine Samples of Donors and 
Recipients

Our goal was to obtain a comprehensive overview of the viral 
metagenome of kidney donors and corresponding recipients. 
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For 14 living kidney donors and their recipients (subset 1), 
blood and urine samples from the time of transplantation 
(donors and recipients), as well as 4–6 and 52 weeks after 
transplantation (recipients), were analyzed by metagenomic 
sequencing. In 6 donors, reads for JCPyV were detected in 
urine samples at the time of transplantation. No other viral 
reads were identified in the donors, except TTV in blood 
(n  =  4). In the urine of kidney transplant recipients, JCPyV 
was found in 5 recipients, BKPyV in 4, human papilloma virus 
(HPV) in 4, and TTV in 3 (Figure 2; Supplementary Table 2). 
Interestingly, in 5 of 6 cases of JCPyV-positive donors, JCPyV 
was also detected in the urine samples of the respective recip-
ients at 4–6 weeks or 1 year after transplantation. In the blood 
of kidney recipients, TTV was found in 11 recipients and 
BKPyV in 1 recipient.

Sequence-specific Quantitative Polymerase Chain Reaction in Subset 1 
Patients

To confirm the findings obtained by metagenomic sequencing, 
blood and urine samples of all time points of subset 1 donors 
and recipients were tested by virus-specific PCRs for BKPyV, 
JCPyV, and TTV. Individual patient-virus specific PCR sys-
tems were designed for HPV for suspected cases. PCR analyses 
confirmed all cases of BKPyV, JCPyV, HPV, and TTV infec-
tion reported by metagenomic sequencing, and revealed fur-
ther positive cases amongst recipients that were not detected 

by metagenomic sequencing. The additional infections were 
detected in urine (1 BKPyV, 2 JCPyV; Supplementary Table 3A) 
and blood (8 BKPyV, 2 JCPyV; Supplementary Table 3B).

Sequence-specific Quantitative Polymerase Chain Reaction in Subset 2 
Patients

We next used subset 2 to investigate whether the viruses that 
were predominantly found by metagenomics analyses in subset 
1—namely, BKPyV, JCPyV, and TTV—were generally prevalent. 
Sequence-specific qPCRs for these 3 viruses were performed in 
blood and urine samples of the remaining 16 living-donor kidney 
transplant pairs. We identified 2 additional cases of JCPyV-
positive donor-recipient pairs (tvy653, ume111) and 1 case of 
JCPyV detection that was only in the donor (sjp926). BKPyV was 
detected in the urine of 4 recipients (Supplementary Table 3A).

Phylogenetic Analysis of JC Polyomavirus Isolates Revealed Clusters of 
Donor-Recipient Pairs

Combining subsets 1 and 2, we detected JCPyV in 9 of the 30 
kidney donors at the time of transplantation. The corresponding 
recipients were JCPyV-negative at this time point in 8 out of the 
9 cases. There were 7 recipients who tested positive for JCPyV in 
urine, either at 4–6 weeks and/or 1 year post-transplant (Figure 
2; Supplementary Table 2), while 2 recipients stayed negative for 
JCPyV after transplantation, despite positive donors.

To define whether JCPyV in recipients is due to transmis-
sion from the donor or to latent reactivation, we constructed 
consensus sequences of the JCPyV isolates in donors and 
recipients. For this purpose, candidate samples from subset 
2 were sequenced as well (Supplementary Table 2). Full ge-
nome coverage was achieved in all cases, except for jns976, 
where only between 25% and 80% of the genome was covered 
(Supplementary Figure 4). Phylogenetic analysis revealed a 
tight clustering of JCPyV sequences in donor-recipient pairs in 
6 out of 7 cases (Figure 3), implying that, in these cases, JCPyV 
infection was contracted from the donor. In the remaining pair 
(jns976), despite lower coverage, the phylogenetic analysis re-
vealed that more distinct strains infected donor and recipient. 
Of note, recipient jns976 was already positive for JCPyV at the 
time of transplantation (Figure 2).

JC Polyomavirus Serology Detected High Prevalence of JC Polyomavirus–
specific Antibodies

In order to confirm or exclude pre-transplant JCPyV infections, 
we performed IgG-specific serology for all participants at the 
time of transplantation. There were 21 donors and 27 recipients 
sero-positive for JCPyV, corresponding to a seroprevalence of 
80% among all 60 individuals. In the 6 recipients with JCPyV 
transmission from the donor, the IgG serology revealed the 
presence of virus-specific antibodies from before the transplan-
tation (Supplementary Table 4).

An interesting case was recipient jns976, who was seroneg-
ative at the time of transplantation, although being positive 

Table 1. Demographics

Demographics Recipients Donors

Total, N 30 30

Male, n (%) 11 (36.6%) 12 (40%)

Ethnicity, n (%)

 Caucasian 14 (93.3%) 29 (96.7%)

 Asian 2 (6.7%) 1 (2.3%)

Age, in years, median (IQR) 44.5 (32–55) 56 (52–64)

Underlying disease, n (%)

 Glomerulonephritis 9 (30.0%)  

 ADPKD 4 (13.3%)  

 Hereditary cause other than ADPKD 2 (6.7%)  

 Congenital disease 2 (6.7%)  

 Hypertensive nephropathy 2 (6.7%)  

 Diabetic nephropathy 2 (6.7%)  

 Multifactorial 2 (6.7%)  

 Unknown 2 (6.7%)  

 Other causes 5 (16.7%)  

Renal replacement therapy, pre-transplant, n (%)

 None 10 (33.3%)  

 Hemodialysis 16 (53.3%)  

 Peritoneal dialysis 4 (13.3%)  

Induction immunosuppression, n (%)

 Basiliximab/methylprednisolone 24 (80.0%)  

 ATG/methylprednisolone 6 (20.0%)  

Abbreviations: ADPKD, autosomal dominant polycystic kidney disease; ATG, anti-thymo-
cyte immunoglobulin; IQR, interquartile range.
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for JCPyV. Therefore, we additionally performed IgG and IgM 
serology for 2 time points before (-4 months and -1 day) and 
2 time points after transplantation (4–6 weeks and 1  year). 
JCPyV-specific IgM was negative at all time points. In contrast, 
JCPyV-specific IgG was low positive at 4  months and 1  day 
prior to transplantation, as well as 1  year after, but undetect-
able 4–6 weeks after transplantation (Supplementary Table 5).

Torque Teno Virus Levels Increased After Initiation of Immunosuppressive 
Therapy

As shown for other cases of transplantation-related immu-
nosuppression, TTV loads increased in all kidney transplant 
recipients after transplantation. Viral loads reached their high-
est levels at 4–6 weeks post-transplantation (Supplementary 
Figure 2). We did not find any significant difference in the viral 
load of TTV in recipients with or without CMV or BKPyV rep-
lication, respectively.

Low Prevalence of Human Pegivirus in Kidney Transplant Cohort

HPgV was recently reported as a predominant and persistent 
component of the blood virome in immunosuppressed patients 

after transplantation [18]. As our metagenomic analysis of 
subset 1 recipients did not pick up HPgV in any of the tested 
samples, we searched for HPgV by specific PCR in both subset 1 
and subset 2 recipients. We detected only a single case of HPgV, 
in a subset 2 recipient who was not studied by metagenomics 
before.

Effect of Induction Immunosuppression on JC Polyomavirus Replication

All recipients received induction immunosuppression, with 
most of them treated with basiliximab/methylprednisolone 
(80%) and the minority with ATG/methylprednisolone (20%; 
Table 1). All cases of JCPyV replication were detected in 
patients receiving induction immunosuppression with basilix-
imab/methylprednisolone (7 of 24 recipients), whereas none 
of the recipients with administration of ATG/methylpredniso-
lone tested positive for JCPyV replication (Fisher’s exact test, 
P = 0.29).

Parameters of Renal Function and JC Polyomavirus Infection

To investigate whether JCPyV infection had an influence on 
renal function, we compared estimated glomerular filtration 

Figure 1. Detected viruses by conventional diagnostic tests. As part of routine post-transplant care, kidney transplant recipients are monitored regarding a number of viral 
pathogens. Negative, low positive, or positive quantitative polymerase chain reaction tests (ticks, open circles, and closed circles, respectively) in blood samples (left panels) 
and throat swabs (right panels) are shown for each patient of subset 1 (upper panels) and subset 2 (lower panels), from the time point of transplantation up to 100 weeks 
after transplantation. Abbreviation: CMV, cytomegalovirus; EBV, Epstein Barr virus.
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rates and proteinuria in JCPyV-positive and -negative kidney 
transplant recipients. We did not detect any significant differ-
ences in estimated glomerular filtration rates (Supplementary 
Figure 3A) and protein/creatinine ratios (Supplementary Figure 
3B) between transplant recipients with or without JCPyV 
infection.

DISCUSSION

Here, we studied the viral metagenomes of living kidney trans-
plant donors and their corresponding recipients. The analysis 
of a first subset of 14 patient pairs by our open metagenomic 
approach identified JCPyV in the urine samples of 6 donors and 
BKPyV, JCPyV, HPV, and TTV replication in the urine samples 
of 9 recipients, which were confirmed by specific PCR. PCR 
screening of a second subset for the same viruses identified 
JCPyV in the urine samples of 3 donors, with 2 additional cases 
of JCPyV replication in donors and corresponding recipients. 

The presence of JCPyV in the urine of kidney donors at the time 
of transplant and in the corresponding kidney recipients 4–6 
or 52 weeks after transplantation strongly suggested transmis-
sion of JCPyV via the graft. Phylogenetic analysis confirmed a 
transmission in 6 of 9 positive donors to the recipient, despite 
the seropositive immune status of the recipient. Only 1 addi-
tional recipient developed JC viruria, supporting the impor-
tance of donor-derived JCPyV infection in living donor kidney 
transplantation.

Notably, JCPyV-specific serology revealed the presence of 
virus-specific antibodies at the time of transplantation in these 
6 cases. This is in line with previous reports [23] and the se-
roprevalence of 80% among the 60 individuals in this cohort. 
Nevertheless, prior immune responses did not prevent nor 
rule out transmission (super infection) during transplanta-
tion, especially in kidney transplantation as the organ of JCPyV 
persistence.

Figure 2. Metagenomic sequencing of subset 1 suggests JC polyomavirus transmission. Negative and positive sequencing results (dashes and closed circles, respectively) 
determined in urine (upper panels) and blood samples (lower panels) of donors (left panels) and respective recipients (right panels) of subset 1 for sampling time points 0, 
4–6, and 52 weeks after transplantation.
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In 1 patient (jns976), the JCPyV sequences of the donor and 
recipient did not cluster. Here, we initially suspected a recent 
infection of the recipient, as the individual was IgG negative at 
the time of transplant but, at the same time, JCPyV reads could 
be detected, which has been reported before in cases of primary 
JCPyV infection in kidney transplant patients [22, 24, 25]. 
Surprisingly, the patient was already IgG positive before trans-
plantation, as well as 1 year thereafter, while IgG levels were un-
detectable around the time of transplantation. IgM levels were 
undetectable at all time points. The reasons for these observa-
tions remain unclear. This transplant recipient did not receive 
immunosuppressive therapy—especially, no B-cell–depleting 
therapy—prior to transplantation, which could have lowered 
the specific IgG levels assessed at the time of transplantation 
[26].

The impact of JCPyV replication after renal transplantation 
is only emerging. Several studies reported the detection of the 
virus in the urine of kidney transplant recipients [9, 27]. In the 
context of immunosuppressed individuals, JCPyV has been 

associated with 2 clinical entities: that is, progressive multifocal 
leukoencephalopathy and PyVAN [28]. However, in contrast to 
BKPyV, JCPyV has been rarely observed as a causative path-
ogen for PyVAN [22, 29]. Different results have been stated in 
the literature regarding JCPyV viruria and its impact on trans-
plant outcomes. On the one hand, JCPyV urinary shedding was 
associated with reduced creatinine clearance in kidney and liver 
transplant patients, and might therefore play a role in renal dys-
function [30]. On the other hand, the finding of JCPyV viruria 
was shown to correlate with a favorable clinical course, espe-
cially if detected early [25]. Interestingly, Cheng et al reported 
better graft survival and lower rejection rates in kidney recipi-
ents with JCPyV viruria [31]. Also, in our study, clinically and 
on renal function, no impact was seen. In studies with larger 
numbers, longer periods of observation and, presumably, in de-
ceased donor kidney transplantation, the relevance might be 
higher.

The literature suggests a frequent donor origin for BKPyV 
viremia after kidney transplantation [32, 33]. Considering the 

Figure 3. Phylogenetic analysis confirms transmission of JCPyV. Phylogenetic analysis reveals a close relationship of JCPyV isolates, obtained from donor-recipient pairs 
in 6 out of 7 suspected cases. JCPyV isolates are indicated by patient/pair-ID, the type of patient (D = donor [open shape], R = recipient [closed shape]) and the sampling time 
point after transplantation (0w = time of transplantation, 4-6w = 4-6 weeks after transplantation, 52w = 1 year after transplantation). Shapes are used to indicate transmis-
sion pairs. The JCPyV reference sequences used for alignments are indicated with GenBank-ID and isolate name. The phylogenetic tree was constructed in MEGA7 using the 
Maximum Likelihood method, based on the Kimura 2-parameter model. Bootstrap values for 50 resamplings are shown next to the branches. Abbreviation: PyV, polyomavirus.
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detection of genetically-identical JCPyV isolates in 6 corre-
sponding kidney donor and recipient pairs, our results strongly 
underline that transmission from donor to recipient must be 
considered also for JCPyV. Of note, while JCPyV was detected 
in the urine of transplant recipients, no detectable deterioration 
of renal function parameters occurred, suggesting an asymp-
tomatic replication. Further studies will be needed to define 
whether JCPyV is only excreted from the transplanted kidney, 
or also disseminates and replicates in the recipient. Considering 
that we only detected JCPyV in the urine, a restriction to dis-
semination (eg, through preexisting immunity) needs to be 
considered.

In line with previous reports, TTV was detected frequently 
in donors and recipients, and levels were shown to increase in 
transplant recipients, which is consistent with prior reports on 
transplant patients receiving immunosuppressive treatment 
[34–37]. Due to low read numbers, it was not possible to as-
sess whether TTV was also transmitted from positive donors 
to recipients.

While we detected HPV in several samples by metagenomic 
sequencing, our cohort did not provide evidence for a clinical 
correlate of HPV infection. It remains possible that the presence 
of HPV could either be an indication for skin flora contamina-
tion [38, 39] or asymptomatic replication. The HPV types could 
not be determined accurately due to low coverage.

We could not find a high prevalence of HPgV as a predom-
inant and persistent component of the blood virome in im-
munosuppressed transplant patients [18]. In the combined 
metagenomic and specific-PCR analyses, only a single case was 
HPgV-positive.

Of note, the metagenomic sequencing in plasma and urine 
recorded BKPyV in the urine of recipients at an early time point 
of 4–6 weeks (mek642, vpi912, sjp926, utf849). Of those, 3 had 
their earliest positive test in blood by routine PCR at week 10 
(Figure 1). In 1 case (sjp926), the BKPyV infection was not 
detected in blood by routine qPCR at any time point (up to 
52 weeks post-transplant), whereas metagenomic sequencing 
yielded BKPyV sequences in urine after 5 weeks post-trans-
plantation. On the other hand, metagenomic sequencing also 
missed viruses identified by PCR in several cases, showing that 
metagenomic sequencing still lacks sensitivity, as compared to 
specific PCR.

As our findings highlight, unbiased metagenomic sequenc-
ing, a method theoretically capable of detecting any virus in 
any clinical specimen, empowers routine virus diagnostics. 
Here, we obtained novel insight into the influence of the donor 
virome on the recipient in renal transplantation. In conclusion, 
viral metagenomic sequencing of a cohort of donor-recipient 
renal transplant pairs revealed the prevalence of JCPyV trans-
mission from kidney transplant donors to recipients in at least 
20% of cases. Considering this high prevalence of JCPyV trans-
mission, its relevance for the transplant outcomes, graft losses, 

and life expectancies of recipients need to be investigated in 
larger cohorts.
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