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Front page image: Confocal image of BK Polyomavirus infected polarized renal proximal 

tubule epithelial cells at 3 days post-infection stained for sodium-potassium ATPase (green) 

and BKPyV large tumour antigen (red). Nuclei are shown in blue. 
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Summary 

BK Polyomavirus (BKPyV) is a DNA virus that infects the majority of the global population, 

causing a lifelong infection in epithelial cells of the reno-urinary tract. In healthy individuals, 

BKPyV does not cause disease but is intermittently shed in the urine. However, in 

immunosuppressed patients, especially kidney transplant recipients, BKPyV represents a major 

challenge. Up to 15% of kidney transplant recipients develop BKPyV nephropathy, a condition 

that reduces allograft function and ultimately may cause premature allograft loss. Despite years 

of study, there are still important knowledge gaps in our understanding of BKPyV biology. 

Unfortunately, no anti-viral therapies are available, and development of new therapies is 

hampered by incomplete knowledge of the viral replication cycle. This thesis examines several 

aspects of BKPyV biology a special focus on the viral replication cycle in polarised and non-

polarised renal epithelial cells.  to understand the spread of BKPyV but also the dynamic 

antibody response following BKPyV replication and BKPyV nephropathy and the effect of 

BKPyV-specific neutralizing antibodies in vitro. 

In paper 1, we characterised the antibody response, quantitated plasma BKPyV DNA (BKPyV 

DNAemia) and characterised the BKPyV strains in two kidney transplant patients that both 

developed biopsy-proven BKPyV nephropathy early after transplantation of kidneys from the 

same deceased donor. Sequencing of BKPyV from plasma and urine revealed BKPyV of 

identical strain and genotype in the two recipients. Retrospective analysis of antibody titres with 

three different methods demonstrated that the recipients had low titres of BKPyV neutralising 

antibodies before transplantation, while the donor had a high titre that suggested recent BKPyV 

replication. After development of BKPyV DNAemia, both recipients developed high titres of 

BKPyV neutralising antibodies. Despite reduction of immunosuppression and a robust antibody 

response, only one of the recipients cleared the BKPyV DNAemia, indicating that high 

neutralising antibody titres alone is not sufficient for viral clearance. Our findings support that 

both recipients developed a donor-derived infection. Moreover, our findings of low antibody 

titres in the recipients and a high antibody titre in the donor support that this is an important 

risk factor for developing BKPyV nephropathy. 

In paper 2, we developed a cell culture model of polarised renal proximal tubule epithelial cells 

(RPTECs) on permeable supports and used this more in vivo-like model to characterise major 

steps in the replication cycle of BKPyV. Viral entry is preferentially apical and BKPyV is 

mainly released into the apical compartment as cell-free virus and via extrusion of decoy-like 
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cells that harbour infectious virus. When BKPyV-specific neutralising antibodies are added to 

the basolateral compartment, they traverse the RPTEC-layer and partly inhibit new infections. 

Widespread lysis and disruption of the epithelial cell layer is necessary for leakage of BKPyV 

into the basolateral compartment. The work demonstrates how BKPyV in polarised RPTECs 

disseminate into the apical compartment. Based on this, we propose that BKPyV disseminate 

in the tubular fluid in vivo, partly inside decoy cells, and thereby may delay immune detection. 

In paper 3, we determine that BKPyV induces cytoplasmic vacuolisation in RPTECs. This 

occurs in a fraction of RPTECs shortly after addition of a high infectious dose of BKPyV and 

after cell lysis. Vacuolisation is induced by a massive uptake of BKPyV into the endocytic 

pathway, leading to a transient accumulation of enlarged endo-/lysosomal vacuoles, possibly 

due to an overload of the endocytic pathway. Treatment with the V-ATPase inhibitor 

bafilomycin A or use of BKPyV-specific neutralising antibodies can block vacuolisation. In 

contrast to what has been reported for SV40, BKPyV-induced vacuolisation does not increase 

progeny release and cell death. That lytic progeny release causes focal vacuolisation, suggests 

cell-to-cell spread of BKPyV. The work demonstrates that cytoplasmic vacuolisation in 

RPTECs is an early event in the BKPyV replication cycle and contributes new insights to our 

understanding of BKPyV replication and dissemination. 
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1 Introduction 

1.1 Polyomaviridae – history and main characteristics 

Polyomaviridae is a family of viruses that infect a broad range of mammals and birds as well 

as some species of fish (1). The Polyomaviridae family consists of 6 genera: 

Alphapolyomavirus, Betapolyomavirus, Deltapolyomavirus, Epsilonpolyomavirus and 

Zetapolyomavirus, which is further divided into 117 species (1). Polyomaviruses are generally 

species-specific viruses with a narrow host range (1).  Many polyomaviruses are ubiquitous as 

shown by a high prevalence in their hosts.  

Polyomaviruses are small non-enveloped double-stranded DNA viruses with an icosahedral 

capsid (T = 7 icosahedral symmetry) of about 45 nm (1-3).  The outer capsid consists of 72 

pentamers of the major capsid protein Vp1 (4, 5). On the inside, the minor capsid proteins Vp2, 

and also Vp3 for some polyomaviruses, connect the genome to the outer capsid. Their genomes 

are small, consisting of only about 5 kilobases with a common genome architecture consisting 

of three regions - two transcriptional regions, the early and the late region, and a non-coding 

control region (NCCR) (1, 2). Typically, the genome encodes at least four viral proteins – two 

regulatory Tumour (T-) antigens, the large (LTag) and small T-antigen (sTag), and two capsid 

proteins. Some polyomaviruses also encode additional viral proteins such as the agnoprotein 

and express different T antigen variants due to alternative splicing (1).  

In 1953, the first polyomavirus, murine polyomavirus (MPyV), was discovered. It was detected 

as a filterable infectious agent in extracts of mouse leukaemia and tumours that could induce 

several types of tumours in inoculated mice (6, 7). As MPyV could induce multiple types of 

tumours, it was named polyoma meaning multiple tumours in Greek (8). In 1960, Simian virus 

40 (SV40), the first primate polyomavirus, was discovered as a contaminant in poliovirus 

vaccines that had been produced in simian cell cultures that harboured SV40 (9). MPyV and 

SV40 have since their discovery been extensively studied, especially the ability of the T-

antigens to immortalise cells and induce cancer in a range of hosts. Furthermore, SV40 has been 

utilised as a model for eukaryotic DNA replication due to its double-stranded genome and use 

of the cellular DNA polymerase for genome replication (10). Lastly, SV40 and MPyV have 

also been used as model viruses in animal models to better understand diseases caused by 

human polyomaviruses, such as BKPyV nephropathy and progressive multifocal 

leukoencephalopathy (11-14). Due to the many shared features of the polyomaviruses, our 
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understanding of specific polyomaviruses is based on studies performed with the specific 

polyomavirus and extrapolated from similar studies on other polyomaviruses. For instance, the 

SV40 LTag has been viewed as a prototypic LTag and much of our understanding of LTag is 

based on the SV40 LTag (15).  

To date, there are 12 confirmed human polyomaviruses. The two first human polyomavirus, 

BK Polyomavirus (BKPyV) and JC Polyomavirus (JCPyV) were discovered in 1971 in a kidney 

transplant recipient with ureteric stenosis and a patient with progressive multifocal 

leukoencephalopathy, respectively (16, 17). Since then, ten additional human polyomaviruses 

have been described, including Merkel Cell Polyomavirus which cause Merkel Cell Carcinoma 

(18). Despite their shared traits when it comes to the capsid and genome structure, human 

polyomaviruses exhibit significant sequence diversity. Moreover, they display distinct host cell 

tropism and are associated with different pathologies (3).  

1.2 BK Polyomavirus (BKPyV) 

1.2.1 Virion structure and viral genome  

BKPyV belongs in the Betapolyomavirus genus. The capsid consists of Vp1, Vp2 and Vp3 

(Figure 1A) (4, 19, 20). Beneath each pentamer, a single copy of the minor capsid proteins, 

Vp2 or Vp3, is bound to the inside of Vp1 pentamers and to the genome (Figure 1B). The 

viral genome is complexed on host histone proteins (H2A, H2B, H3, and H4) and condensed 

in approximately 20 nucleosomes (21, 22). Both the N-terminal arm of Vp1 and the minor 

capsid proteins are associated with the packaged viral genome (4).   
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Figure 1: Structure of BKPyV capsid. A) External view of the BKPyV capsid which consists 

of 72 Vp1-pentamers with T = 7 icosahedral symmetry. The black box highlights a single Vp1-

pentamer. B) 40-Å slab through the unmasked BKPyV capsid. Beneath the Vp1-pentamer, a 

blue/green pyramidal density representing Vp2/Vp3 is seen. The packaged double-stranded 

DNA is seen as two shells of electron densities adjacent to the inner capsid layer and is coloured 

yellow/pink. Reprinted from Helle et al. (23). The figure was originally adapted from Hurdiss 

et al. (4). 

 

As previously mentioned, BKPyV has a double-stranded DNA genome of approximately 5000 

bases (Figure 2A) (24). The early region of the BKPyV genome encodes the regulatory T-

antigens - LTag, sTag (Figure 2A), truncated T-antigen (truncTag) and super T (25). 

Additionally, the early region encodes a pre-microRNA that is complimentary to the early viral 

mRNAs (26, 27). The late region encodes the capsid proteins, Vp1, Vp2 and Vp3, and the non-

structural agnoprotein (2). A recent study analysing transcripts in BKPyV infected TERT-

immortalised RPTECs with the use of short and long read RNA-sequencing technology, 

identified 21 to 23 transcripts of which only six were previously identified (25). Of note, both 

wraparound and non-wraparound transcripts were identified. The NCCR is a bidirectional 

regulatory region that separates the early and late region. It contains the origin of replication 

and the early and late promotors and enhancers. Transcription of the early and late region occur 

bidirectionally from the promotors and enhancers in the NCCR and uses the different DNA 

strands as template (2). Depending on its sequence, the NCCR is categorised as either an 

archetypal NCCR or a rearranged NCCR. The archetypal NCCR can be divided into five 

sequence blocks denoted the O-, P-, Q-, R and S-block, while rearranged-NCCRs have 

insertions, duplications and deletions in the sequence blocks (Figure 2B). The Dunlop variant 
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is an example of a rearranged variant that is widely used for in vitro experiments and has a 

NCCR where there are duplications of the P-box while the Q- and R-block is deleted (Figure 

2B). As the NCCR regulate transcription of viral proteins and viral replication, rearrangements 

can affect the replication fitness of the virus. Archetypal strains are typically found in healthy 

individuals, while rearranged variants emerge in immunocompromised patients after extensive 

replication has occurred (2, 28-30). 

 

 

Figure 2: Genome of BKPyV. A) Diagram of the BKPyV genome. Reprinted from 

Ambalathingal et al. (31) with permission. Small T-antigen (STA), Large T-antigen (LTA), 

Truncated T-antigen (Truncated LTA). B) Diagram of archetype (Dik strain) and rearranged 

(Dunlop strain) NCCR. Reprinted from Zhao and Imperiale (28). 
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1.2.2 BKPyV proteins 

The early T-antigens 

The LTag of all polyomaviruses exhibit high sequence homology and contain conserved motifs 

and domains that are necessary for its functions (3, 15). The SV40 LTag is the prototypic LTag 

and much of our understanding of T antigens is derived from research on the SV40 LTag. The 

early regulatory T antigens are translated from individual mRNAs that are created by alternative 

splicing of the primary early mRNA transcript (15, 25). LTag is the major regulatory protein of 

all polyomaviruses, including BKPyV. It is a multifunctional protein that is essential for 

polyomavirus infection. In short, LTag both reprograms the host cell by forcing it into S-phase 

to promote viral DNA replication and it facilitates the replication of the viral DNA by binding 

to the viral origin of replication, unwinding the viral DNA and recruiting cellular proteins 

necessary for DNA replication, such as DNA polymerase α primase (3, 15). In addition, it 

prevents apoptosis. 

The gene encoding BKPyV LTag consists of two exons separated by an intron and encodes an 

80 kDa protein that consists of 695 amino acids (23). BKPyV LTag contains multiple conserved 

domains and motifs such as the J-domain, LXCXE-motif, nuclear localisation signal (NLS), 

origin-binding domain and the helicase domain (Figure 3) (3, 15). The J-domain is necessary 

for viral replication (3, 15, 32, 33). The LXCXE-motif allows LTag to bind the retinoblastoma-

related tumour suppressor proteins, retinoblastoma protein (pRb), p130 and p107 (34, 35). 

Binding of LTag to retinoblastoma-related proteins break the interaction between these proteins 

and E2F transcription factors and drive unscheduled S-phase entry, increased cell proliferation 

and growth and may contribute to transformation (3, 15). Experimental studies have confirmed 

that the BKPyV LTag can bind and inactivate pRb-proteins to stimulate proliferation similar to 

SV40 LTag (36, 37). Additionally, the LXCXE-motif also participates in immune evasion by 

disrupting DNA sensing (38). Due to its NLS, LTag exhibit a nuclear location and it is in the 

nucleus where it executes most of its functions. The origin-binding domain is a DNA-binding 

domain that binds to the viral origin of replication by recognising and binding to the four 

GAGGC sequences that flanks the origin (15, 39). Via this interaction, LTag binds to the origin 

to initiate replication of the viral DNA. The helicase domain consists of a zinc-binding domain 

and an ATPase domain (15), where the zinc-binding domain contributes to the formation of the 

double LTag hexamer at the viral origin while the ATPase domain produces the energy that 
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drives helicase activity. In addition to its helicase function, the helicase domain can bind to and 

block the tumour suppressor p53 to hinder cell cycle arrest and apoptosis (15, 36).  

 

Figure 3 Diagram of the large T-antigen and small T-antigen. LTag contain a J-domain, 

LXCXE-motif, NLS, DNA-binding domain (DBD) also called origin-binding domain and 

aHelicase domain. sTag contains a J-domain and two zinc-fingers. Reprinted from DeCaprio 

and Garcea (3) with permission.   

Due to alternative splicing of early mRNA, BKPyV express at least three other T-antigens – 

the sTag, truncTag and super T (2, 25, 40). The sTag is a 20 kDa protein that consists of an N-

terminal J domain, that is shared with LTag, and a unique C-terminal region that resides in the 

intron of LTag (Figure 3)(3, 23). The C-terminal region contains two zinc fingers that are 

important to bind protein phosphatase 2A (PP2A) (3). The function of sTag is only partially 

understood. A recent report demonstrated that sTag negatively regulates virus replication (41) 

as removal of sTag lead to increased viral replication and gene expression. This regulation 

partially occurs via the interaction between sTag and PP2A. The authors also demonstrate that 

BKPyV sTag, unlike the sTag of Merkel cell polyomavirus and SV40 (42-44), is not important 

for transformation of cells (41). 

TruncTag was first described in 2009 (40). It shares the first 133 amino acids with LTag, which 

contains the J domain, LXCXE-motif and NLS, except for the last valine residue of the NLS. 

Additionally, the TruncTag contains a second intron which causes a shift of translation into a 

different reading frame yielding a C-terminal with three unique amino acids. TruncTag is poorly 

characterised but it is located in the nucleus and has been proposed to deregulate cell growth 

and support transformation due to the J domain and LXCXE-motif (40). The previously 

mentioned transcriptomic study by Nomburg and colleagues (25) described additional 

polyomavirus early transcripts and ORFs. This includes the super T that contains two LXCXE-

motifs. Although its function is unclear, it is  expressed in BKPyV infected RPTEC-TERT cells 

and superT transcripts have been found in a BKPyV-associated urothelial carcinoma specimen 

(25).  
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The late capsid proteins 

BKPyV encodes the three capsid proteins Vp1, Vp2 and Vp3. Vp1 is the major capsid protein 

and makes up the external capsid (23). Vp1 consists of 362 amino acids and has a size of 

approximately 42 kDa. Interaction with cellular receptors occurs via the receptor-binding 

groove that lies in the Vp1 pentamer (4, 45). Therefore, receptor usage and cell tropism of 

BKPyV is influenced by the Vp1 sequence (46-48). For instance, point mutations in the receptor 

binding site can switch BKPyV receptor specificity from B-series gangliosides to GM1 (48). 

The receptor-binding region of Vp1 also contains the epitopes that are responsible for antigenic 

determination and genotyping (49-51). There are four main genotypes of BKPyV, which each 

represent a serotype (47). Genotype I is the most abundant genotype (80%). Genotype IV is the 

second most prevalent (15%)(52), while genotypes II and III are rare. As genotype I and IV are 

geographically heterogenous, they have been further divided into subgroups. For genotype I 

there are the four subtypes (Ia, 1b-1, Ib-2 and Ic), while genotype IV is divided into six subtypes 

(Iva-1, Iva-2, Ivb-1, Ivb-2, Ivc-1 and Ivc-2) (51, 53). Subtype Ib-2 is the most common subtype 

in Europe (54, 55). The NLS of Vp1 leads to import of newly synthesised Vp1 into the nucleus, 

where viral assembly occurs.  

Vp2 and Vp3 are the minor capsid proteins of BKPyV. They are internally located in the capsid, 

where one copy of Vp2 or Vp3 lies beneath each Vp1 pentamer (4). Vp2 consists of 351 amino 

acids and has a size of 38 kDa while Vp3 consists of 232 amino acids and has a size of 27 kDa. 

Vp2 and Vp3 are translated from the same transcript due to leaky ribosomal scanning and 

internal ribosomal entry sites upstream of Vp3, and therefore share a common C-terminus (56-

58). The unique N-terminal of Vp2 contains an myristylation site that for MPyV was found to 

be necessary for correct viral entry (59). Furthermore, both Vp2 and Vp3 play a crucial role in 

correct viral entry and trafficking of BKPyV (56, 60) and other polyomaviruses, since removal 

of the minor capsid proteins perturb infectivity (61-66).  

The late region contains additional open reading frames (ORFs) that potentially encodes the 

smaller proteins – Vp4, Vp5 and Vp6. Since the ORFs lie downstream and in frame of Vp2 and 

Vp3, the putative proteins are smaller proteins with a shared C-terminus with Vp2/Vp3 (56). 

The most studied of these is the putative protein Vp4. It has been proposed to be a viroporin as 

SV40 Vp4 supposedly could permeabilise membranes and was necessary for lytic release of 

SV40 (67-70). However, two other studies have demonstrated conflicting evidence. Henriksen 

et al. could not detect Vp4 in SV40 and BKPyV infected cells, and mutation of the Vp4 start 
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codon inhibited viral entry, not viral release (56). Similarly, Tange et al. (71) did not detect Vp4 

and concluded that mutating the Vp4 ORF inhibited early steps in the replication cycle. 

The late agnoprotein 

Agnoprotein is expressed from an ORF in the late gene region region. Agnoprotein is a non-

structural protein that consists of 66 amino acids with a size of 8 kDa (72). It is mainly detected 

in the cytoplasm of infected cells. Even though it only consists of 66 amino acids, the 

agnoprotein has several important functions. The N-terminal part of agnoprotein contains a 

mitochondrial targeting sequence while the middle region of the protein, amino acid 20-44, has 

the ability to form an amphipathic helix and interact with lipid droplets and intracellular 

membranes (73-75). The combination of the mitochondrial targeting domain of the N-terminal 

and the amphipathic helix allows agnoprotein to interact with and fragment the mitochondrial 

network to disrupt innate immune sensing (74).  

In addition, agnoprotein have also been proposed to regulate the viral replication cycle and gene 

expression (29, 76), interact with cellular proteins (77, 78) and partake in virion assembly and 

egress (79-83). 

1.2.3 BKPyV microRNAs 

The BKPyV genome encodes a precursor microRNA (miRNA) in the early gene region on the 

DNA strand opposite of the LTag encoding DNA strand. The extended late transcripts produce 

precursor microRNAs that yields a 3p- and 5p-miRNAs that both are complementary to the 

LTag mRNA and cause reduced LTag expression (27, 84). These miRNAs are conserved and 

found in several other polyomaviruses, including SV40, JCPyV and Merkel Cell Polyomavirus 

(26, 27, 85). During infection with archetype BKPyV variants, microRNA expression leads to 

reduced viral replication and progeny production (84). In rearranged variants, where the early 

region is highly expressed, the amount of miRNA is insufficient to inhibit early gene expression 

and therefore has little effect on viral replication and progeny production (84).   

Polyomavirus miRNA also protect infected cells from killing by cytotoxic T-cells and natural 

killer cells by downregulating T antigens and by reducing the expression of ULBP3, a ligand 

for the killer receptor NKG2D (26, 86).  
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1.2.4 Replication cycle 

Attachment 

The replication cycle of BKPyV (Figure 4) starts with attachment of the viral particle to the 

plasma membrane of a susceptible cell. Attachment occurs by binding of Vp1 to cellular 

receptors. As already mentioned, the entry tropism and receptor usage of BKPyV is determined 

by Vp1 and mutations in Vp1 can alter receptor usage (48, 87, 88). Sialylated gangliosides, 

specifically B-series gangliosides and α(2,3)-linked sialic acids were first identified as receptors 

for BKPyV, as BKPyV can bind to them and they are necessary for BKPyV entry (48, 87, 88). 

BKPyV binding to gangliosides is also necessary for BKPyV to haemagglutinate erythrocytes, 

a method used to quantitate viral particles  (89). However, recent studies have demonstrated 

that BKPyV can use additional receptors for attachment, as ganglioside-deficient cells can be 

transduced with BKPyV. Moreover, the susceptibility of cells can vary between different 

BKPyV serotypes (47) and different BKPyV variants from kidney transplant patients show 

differential dependence on sialic acids, including sialic acid independent uptake (46).  

Internalisation, intracellular transport and nuclear entry 

Internalisation of BKPyV have been shown to occur via multiple endocytosis pathways. 

Initially, BKPyV was shown to enter simian Vero cells and human proximal tubular epithelial 

cells (RPTECs) by caveolae-mediated endocytosis (90, 91). However, a recent study reported 

that BKPyV can enter cells via a caveolin- and clathrin-independent entry mechanism (92). 

Similar results have also been demonstrated for SV40 (93-95). 

After internalisation, the viral particle is transported to the endoplasmic reticulum (ER) (96-

98). Early entry and trafficking steps depend on an intact microtubule network and correct 

acidification of organelles and endosomes (96, 97), while dynein and actin are not necessary 

(97, 99). Transport of the viral particle to the ER most likely occurs via the endocytic pathway 

as BKPyV has been shown to co-localise with Rab18 and BKPyV accumulates in late 

endosomes if ER-delivery is perturbed (98). Moreover, other polyomaviruses utilise endocytic 

pathways for ER-delivery. SV40 is transported to the ER via Rab5- and Rab7-positive 

endosomes while MPyV rely on Rab5, Rab7 and Rab11 for ER-delivery (100-103). BKPyV 

arrives in the ER at approximately 8 to 10 hours post-infection (97).  
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The role of the ER and subsequent nuclear entry of BKPyV is poorly characterized and our 

current understanding of this is mostly based on studies with SV40. First, ER-resident redox 

proteins such as protein disulfide isomerase, Erp57 and Erdj5, facilitate partial uncoating and 

disassembly of the SV40 viral particle by disrupting the disulfide bonds of the capsid (62, 66, 

104-108). After partial uncoating, the SV40 viral particle inserts into the ER-membrane to form 

an ER-foci or exit site which the viral particle is ejected through to the cytosol. To facilitate 

formation of the exit site and insertion, SV40 hijacks a range of host proteins such as BiP, 

BAP31, DNAJ-proteins, Lunapark and Atlastin (61, 62, 66, 104, 106, 108-111). In the cytosol, 

the SV40 particle undergoes further disassembly to prepare the capsid for nuclear entry (112).  

ER-processing and -exit of BKPyV is poorly understood, but parts of the process have been 

characterised in RPTECs infected with BKPyV. This has revealed that the BKPyV capsid also 

undergoes rearrangements and partial uncoating in the ER. The proteasome and the ER-

associated degradation (ERAD) pathway may partake in this process (60, 96). After partial 

uncoating, the viral particle most likely translocates from the ER to the cytosol by interacting 

with the ERAD-protein Derlin-1 (60, 96). The shared features of SV40 and BKPyV and the 

similar experimental evidence of disassembly in the ER followed by translocation into the 

cytosol (60, 96), support that BKPyV undergoes a similar process in the ER as SV40. 

As a DNA virus, BKPyV must deliver its viral genome into the nucleus of the host cell to 

replicate. Nuclear delivery of BKPyV is poorly characterised, but one study proposed that after 

translocation into the cytosol, BKPyV may enter the nucleus via an interaction between the 

NLS of the capsid proteins and importin β1 (113). This is further supported by studies on SV40, 

which have linked importins and the nuclear pore complex proteins to nuclear entry (114-116). 

Spriggs et al. recently proposed that SV40 first engage nesprin-2, which positions SV40 close 

to the nuclear pore complex, allowing it to bind SV40 and facilitate nuclear entry (114). Nuclear 

entry during nuclear envelope breakdown has been proposed as an alternative to import via the 

nuclear pore complex (117). For BKPyV, alternative nuclear entry pathways may exist as 

knockdown of importin β1 only partially inhibits BKPyV infection (113).  

Gene expression and genome replication 

Our understanding of BKPyV gene expression and genome replication is derived from studies 

on both BKPyV and SV40. Immediately after nuclear entry, gene expression is initiated by 

expression of the early viral genes. As mentioned, the early gene expression is driven by the 
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early promoter in the NCCR, leading to expression of a single primary early transcript which 

gives rise to the T-antigens (2, 23). 

Genome replication is initiated directly after translation of the early regulatory T-antigens. 

LTag is essential for BKPyV genome replication. It both prepares the cell for viral DNA 

replication by causing early S-phase entry and it binds to the origin of replication in the NCCR. 

At the origin of replication, it unwinds the double-stranded viral DNA in both directions and 

recruits the cellular DNA polymerase complex required for replication. DNA synthesis occurs 

bidirectionally from the origin of replication (10, 118-121). Viral DNA replication leads to 

activation of the ataxia telangiectasia mutated (ATM)- and the ATM- and Rad3-related (ATR)-

mediated DNA damage response (DDR) (122, 123). This response facilitates viral DNA 

replication as both knockdown of ATM/ATR and treatment with ATM- or ATR-inhibitors lead 

to reduced viral replication and reduced levels of progeny virus (122, 124). Activation of ATM 

and ATR facilitates viral replication by extending the S-phase, the cell cycle phase where viral 

replication occurs, and by inducing G2-arrest to prevent mitotic entry (122-125). Without this 

response, the cell enters premature mitosis causing reduced viral replication and severe 

chromosome damage (122-124).  

After viral DNA replication is initiated, the late mRNAs are expressed and the structural capsid 

proteins and the non-structural agnoprotein are translated. 

Assembly and virus release 

The capsid proteins are imported into the nucleus via the NLS. In the nucleus, progeny viruses 

are formed by assembly of capsid proteins into capsids, each with a newly synthesised viral 

genome complexed with cellular histones (20, 21, 126). Progeny viruses accumulate in the 

nucleus, often arranged in a crystalline array pattern (127), leading to an enlarged nucleus with 

intranuclear inclusion bodies. 

BKPyV host-cell release is poorly understood but the current dogma is that lytic release is the 

main mechanism. This is supported by studies on kidney biopsies from patients with BKPyV 

nephropathy, which have shown BKPyV infected cells with a necrotic morphology and 

extensive lysis (127, 128). Furthermore, BKPyV infection of both primary human renal 

epithelial cells and urothelial cells lead to loss of plasma membrane integrity and cell death 

with a necrotic morphology (129-132). The mechanism behind the lytic release of BKPyV is 

unknown. One suggestion is that the nuclear accumulation of progeny virus cause swelling of 
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the nucleus which leads to lysis of the nuclear envelope and the host cell (118). An alternative 

theory is that agnoprotein, in addition to disrupting immune sensing, acts as a viroporin and 

promotes lysis of the host cell. This is supported by studies on both BKPyV and JCPyV 

agnoprotein, which reported that agnoprotein have pore forming activity and that mutant viruses 

without agnoprotein have reduced progeny release (79, 81, 133, 134).  

Non-lytic BKPyV release has been proposed as an alternative egress pathway for BKPyV. First, 

a study proposed that a small proportion of progeny BKPyV undergo non-lytic egress via 

endosomal/lysosomal compartments which can be inhibited by the chloride channel inhibitor 

4,4′-diisothiocyano-2,2′-stilbenedisulfonic acid (DIDS) (135). Recently, non-lytic release of 

BKPyV via extracellular vesicles (EVs) was proposed as well (136). Non-lytic release has also 

been proposed for both SV40 and JCPyV. JCPyV seems to be released in EVs via secretory 

autophagy or exosome-related pathways, and this protects JCPyV from neutralising antibodies 

(137-139). Studies on SV40 in a polarised simian cell line, demonstrated directional virus 

release before cell lysis could be detected (140). 
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Figure 4: Schematic presentation of the replication cycle of BKPyV. 1) BKPyV binds to 

ganglioside receptors on the cell surface before it is internalised. 2) BKPyV enters endosomes. 

3) Transport to the ER via endosomes. 4) Partial uncoating of the BKPyV capsid in the ER. 5) 

Nuclear entry. 6) After nuclear entry, the early genes are expressed. After translation, the early 

proteins are translocated into the nucleus where they initiate viral DNA replication. 8) The late 

gene region, encoding capsid proteins and agnoproteins, is immediately expressed after viral 

DNA replication is initiated. 9) After translation in the cytoplasm, the capsid proteins are 

imported into the nucleus where the viral DNA is packaged into self-assembling capsids. 

Progeny virus is released via host cell lysis (10) and possibly via a supplemental uncharacterised 

non-lytic egress pathway (11). Reprinted from Helle et al. (23). 
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Disruption of immune sensing 

Human cells express pattern-recognition receptors, such as toll-like receptors, to sense viruses 

and initiate a protective response in the face of virus infection. The typical response after 

recognition of a viral structure, for instance viral DNA, RNA or proteins, is induction of an 

interferon- or anti-viral response (141, 142). To evade this response, viruses have developed 

mechanisms to either avoid sensing or disrupt the immune response. Proteomic and genomic 

studies on BKPyV infected RPTECs have detected little to no changes in expression of proteins 

and genes related to immunity and anti-viral responses (125, 132, 143-146), indicating that 

BKPyV avoid immune sensing.  

Recent studies have identified multiple mechanisms BKPyV and other polyomaviruses utilise 

to evade immune detection. MPyV delay immune sensing by being transported to the nucleus 

in endosomes, as the interferon response is first induced after nuclear delivery and viral 

replication is initiated (147). Another related DNA tumour virus, human papillomavirus 16, 

evade immune sensing by the cyclic GMP-AMP synthase/stimulator of interferon genes 

(cGAS/STING) pathway by being transported to the nucleus via the Golgi hidden in vesicles 

(148). Since BKPyV is trafficked to the ER inside vesicles and endosomes, it is likely that 

BKPyV uses a similar strategy to avoid early immune sensing. SV40 LTag can inhibit immune 

sensing of SV40 DNA as the LXCXE motif antagonises the cGAS-STING-pathway (38). As 

BKPyV LTag contains an identical LXCXE motif, it is likely that it can also antagonise the 

cGAS-STING pathway. Work on JCPyV and BKPyV sTag have identified sTag as an 

interferon-antagonist that inhibit retinoic acid-inducible gene 1, an innate immunity RNA 

sensor (149). In addition, the late agnoprotein antagonises immune detection by disrupting the 

mitochondrial network leading to mitophagy and degradation of mitochondrial antiviral-

signalling protein (74). This leads to an attenuated interferon-response and increased viral 

replication. Lastly, BKPyV encodes a miRNA that inhibits expression of ULBP3, a stress-

induced ligand for natural killer cells, leading to reduced killing of infected cells in vivo (86). 

To summarise, BKPyV seemingly employs multiple mechanism to avoid immune sensing at 

different steps of the replication cycle. 
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1.2.5 BKPyV – persistent infection and disease 

Definitions of BKPyV infection, replication and disease 

BKPyV is ubiquitous and infects the majority of the global population as shown by a 

seroprevalence in adults ranging from 80 to over 90% (150-154). In humans, the virus appear 

in different states depending on individual factors (155).  It is often in a latent or persistent state 

without active replication, for instance in an infected cell harbouring only the BKPyV genome. 

Alternatively, the virus can be replicating, defined as ongoing multiplication, with 

asymptomatic shedding in the urine. Lastly, in some immunocompromised patients lasting and 

high-level uncontrolled replication can cause disease. In a review, Hirsch and Steiger proposed 

the following definitions (155):  

- BKPyV infection is defined as exposure to BKPyV. It can be shown by detection of the 

virus itself or viral DNA in urine or by evidence of previous exposure, for instance the 

presence of BKPyV-specific antibodies. This state does not differentiate between a 

latent non-replicating state and active replication, but rather states that an individual has 

been exposed to BKPyV. 

- BKPyV replication is defined as ongoing multiplication of the virus. Examples of signs 

of viral multiplication include detection of infectious virus and increasing levels of 

BKPyV DNA or proteins. 

- BKPyV disease is defined as organ damage secondary to BKPyV replication. 

BKPyV in immunocompetent individuals 

Primary infection is thought to occur during childhood as the seroprevalence of BKPyV 

increases markedly during the first years of life (156, 157). At the time of late childhood and 

adolescence the seroprevalence is around 80-90% (158, 159). The route of transmission for 

primary infection is unknown, but respiratory transmission has been proposed due to detection 

of BKPyV DNA and seroconversion in children with respiratory symptoms (160). Furthermore, 

salivary shedding of BKPyV has been described in healthy adults (161). Urinary shedding 

might be a source for oral transmission. During or after the primary infection, BKPyV somehow 

reaches the reno-urinary tract where it persists in epithelial cells (162-164). In healthy 

individuals, BKPyV will be intermittently shed in the urine but this does not cause any 

symptoms or disease (150, 165-167). In a cross-sectional study of 400 blood donors by Egli et 

al. (150), 7% of the participants excreted BKPyV in the urine. Similar results were found in 
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healthy adults in Tunisia where 6% had urinary shedding of BKPyV (168). Kling et al. (166), 

Polo et al. (165) and Urbano et al. (167) measured a higher BKPyV excretion prevalence in 

healthy adults of 12%, 15.7% and 22.5%, respectively. Furthermore, they noted a large day-to-

day variability and occasional excretion was more common than continuous excretion. During 

pregnancy, urinary excretion of BKPyV is increased due to altered immune function (169). 

BKPyV DNAemia is seldom observed in healthy individuals. In Egli et al., none of the 28 blood 

donors with BKPyV DNA in urine had BKPyV DNA in plasma (150). Similar results were 

obtained in 1014 Dutch blood donors where only one participant had detectable BKPyV DNA 

in serum, showcasing how rare BKPyV DNAemia is in healthy individuals (170).  

BKPyV nephropathy 

Background, aetiology and pathogenesis 

Solid organ transplant recipients, including kidney transplant recipients, must use 

immunosuppressive drugs to avoid immunological rejection of the allograft. A drawback of the 

immunosuppressive treatment is an increased risk of bacterial, fungal and viral infections, 

including BKPyV (171). BKPyV reactivation and replication is more common in kidney 

transplant recipients compared to healthy individuals (172). Replication of BKPyV in kidney 

transplant patients is a continuum and can have several outcomes, depending on the level of 

replication (172). Limited or low-level BKPyV replication only leads to low-level BKPyV 

viruria without or with low-level BKPyV DNAemia and does not affect allograft function. 

Summarised, 20 – 73% of kidney transplant recipients will develop BKPyV viruria or shed 

decoy cells while 8 – 62% will develop BKPyV DNAemia (31, 172). If BKPyV replication 

continues unchecked, patients can develop BKPyV disease, namely BKPyV nephropathy, 

previously called BK polyomavirus-associated nephropathy.  

BKPyV nephropathy is a serious medical condition that reduce allograft function and can even 

cause premature allograft loss. BKPyV nephropathy emerged in the late 1990s after more potent 

immunosuppressive regimens with tacrolimus and mycophenolic acid were implemented for 

kidney transplant recipients (158, 173, 174). Today, 1 – 15% of kidney transplant recipients 

develop BKPyV nephropathy (172). BKPyV nephropathy commonly debuts the first year after 

transplantation (155), but up to a third of cases occur after the first year post-transplantation 

(175). The condition is characterised by uncontrolled BKPyV replication in the tubular 

epithelial cells of the allograft, leading to cytopathic loss of these cells. Histologically, infected 

renal tubular epithelial cells display cytopathic changes such as enlarged nuclei and intranuclear 
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inclusion bodies (127, 128, 176). Tubule cells with nuclear inclusions frequently display a 

necrotic morphology. Furthermore, infected renal tubule epithelial cells are frequently shed into 

the tubular lumen leading to tubular clogging and extensive urinary shedding of decoy cells 

(127, 128). Shedding and loss of tubule epithelial cells eventually causes denudation of the 

basement membrane and BKPyV DNAemia due to leakage of viral DNA into the plasma (128, 

177). Allograft tubulointerstitial inflammation is another typical finding in biopsies from 

patients with BKPyV nephropathy (128, 176, 178). Intragraft inflammation has been linked 

with increased risk of reduced allograft function and ultimately loss, although the exact role of 

intragraft inflammation in BKPyV nephropathy is still unclear (179). Over time, uncontrolled 

BKPyV replication with accumulating tubule epithelial cell loss and inflammation eventually 

leads to tubular atrophy, interstitial fibrosis and reduced allograft function (128, 180, 181). 

Ultimately, the allograft can be lost and re-transplantation or return to dialysis will be necessary 

(172).  

Immune response to BKPyV replication and nephropathy 

Kidney transplant recipients with BKPyV replication typically show increased titres of BKPyV-

specific antibodies. The antibody level correlates with BKPyV exposure and replication as 

patients with uncontrolled replication and high-level BKPyV DNAemia develop higher 

antibody titres than patients with limited replication (182-190). The role of BKPyV-specific 

neutralising antibodies in controlling active BKPyV replication and viral clearance is 

conflicting. Solis et al. (185) found that a weak neutralising antibody response were associated 

with increased risk of BKPyV DNAemia and nephropathy, while high titres were associated 

with viral clearance. Another study reported a similar finding where development of BKPyV-

specific antibodies was linked to viral clearance (191). However, other studies have 

demonstrated that humoral immunity with BKPyV-specific antibodies offer incomplete 

protection against BKPyV and while BKPyV-specific antibodies may help contain BKPyV, it 

is not enough to clear the virus (182, 190, 192, 193).  

Reduced BKPyV-specific cellular immunity, due to immunosuppressive drugs, is a prerequisite 

for loss of immune control of the virus, leading to uncontrolled replication and development of 

BKPyV disease (194). BKPyV-specific cellular immunity has therefore been extensively 

studied in an effort to better understand the interplay between cellular immunity and BKPyV, 

and why some patients fail to control replication. This has revealed that high levels of BKPyV-

specific T-cells and a robust T-cell response are associated with viral clearance (190, 192, 193, 
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195-199). Cytotoxic CD8 T-cells are an important subset of T-cells that can kill infected cells 

and thus help clear infections. For BKPyV, increasing CD8 T-cell responses seem to be 

especially important for viral clearance (190, 198, 200, 201), while expression of exhaustion 

markers is associated with slower clearance and prolonged BKPyV DNAemia (202) and 

BKPyV nephropathy (201). 

Risk factors 

Risk factors for BKPyV DNAemia and nephropathy can be separated into donor factors, 

recipient factors and transplantation factors (155, 172). Recipient factors include male sex, old 

age, no prior exposure to BKPyV and protective HLA-classes, such as HLA-B7, while male 

donor is a donor risk factor. Transplantation factors linked to increased risk of BKPyV 

nephropathy include use of tacrolimus compared to cyclosporine, high dose corticosteroids, 

acute rejection, AB0-incompatiblity and ureteral stents.  

Many important donor and recipient factors are related to the interplay between donor and 

recipient. BKPyV serostatus and levels of BKPyV-specific antibodies in donor and recipients 

have been identified as risk factors for developing BKPyV DNAemia and nephropathy (172, 

194, 203). Specifically, transplantation of a renal allograft from a seropositive donor to a 

seronegative recipient is associated with increased risk of BKPyV DNAemia and nephropathy 

(187, 204-206). Moreover, there is limited cross-reactivity between different BKPyV serotypes 

and genotypes (47, 207). Therefore, serotype or genotype mismatch increase the recipient risk 

due to reduced titres or complete lack of neutralising antibodies against the BKPyV genotype 

in the allograft (185, 208). Increased risk for BKPyV replication has also been found in 

recipients with low titres of BKPyV-specific antibodies at the time of transplantation (182, 185, 

187, 190, 209).  

The donor’s pre-transplant titre of BKPyV-specific antibodies alone is also of interest as a high 

titre in the donor is associated with increased risk of BKPyV replication and disease (182, 187, 

210). A theory behind this is that the titre of BKPyV-specific antibodies is directly linked to 

ongoing replication or exposure to BKPyV. Consequently, the donor antibody titre represents 

the viral load in the transplanted allograft. A kidney from a donor with a high BKPyV-specific 

antibody titre potentially has a higher BKPyV load or even ongoing replication, leading to 

increased risk of BKPyV replication and disease. Similarly, active BKPyV replication in the 

donor is also a risk factor for BKPyV replication in the recipient (211-213). Antibody titres in 

the donor and recipients can be viewed together and the combination of a low titre in the 
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recipient and a high titre in the donor or seropositive donor and seronegative recipient is 

associated with increased risk of BKPyV DNAemia. Wunderink et al. found a 10-fold increase 

for BKPyV DNAemia in low titre recipients that received a kidney from a high titre donor 

(187).  

Diagnostics 

Quantitative nucleic acid testing 

BKPyV replication and BKPyV nephropathy causes no symptoms until severe organ damage 

has occurred. International guidelines therefore recommend active screening of kidney 

transplant recipients for BKPyV replication (172). Quantitative detection of BKPyV DNA with 

quantitative real-time polymerase chain reaction (qPCR) is the preferred molecular diagnostic 

tool for this. Alternatively, BKPyV qPCR on urine can be performed if blood sampling is not 

possible. Urine cytology to screen for decoy cells is only recommended if BKPyV qPCR is not 

available. Screening should be performed monthly the first nine months after transplantation, 

followed by screening every three months until two years post-transplantation (172).   

Immunological methods 

Cellular immunity is typically measured directly in isolated peripheral blood mononuclear cells 

or after pre-stimulation with BKPyV peptides and short-term expansion (172). The read-out is 

typically based on presenting viral peptides to the cells and then measuring T-cell activation. A 

variety of read-outs can be used, such as interferon-gamma, tumour necrosis factor-alpha, 

interleukim-2 and proliferation markers.  

BKPyV-specific antibodies can be measured with several different serological methods such as 

haemagglutination inhibition assay (HIA), neutralisation tests and enzyme-linked 

immunosorbent assay (ELISA) based on virus-like-particles or Vp1-fusion proteins  (Figure 5) 

(194). For viruses that agglutinate red blood cells (RBCs), such as influenza virus and BKPyV, 

HIA can be utilised (214). When RBCs are incubated in a round-bottom plate, the RBCs will 

sediment in the bottom of the well leaving a characteristic red dot. The virus inhibits 

sedimentation by binding to sialic acid receptors on the surface of the RBC leading to a network 

of interconnected RBCs and virus that reduces sedimentation. Instead of a red dot, a foggy red 

cloud is seen in the well. In the HIA, the virus is preincubated with a dilution of an antibody or 

serum and if this serum contains antibodies that bind BKPyV, the network of RBCs and virus 

will not be made allowing RBCs to sediment. Pseudovirus, virus-like-particles (VLPs) and 
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infectious virus can all be utilised for HIA since the interaction with the RBCs is mediated by 

the outer virus capsid. 

Indirect ELISA is the most common method to detect and measure antibodies against virus and 

other pathogens in serum. In short, microtiter plates are first coated with the antigen of choice. 

For polyomaviruses, Vp1 is the most used antigen (172) and it is typically used as a Vp1-fusion 

protein (208, 215) or a Vp1-derived VLP (154, 207). Next, a diluted serum sample is incubated 

in the wells, and this is followed by incubation with an enzyme-conjugated secondary antibody 

that is specific to the Fc fragment of the antibody one wants to detect. Lastly, a chromogenic 

substrate is added and if the secondary antibody is bound to the BKPyV-specific antibody, it 

will convert the substrate into a coloured product. The colour change can then be measured to 

quantify the antibody titre (214). Indirect ELISAs can also be bead-based where magnetic beads 

are coated with the antigen instead of microtiter plates. 

Another way to measure the level of neutralising antibodies are neutralisation tests. In short, 

the virus or VLPs are preincubated with serial dilutions of serum or an antibody for a given 

time before infection of cells are performed. Successful infection or transduction is typically 

used as the assay output. This can either be done by using a packaged reporter gene, for instance 

GFP or luciferase (207, 216, 217), or by assessing virus replication by plaque formation or by 

detection of virus proteins with immunofluorescence staining (209, 218, 219). VLPs or 

pseudovirus are typically used if a packaged reporter gene is used for readout, while infectious 

virus is used if the output is viral replication. The neutralisation titre is defined as the highest 

dilution that inhibits the readout with 50% or 90%. Due to being more resource demanding than 

HIA and ELISA, neutralisation assays are less used. 
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Figure 5: Haemagglutination inhibition assay, indirect ELISA and neutralisation assay. 

A) Haemagglutination inhibition assay. Top) RBCs incubated alone leads to sedimentation. 

Middle) RBCs and BKPyV leads to agglutination of RBCs. Bottom) Addition of neutralising 

antibodies inhibit BKPyV from agglutinating RBCs, causing sedimentation of RBCs. B) 

Microtiter plates are first coated with the antigen of choice – typically VLPs or Vp1 fusion-

proteins. Next, serum is added. If BKPyV-specific antibodies are present, they will bind to the 

antigen. Next, an enzyme-conjugated secondary antibody that binds to the primary antibody is 

added. Lastly, the chromogenic substrate is added, and colour develops and can be measured. 

C) Diagram of a neutralisation assay with BKPyV-pseudovirus that carries an eGFP-plasmid. 

Top) Without antibodies present, the BKPyV-pseudovirus can infect the cells, leading to 

expression of eGFP. Bottom) Neutralising antibodies bind the BKPyV-pseudovirus and inhibit 

virus infection. Due to inhibition of infection, fewer green cells are detected.  
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Histology 

Renal allograft biopsies are important for assessing allograft function and inform important 

treatment decisions in kidney transplant patients. Histological and immunohistochemical 

investigation of renal allograft biopsies were essential to identify BKPyV nephropathy as a new 

complication in kidney transplant recipients in the 1990s (173, 220). Due to this, diagnosis of 

BKPyV nephropathy was for several years dependent on detection of cytopathic effects and 

viral foci in renal allograft biopsies. However, renal allograft biopsies are no longer necessary 

as plasma BKPyV DNA can be used as a biological marker of BKPyV nephropathy (172, 221). 

BKPyV DNA in plasma is derived from active viral replication in the allograft as removal of 

the allograft leads to rapid reduction in plasma BKPyV DNA load (222, 223). Moreover, 

BKPyV nephropathy is a focal disease leading to discordant results in up to 30% of biopsies 

from patients with BKPyV DNAemia (179, 224). Limiting BKPyV nephropathy to biopsy-

proven BKPyV nephropathy would both delay diagnosis and lead to false negatives, which 

again would delay treatment. BKPyV DNAemia is therefore not an indication for renal allograft 

biopsy alone and presumptive BKPyV nephropathy can be diagnosed without a renal allograft 

biopsy. However, renal allograft biopsies are still generally recommended in kidney transplant 

patients when clinically indicated or to investigate differential diagnoses (172).  

Diagnostic criteria 

Summarised, the diagnosis of BKPyV nephropathy is stratified into four different levels based 

on BKPyV DNA loads in plasma and urine, and biopsy results (172):  

- Possible BKPyV nephropathy: high-level urine BKPyV loads defined as urinary 

BKPyV DNA load >107 copies/ml or decoy cells without detectable BKPyV DNAemia. 

- Probable BKPyV nephropathy: sustained plasma BKPyV DNA load >103 copies/ml for 

over two weeks. 

- Presumptive BKPyV nephropathy: plasma BKPyV DNA load >104 copies/ml. 

- Biopsy-proven BKPyV nephropathy: biopsy with viral cytopathic effects as well as 

positive polyomavirus immunohistochemistry in combination with a specific test for 

BKPyV. 

Treatment 

Unfortunately, there is no efficient anti-viral therapy for BKPyV replication and nephropathy. 

The main treatment is reduction of the immunosuppressive drugs to promote viral clearance by 
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the immune system (172). Prompt reduction of immunosuppressive treatment is recommended 

in all patients with presumptive and biopsy-proven BKPyV nephropathy, while it can be 

considered for probable BKPyV nephropathy after thorough assessment. 

Currently, multiple investigational therapies are being studied in clinical trials and laboratory 

experiments. This includes monoclonal antibodies against Vp1 and allogeneic virus-specific T-

cells. In a phase 2 trial of kidney transplant recipients with high-level BKPyV DNAemia, 

treatment with a monoclonal Vp1-antibody was safe and was associated with a more rapid 

reduction in plasma BKPyV DNA load (225). Similarly, intravenous immunoglobulins 

(IVIGs), have been shown to neutralise and reduce spread of BKPyV in vitro (217, 226-228). 

Moreover, a recent meta-analysis concluded that reduction of immunosuppression in 

combination with intravenous immunoglobulins (IVIGs) offered additional benefit compared 

to reduced immunosuppression alone (229). However, the results must be carefully interpreted 

as the analysed IVIG studies were case series or retrospective studies. Since IVIGs are generally 

well tolerated and may have benefit, it can be considered for adjunctive treatment (172). 

Allogeneic virus-specific T-cells is a potential novel therapy against BKPyV replication. 

However, it has mostly been studied in the context of BKPyV-associated haemorrhagic cystitis 

(BKPyV-HC) in haematopoietic stem cell (HSCT) patients (230, 231). In a case report the 

BKPyV DNA load of a female kidney transplant recipient was reduced after T-cell adoptive 

immunotherapy (232). In another case series of two paediatric kidney transplant recipients, 

BKPyV DNAemia was reduced or cleared after virus-specific T-cell therapy. Lastly, a range of 

FDA-approved drugs, such as cidofovir, brincidofovir, leflunomide and levofloxacin, have 

been investigated in retrospective trials and clinical trials, but without convincing effect. Thus, 

they are not recommended for treatment of BKPyV replication or nephropathy (172, 229, 233).  

BK Polyomavirus-associated haemorrhagic cystitis (BKPyV-HC) 

Haemorrhagic cystitis (HC) is a serious complication of HSCT that is characterized by a painful 

and bleeding cystitis (234, 235). HC is split into two types – early and late onset HC. Early 

onset HC occurs due to toxic effects of the conditioning treatment on the bladder urothelium. It 

debuts within 1 week of HSCT and must occur during or shortly after (<48 hours) the 

conditioning treatment. Late onset haemorrhagic is a multi-factorial disease that is related to 

severe immune dysfunction due to HSCT, toxic damage to the urothelium and reactivation of 

BKPyV (234-237). Other viruses can also play a role in late onset HC, but BKPyV is the most 

common (236, 238, 239). Over 80% of HSCT patients develop high-level BKPyV viruria, while 
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7 to 54% develop BKPyV-HC. In paediatric HSCT patients, 8 to 25% develop BKPyV-HC 

(234).  

BKPyV-HC typically occurs between two and eight weeks after transplantation, although cases 

has been described as late as six months after transplantation (234). Symptoms typically lasts 

two to four weeks but can in some cases last much longer (239). Patients presents with 

haematuria, urinary blood clots and symptoms of cystitis such as dysuria, increased urgency, 

pain in the lower abdomen or suprapubic region and urinary obstruction (239). The diagnosis 

is based on a diagnostic triad with symptoms of cystitis, haematuria (grade 2 or higher) and 

BKPyV viruria > 7 log10 copies/ml (234). The pathogenesis of BKPyV-HC is poorly understood 

but it is believed to be caused by a combination of BKPyV reactivation due to iatrogenic 

immune dysfunction and urothelial damage caused by the conditioning regimen (155, 234). 

Important risk factors includes high-level BKPyV viruria, allogeneic HSCT, haploidentical 

donor, graft-versus-host disease and cyclophosphamide treatment (234).  

Like for BKPyV nephropathy, there is no effective anti-viral treatment for patients with 

BKPyV-HC either (234, 240). Intravenous cidofovir treatment has shown possible benefit in 

some retrospective and prospective trials but has not been investigated in a randomised clinical 

trial and use of it is therefore controversial. Due to lack of anti-viral therapies, supportive 

treatment such as pain treatment, bladder irrigation, hyperhydration, erythrocyte and platelet 

transfusions are used (234). Infusion of virus-specific T-cells have shown promise in HSCT-

patients with BKPyV-HC and/or BKPyV DNAemia. A phase 2 trial by Tzannou et al. (231) 

reported that all 14 patients treated for BKPyV-HC achieved clinical benefit. In another phase 

2 trial, Nelson et al. (230) reported an overall response rate of 86% in patients treated for 

BKPyV DNAemia and 100% in patients treated for BKPyV-HC.  

BK Polyomavirus-associated urothelial carcinoma (BKPyV-UC) 

Since their discovery, polyomaviruses and their potential role in oncogenesis and cancer in 

humans have been extensively studied. Although, BKPyV encodes T-antigens that can drive 

cellular transformation and even cause cancer in some animal models (241), its causal role in 

cancer has been controversial (242, 243). Early studies have examined a wide range of cancer 

specimens for the presence of BKPyV DNA and proteins, especially reno-urinary malignancies 

since BKPyV persists in the reno-urinary tract (244). However, the evidence is conflicting. 

Some studies have detected BKPyV oncogenes and proteins in human cancer specimens, while 
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others have not. False-positive PCRs and immunohistochemical examinations most likely 

contribute to the heterogeneity of the data, making it difficult to interpret (242, 244). Moreover, 

BKPyV is a ubiquitous and widespread virus, making interpretation of the early studies even 

more challenging. Based on this, the International Agency for Research on Cancer concluded 

in 2013 that BKPyV was possibly carcinogenic (243). Recent years, the interest in BKPyV and 

cancer has been renewed after several epidemiological studies demonstrated that kidney 

transplant patients with prolonged BKPyV replication or BKPyV nephropathy had greatly 

increased risk of developing urothelial carcinoma (245-248). Furthermore, BKPyV has also 

been associated with renal collecting duct carcinomas (249, 250).  

Genomic accidents are thought to be the driving mechanism behind BK Polyomavirus-

associated urothelial carcinoma (BKPyV-UC) (2, 242). Longer exposure time to BKPyV 

increases the risk of a genomic accident to occur. Kidney transplant patients that have been 

exposed to prolonged BKPyV replication therefore have increased risk for urothelial carcinoma. 

Although only partly understood, sequencing studies of urothelial carcinoma specimens and 

mechanistic studies in cell culture have highlighted two important mechanisms for BKPyV-UC 

– integration of the viral genome and induction of apolipoprotein B mRNA editing enzyme 

catalytic polypeptide-like (APOBEC) 3 (242, 249, 251).  

Genome integration of BKPyV DNA can cause persistent expression of the early viral gene 

region and expression of T antigens can inactivate tumour suppressors and perturb cell cycle 

regulation, potentially leading to cancer. Of note, integration of BKPyV DNA and T-antigen 

expression has been detected in several cases of reno-urinary cancers (242, 249, 252, 253). 

APOBEC3 is a cytosine deaminase with important anti-viral functions that causes characteristic 

mutations of cytosine (C) to uracil (U) in single stranded DNA (254). Notably, APOBEC 

enzymes can also induce genome damage in the host and contribute to carcinogenesis (255). In 

vitro, BKPyV infection has been found to induce APOBEC-expression (256, 257) and 

APOBEC signature mutations have been found in BKPyV DNA from kidney transplant patients 

(258, 259). A recent in vitro study demonstrated how BKPyV-induced APOBEC3-mediated 

genomic damage in urothelium and that this could be a contributing factor to urothelial 

carcinoma (260). Deep sequencing of urothelial carcinoma specimens has revealed BKPyV 

DNA and expression of T-antigens in urothelial cancers as well as APOBEC3-signature 

mutations (253, 261). Summarised, it seems plausible that BKPyV can play a causal role in 

development of reno-urinary cancer, at least in organ transplant patients. 
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Diagnosis of BKPyV-UC is based on biopsy-taking with subsequent histological examination 

and radiological examinations. Immunohistochemical staining for LTag can be done but it does 

not necessarily influence treatment decisions. There are no specific guidelines for BKPyV-UC 

and treatment is similar to other urothelial carcinomas with surgical removal of the cancer and 

neo-adjuvant or adjuvant chemo- or immunotherapy depending on the histological and 

radiological staging, if there are metastases and if the patient still has a functioning allograft 

(262-264). The renal allograft is typically not affected of urothelial carcinoma, however, there 

are examples of allograft cancers (250, 265). In one of these cases, complete regression of a 

metastatic donor-derived allograft LTag-positive collecting duct carcinoma was achieved after 

allograft nephrectomy and withdrawal of immunosuppressive treatment (250).  

Other manifestations of BKPyV  

Although very rare, there are reports of BKPyV encephalopathy and pneumonia (266-271) as 

well as disseminated BKPyV disease in immunocompromised patients, typically HSCT and 

HIV/AIDS patients  (155, 272). Similarly, systemic BKPyV disease affecting multiple organs 

have been reported in paediatric patients with severe immune deficiencies (269, 273). 
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1.3 Epithelial cells and tissues 

Epithelial cells line most of the luminal surfaces in the body as well as the outside of the body 

(274). The lumen of the gastrointestinal tract, reno-urinary tract, hepatobiliary tract, airways 

and skin are examples of lumens and surfaces that are completely or partly lined with epithelial 

cells. Epithelial cells and tissues are essential as they form barriers between different bodily 

compartments and control the barrier function, uptake and secretion of molecules and regulate 

the flow of solutes and molecules across the barrier (274). 

To fulfil their functions, prototypic epithelial cells have a distinct cell shape and apico-basal 

polarity (Figure 6). Apico-basal polarity yields two distinct membrane domains – an apical and 

a basolateral membrane. The two membrane domains differ and have a distinct composition of 

proteins, lipids and carbohydrates (274, 275). The apical membrane typically has microvilli to 

increase the surface of the membrane, a primary cilium and numerous transporter proteins that 

are necessary for secreting and absorbing molecules and solutes (275, 276). The basolateral 

membrane contains a range of transporter proteins that are necessary to create solute gradients 

between the lumen and the interstitial space and thus enable transport of solute and molecules 

across the epithelial cell. The lateral membrane contains the junctional complexes that form 

intercellular connections that separate the apical and the basolateral membrane. Lastly, the basal 

membrane is in contact with the basement membrane (274, 276). An important requirement for 

apico-basal polarity is differential intracellular sorting and trafficking of proteins, as this 

ensures that the apical and basolateral proteins are sorted to the correct membrane domain 

(277). Not only is intracellular protein sorting polarised, but release of extracellular vesicles has 

also been shown to be asymmetric as different types of extracellular vesicles are released from 

the apical and basolateral membrane via distinct mechanisms (278, 279). 

Epithelial cells have several hallmark proteins and structures that are essential for their function 

(Figure 6) (276). Tight junctions are multiprotein junctional complexes localised on the border 

between the apical membrane and basolateral membrane. Here they form an intercellular barrier 

and connect the actin cytoskeleton of neighbouring cells together. Tight junctions determine 

the epithelial barrier function by both restricting the flow of water and solutes across the 

epithelium while simultaneously allowing selective transport of some molecules (280, 281). 

The leakiness of tight junctions is an important characteristic of the tight junctions that vary 

between different epithelial cells and depends on the composition and complexity of the tight 

junctions (280-282). Especially claudins and zona occludens-1 (ZO-1) have been shown to be 
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important determinants of tight junction permeability (245, 280, 282). Lastly, tight junctions 

are important for maintaining apico-basal polarity by inhibiting lateral diffusion of membrane 

proteins across tight junctions and thus restricting transmembrane proteins to their respective 

membrane domain (281, 283).  

Adherens junctions are another type of cell-to-cell junctional complex that is located on the 

lateral membrane, beneath the tight junction complexes (275). These junctions make 

intercellular connections between the actin filaments of epithelial cells to mechanically link the 

cells together and give adherent strength to the epithelial cell layer. 

On the basal membrane, extracellular matrix (ECM)-receptors, such as integrins and 

dystroglycans, interacts with matrix proteins to anchor the epithelial cell to the basement 

membrane (275, 284). 

Polarised epithelial cells have numerous transmembrane transporter proteins. The transporter 

proteins are in one of the membrane domains or both depending on their function. An example 

of an essential transporter is the sodium-potassium ATPase (Na/K-ATPase) or Na-K pump 

(285-287). The Na/K-ATPase is located at the basolateral membrane of polarised epithelial 

cells where it exchanges sodium for potassium to regulate the intracellular concentration of 

sodium and potassium and uphold the sodium-ion gradient between the lumen and interstitial 

space (288). For one ATP-molecule the pump exports three sodium ions and imports two 

potassium ions against a concentration gradient. The lumen-to-interstitium sodium gradient is 

an essential gradient, as it drives sodium-dependent transport at the apical membrane via 

sodium/glucose and sodium/amino acid symporters and sodium/calcium and sodium/hydrogen 

exchangers.   



 

29 

 

 

Figure 6: Prototypical epithelial cell with apico-basal polarity. Scheme of a polarised 

epithelial cell. Note the apical and basolateral membrane. The apical membrane has microvilli, 

apical transporters and a primary cilium, while the basolateral membrane has sodium-potassium 

ATPases (green circles) and integrins. Tight junctions and adherens junctions separate the two 

membrane domains. This scheme was created in Adobe Illustrator CS6. 
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As previously mentioned, epithelial cells share common features and functions across different 

tissues and organs. However, there are also significant variation between different epithelial 

cells based on the function of the tissue. In the gastrointestinal tract the intestinal epithelium is 

specialised to absorb nutrients from the intestinal lumen (289). The liver contains hepatocytes, 

a specialised epithelial cell with characteristic apico-basal polarity, that both absorb nutrients 

and molecules from the portal circulation and excrete bile into the bile ducts (290), and 

cholangiocytes that modify the composition of the bile and transport it to the duodenum (291). 

This is also the case for the nephron, the functional unit of the kidney, which contain several 

types of highly specialised epithelial cells with unique features and functions (285).  

1.4 Endocytosis and the endocytic pathway 

Endocytosis is a collective term of processes where cells internalise or absorb external materials 

and fluid. Endocytosis can occur via a range of different mechanisms (292), such as clathrin-

mediated endocytosis, clathrin-independent carrier/glycosylphosphatidylinositol-anchored 

protein enriched early endocytic (CLIC/GEEC) endocytosis, macropinocytosis and caveolae-

mediated endocytosis. In addition, there are numerous other endocytic mechanism that are 

characterised to a varying degree (292). Macropinocytosis is a constitutive large-scale process 

where membrane ruffles and cups engulf extracellular material and fluid (293). In contrast, 

endocytosis via other mechanisms such as caveolae-mediated endocytosis, clathrin-mediated 

endocytosis and CLIC/GEEC-endocytosis occur via inward budding pits (292). 

In short, internalised cargo is typically delivered to the early endosome, also called sorting 

endosome (294, 295) (Figure 7). From the early endosome, the cargo can be recycled to the 

plasma membrane, or enter a degradative pathway where the early endosome will mature into 

a late endosome (294, 295). The late endosome will then fuse with a lysosome, a degradative 

organelle with acidic pH and lysosomal proteases, to form an endolysosome. This is a transient 

organelle with degradative capacity due to acidic pH and proteases, and after degradation is 

complete the endolysosome converts back to a lysosome.   
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Figure 7: The endocytic pathway. Internalised cargo is routed to the early endosome (EE). 

From here, the cargo is either recycled to the plasma membrane via recycling endosomes or is 

destined for degradation. Early endosomes mature to late endosomes (LE). Late endosomes 

fuse with lysosomes to form endolysosomes, a transient degradative organelle with acidic pH 

and proteases. Reprinted from Huotari and Helenius (295) with permission. 
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1.5 The kidneys and urine production 

BKPyV naturally persists in epithelial cells of the reno-urinary tract (162, 163). The kidneys 

and renal epithelial cells are therefore of special interest since this is where BKPyV both persists 

and reactivates to cause BKPyV nephropathy.  

The kidneys are essential organs that remove waste products from the blood, regulate blood 

volume, acid-base balance and electrolyte concentrations and produce urine. Humans have two 

kidneys that are located on each side of the spine in the retroperitoneal space in the abdominal 

cavity. The kidneys receive blood from the renal arteries, while blood drains via the renal veins 

into the inferior vena cava. Urine from the kidneys and drains together into the renal pelvis via 

the calyces. From the renal pelvis, the urine drains via the ureters to the bladder, where urine is 

stored until urination occurs. The kidneys can be divided into two parts – the outer renal cortex 

and the inner renal medulla. Generally, the renal cortex contains the renal corpuscles as well as 

the proximal and distal tubules while the renal medulla contains loops of Henle and the 

collecting ducts (296). 

The functional unit of the kidneys is the nephron and each kidney have over 1 000 000 

nephrons. Each nephron is composed of a renal corpuscle and a tubular system (Figure 8A). 

The renal corpuscle filters the blood and consists of a capillary tuft called the glomerulus and 

its surrounding capsule called Bowman’s capsule. The tubular system can be divided into the 

proximal convoluted tubule, the loop of Henle, the distal convoluted tubule and the collecting 

duct. Each of the tubular system’s components perform specialised functions that are necessary 

to both produce and regulate the composition of the urine (296).  
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Figure 8 Schematic presentation of the nephron with special emphasis on the proximal 

tubule. A) The processes of the kidneys – filtration (green), reabsorption (blue) and secretion 

(red) and the examples of solutes and molecules is depicted with their respective colour. B) 

Examples of apical and basolateral membrane transporters in the proximal tubule epithelial 

cells: Na+-glucose cotransporter (SGLT1), epithelial Na+-channel (EnaC), facilitated glucose 

diffusion transporter (GLUT2), sodium-dependent phosphate transport proteins (Npt2a, Npt2c, 

PiT-2), divalent anion-sodium symporter (NaDC), organic anion transporter (OAT1, OAT3), 

multidrug resistance-associated protein 2 (MRP2, MRP4). Reprinted from Vermue et al. (297).  
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The first step of urine production occurs in the glomerulus, where the filtrate, also called pre-

urine, is made by filtration of blood in the glomerulus. The filtration barrier of the glomerulus 

consists of the fenestrated endothelial cells in the glomerular capillaries, the basement 

membrane and specialised glomerular epithelial cells, podocytes, that together make up a 

permeable mesh that allows passage of fluid and small molecules from the blood into 

Bowman’s space (298). Each day, the kidneys generate around 160-180 liters of filtrate (298, 

299).  

To avoid excessive loss of fluid, nutrients and solutes, the filtrate or pre-urine undergoes 

extensive modification via reabsorption of water, ions and solutes as well as directed secretion 

of ions and xenobiotics (285). From Bowman’s space, the filtrate drains into the proximal tubule 

of the tubular system where the majority of the reabsorption occurs. The proximal tubule is 

lined with highly specialized epithelial cells that reabsorbs 60-70% of the filtered sodium and 

water. Furthermore, the kidneys filters up to 180 grams of glucose and 50 grams of amino acids 

daily and 99.8% of this is reabsorbed in the proximal tubule (299). Due to the importance of 

the proximal tubule and the massive reabsorption that occur there, the proximal tubule 

constitutes the majority of the kidney and 66% of all kidney cells are proximal tubule cells 

(285). Reabsorption of sodium, glucose and amino acids occurs via several apical transporter 

such as Na+/H+-exchangers and symporters that facilitate sodium-coupled uptake of glucose 

and amino acids. Water absorption occurs via osmotic gradient that the reabsorption of ions 

such as Na+ create (Figure 8B) (285, 288, 299).  

After the proximal tubule, the pre-urine drains through the loop of Henle where Na+, K+ and 

Cl-  are reabsorbed to establish the counter-current multiplication mechanism and the osmolality 

gradient along the collecting duct (300). The distal convoluted tubule is critical for homeostasis 

of sodium, potassium and cations. This regulation occurs in part via the responses of the 

epithelial cells of the distal convoluted tubule to hormones such as aldosterone and angiotensin 

II (301). In the collecting duct, the final regulation of the urine composition occurs. Here, the 

urine can be concentrated via absorption of water via antidiuretic hormone-sensitive aquaporins 

in principal cells, while the final excretion of sodium and potassium is regulated via the 

hormone-sensitive epithelial sodium channel and renal outer medullary K+ channel (302). 

Lastly, the collecting duct intercalated cells are essential for acid-base homeostasis (303).   
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1.6 In vitro epithelial cell culture models  

1.6.1 Two-dimensional cell cultures 

The simplest and most widely used cell culture model of epithelial cells are two-dimensional 

(2D) cell cultures of non-polarised epithelial cells in plastic dishes or well plates. We used this 

model to cultivate RPTECs, Vero cells, CV-1 cells and Hela cells.  In a 2D model, the cells are 

typically flat with few hallmarks of the cell’s appearance in vivo such as an apico-basal polarity. 

A range of renal epithelial cell lines and primary renal epithelial cells from different species 

and organs have been cultured and characterised in such 2D cell cultures. Some renal epithelial 

cells and cell lines, such as Madine-Darby canine kidney (MDCK) cells and primary human 

renal tubule epithelial cells, develop some features of apico-basal polarity when grow to 

confluency in 2D cell cultures (304-307). A strength of 2D cell cultures is that they are cheap, 

require limited technical expertise and a wide range of cells can be cultured this way. However, 

cells cultured in 2D-models do not exhibit full apico-basal polarity and the physiology of the 

cells deviate from the physiology of the same cell type in vivo (308). Furthermore, 2D models 

are not suited to study transepithelial uptake, transport and secretion since there is only one 

compartment.  

1.6.2 Cells cultured on cell culture inserts 

Cell culture inserts, also called permeable supports, is a tool that allows development of more 

complex cell culture models by culturing cells on a permeable membrane. The inserts are placed 

in cell culture wells to yield a two-compartment model where the well constitutes the basal 

compartment while the inside of the insert is the apical compartment (Figure 9). Importantly, 

the pores of the permeable membrane allow flow of solutes, fluid and molecules between the 

two compartments. The cells of choice are cultured on the permeable membrane yielding a 2.5-

dimensional (2.5D) cell culture model with a cell layer that separates the two compartments 

(309, 310). We used cell culture inserts to develop a 2.5D model of polarized RPTECs. Many 

types of epithelial cells, including both renal epithelial primary cells and cell lines, have been 

shown to develop apico-basal polarity when cultured on cell culture inserts (311-316). This has 

been utilised to examine issues such as transepithelial transport and epithelial barrier function 

(309, 310, 314, 317). A relevant example of this is the polarised cell culture model of MDCK 

cells, as this has been essential to characterise and understand the cell biology of apico-basal 

polarity (311, 318). Furthermore, polarised cell cultures on inserts have also been used to study 

host-pathogen interactions. For instance, it has been used to characterise how bacteria invade 
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polarised epithelial cell layers (319-321) and to examine if entry and release of viruses is 

polarised (140, 322-326).  

1.6.3 Three-dimensional cell cultures  

An important limitation of 2D and 2.5D cell culture models is the absence of biomechanical 

forces, and the lack of three-dimensional (3D) tissue architecture and microenvironment that is 

seen in tissues and organs in vivo. In an effort to close this gap and develop more in vivo-like 

cell models, 3D cell culture models and organoids have been extensively researched and utilised 

to model human development, physiology and disease (316, 327, 328). This has resulted in 

numerous systems and methods to develop 3D cell cultures.  

Rotating wall vessel bioreactors can be used to generate polarised 3D cell cultures. It is a 

suspension-based system where cells are seeded on special beads or microcarriers coated in 

ECM (Figure 9). The cell-cell and cell-ECM as well as shear stress generated by the rotation 

stimulate the development of differentiated cells with in vivo features, including apico-basal 

polarity (328, 329). With this system, cell lines, primary cells and stem cells have been used to 

establish monotypic and co-culture 3D models of a wide range of tissues and organs. Moreover, 

the system has been used to study host-pathogen interactions (328, 330-334). Although this 

model can yield polarised cell layers, including epithelial and endothelial barriers, an important 

drawback is the lack of an accessible basal compartment since the cells are cultured on beads. 

This model is therefore not suited to examine issues where access to the basal compartment is 

necessary, such as invasion or release of pathogens via the basolateral membrane or polarised 

exocytosis.  

Spheroids are self-assembled 3D cell cultures. They are often made by seeding cells in a low-

adherence environment that allow aggregation of the cells and subsequent development of a 

spheroid (Figure 9). Many techniques have been developed for this, but three common 

techniques are low-adherence plates and microwells, the hanging drop method and rotating-

wall vessel cultures (Figure 9) (335-338). LLC-PK1, MDCK II cells, mammary cell line EpH4, 

colon cancer cell line R2/7, primary retinal pigment epithelial cells and a human bronchial 

epithelial cell line are all examples of cell lines that develop into spheroids with stronger 

features of polarised epithelial cells (339-342). When cultured like this, a spheroid typically 

exhibit an apical-out morphology but does not have a lumen and therefore no accessible basal 

compartment (341).  
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An alternative to low-adherence techniques are ECM-embedded 3D cell cultures (316), where 

the cells are seeded in a matrix, for instance Matrigel or collagen, and allowed to differentiate 

(Figure 9). Epithelial cell lines, such as MDCK, LLC-PK1 and Caco cells, cultured in ECM can 

develop a cyst-like morphology with a circular polarised cell layer with a central lumen. Unlike 

spheroids, the ECM-cell contacts typically cause an apical-in morphology where the apical 

membrane faces in against the lumen of the cyst (341-343). 

 

Figure 9: Examples of 2.5D and 3D cell culture models. A) Schematic examples of spheroid 

cell culture models that use aggregation techniques (1), such as hanging drop techniques (2) 

and rotating-wall vessel cultures (3). B) Example of cell culture techniques to develop polarised 

epithelial cells such as cell culture inserts (1), matrix-embedded culture (2) and microcarriers 

(3). Adapted from Pampaloni, Reynaud and Stelzer with permission (338).  
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Organoids are more complex 3D cell culture models compared to the previously discussed 

models and are a self-organised stem-cell derived 3D structures or tissues (344, 345). Stem cells 

used to generate organoids are typically either adult tissue derived stem cells or pluripotent stem 

cells, which can be further divided into embryonic stem cells or induced pluripotent stem cells. 

Pluripotent stem cell derived organoids can be generated by doing a stepwise differentiation of 

pluripotent stem cells ending in a fully differentiated organoid (Figure 10A). The differentiation 

process typically starts with germ layer specification followed by a guided differentiation using 

different growth factors and signalling inhibitors (346). For both stem cell types, different 

growth factors and inhibitors are used depending on which tissue one aims to develop (346). 

Adult stem cell derived organoids can be generated from a collected tissue sample (figure 10B). 

After collection, the sample is dissociated into a single cell suspension. The stem cells are then 

embedded in ECM and cultured in a medium with growth factors that mimic the in vivo stem 

cell niche, and after up to two weeks of culture, organoids have typically formed (344, 347). 

The organoids typically have a cystic apical-in morphology where the inside of the organoid 

represents the apical lumen. 

 

Figure 10: Schematic of how organoids are developed. A) Organoids generated from 

embryonic or induced pluripotent stem cells. Pluripotent stem cells are first differentiated 

toward one of the three germ layers, before a targeted differentiation is performed to generate 

the tissue of choice. B) Organoids generated from adult-derived stem cells. Adult-derived stem 

cells are first harvested before they are expanded and differentiated into an organoid of the same 

tissue that the cells were originally harvested from. Reprinted from Schutgens et al. (344) with 

permission. 
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The source of cells and methods used to generate organoid strongly influence its phenotype and 

complexity and an organoid model can range in complexity from a simple cystic organoid 

consisting of a single cell type (348, 349) to a complex mini-organ consisting of several cell 

types (345, 350, 351). Generally, pluripotent stem cells can give rise to all cell types while adult 

stem cells are limited to tissues that undergo regeneration such as epithelium. Therefore, 

organoids from pluripotent stem cells can typically yield more complex organoids with several 

different cell types while adult derived stem cells yield cystic organoids that mimic epithelial 

tissues (344). Using both methods, organoids have been developed from a wide range of organs 

(352) including but not limited to the lungs and airways (353, 354), the kidneys (349, 350), the 

brain (355) and the gastrointestinal tract (348, 356).  

Although matrix-embedded 3D cultures can yield fully differentiated organoids with apico-

basal polarity, there are also significant caveats with matrix-embedding. Organoids typically 

lack tissue interfaces and there is no shear stress such as flow of blood or tubular filtrate. 

Furthermore, organoids are not easily accessible due to being embedded in matrix, which makes 

sampling of supernatants and secreted products and examination of biological gradients 

difficult (357, 358). The apical-in morphology also complicates infections since the apical 

domain is not freely accessible. Apical infections must often by done with microinjection 

techniques. Furthermore, both basolateral infection is less controlled since the pathogen must 

diffuse through the matrix (359). 

Flow systems such as organs-on-a-chip and other microfluidic systems try to answer some of 

these issues. In short, these systems allow seeding of cells in separate lumens or passages, thus 

enabling seeding of several cell types to create tissue interfaces. Furthermore, this also yields 

an apical compartment and basolateral compartment that can easily be sampled. Lastly, 

perfusion or induced shear stress in microfluidic systems contribute to a differentiated 

morphology and function of cells (357, 358, 360). Similar to organoids, organs-on-a-chip 

models have been generated for a wide range of organs (358).  Polarised epithelial cell layers 

have been developed with cell lines (361), primary human cells (362) and cells from dissociated 

organoids (349). An example of this is kidney tubuloids that were dissociated and seeded in 

microfluidic cell culture plates denoted OrganoPlates in order to characterise the transport and 

barrier functions of the tubuloid cells (349). 
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2 Aims of the thesis 

The overall aim of this thesis was to address important knowledge gaps in our understanding 

of BKPyV biology. 

Paper 1: 

The aim of the study was to characterise BKPyV replication and antibody response in two 

kidney transplant recipients that developed BKPyV nephropathy in parallel shortly after 

transplantation of allografts from the same donor, to better understand the role of antibodies in 

clearance of BKPyV nephropathy seen as resolving BKPyV DNAemia. 

 

Paper 2: 

The aim of the study was to increase our understanding of major aspects of the BKPyV 

replication cycle by employing an authentic polarised renal tubular epithelial cell culture model, 

with special focus on virus entry, virus release and dissemination of progeny virus. 

 

Paper 3:  

The aim of the study was to determine whether in vitro BKPyV infection of RPTECs induces 

cytoplasmic vacuolisation and to study the potential role of this in the BKPyV replication cycle.
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3 Summary of papers 

3.1 Paper 1 

Early fulminant BK polyomavirus-associated nephropathy in two kidney transplant 

patients with low neutralising antibody titers receiving allografts from the same donor. 

Lorentzen E. M., Henriksen S., Kaur A., Kro G. B., Hammarström C., Hirsch H. H., Midtvedt 

K. and Rinaldo C. H.  Virol J. 2020;17(5).  

In this study we retrospectively measured the plasma and urine BKPyV DNA load, analysed 

the BKPyV strain and subtype and characterised the humoral immune response in two older 

male kidney transplant recipients that both developed BKPyV nephropathy shortly after 

receiving a renal allograft from the same donor.  

In recipient 1, BKPyV DNAemia of 8.58 x 104 copies/ml had been detected 5 weeks post 

transplantation, while in recipient 2 BKPyV DNAemia of 1.12 x 106 copies/ml had been 

detected 8 weeks post transplantation, giving both recipients the diagnosis of presumptive 

BKPyV nephropathy, previously called BK Polyomavirus-associated nephropathy. Recipient 2 

had an increase in serum creatinine in week 8. Due to this, he underwent a renal allograft biopsy 

which was found to be negative for BKPyV LTag. Both patients were diagnosed with BKPyV 

nephropathy based on renal allograft biopsies at week 12 and immunosuppressive treatment 

was promptly reduced. One-year post-transplant, recipient 1 still exhibited high-level plasma 

BKPyV DNAemia, while recipient 2 had cleared the BKPyV DNAemia. Of note, we could 

retrospectively test five earlier plasma samples from recipient 2 and detected a BKPyV 

DNAemia of 2.59 x 103 already at 4 weeks post transplantation. 

We characterised the BKPyV-specific antibody response in both recipients and the donor with 

ELISA, haemagglutination inhibition assay and neutralisation assay, the two latter methods 

analysing neutralising antibodies. The donor had a high titre of BKPyV-specific antibodies with 

all three methods, indicating recent exposure to BKPyV. As expected for an apparently 

immunocompetent individual, BKPyV DNA was not detectable in plasma. The recipients were 

seropositive but showed low levels of BKPyV-specific antibodies with all three methods prior 

to transplantation. Both recipient 1 and 2 developed a strong humoral response with a sharp 

increase in antibody titres at 10- and 8-weeks post-transplantation, respectively. At peak levels, 

both recipients demonstrated >6-fold increase in ELISA titre, >126-fold increase in HIA-titre 
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and >1000-fold increase in neutralisation titre. DNA sequencing demonstrated that the virus in 

early plasma and urine samples from both recipients were of the same strain and subtype. 

Taken together, our results indicate a donor-derived infection and suggest that the combination 

of low titres of BKPyV-specific antibodies in the recipient and high titres of BKPyV-specific 

antibodies in the donor is a risk factor for BKPyV DNAemia and nephropathy. Lastly, this study 

show that a strong humoral response may not be enough for viral clearance.  
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3.2 Paper 2 

Modelling BK Polyomavirus dissemination and cytopathology using polarised human 

renal tubule epithelial cells 

Lorentzen E.M., Henriksen S. and Rinaldo C. H. PloS Pathog. 2023;19(8): e1011622. 

In this study we established a polarised renal epithelial cell culture model by culturing RPTECs 

on cell culture inserts. After 8 eight days of culture, the RPTECs developed a polarised 

morphology and function. 

We show that BKPyV entry is predominately apical, presumably due to asymmetric apical 

localisation of sialic acids. Progeny virus is mainly released into the apical compartment and 

leakage of BKPyV into the basolateral compartment first occurs when major cell lysis has 

started. In line with these results, the barrier function of the cell layer was maintained until 5 

days post-infection. BKPyV infection of polarised RPTECs leads to apical extrusion of dead 

cells, that were similar to the decoy cells detected in urine of kidney transplant patients with 

BKPyV nephropathy. The decoy-like cells express BKPyV proteins and can transmit BKPyV 

to uninfected RPTECs. Neutralising antibodies added to the basolateral compartment can 

traverse the cell layer and inhibit spread of BKPyV infection. 

Taken together, we demonstrate that BKPyV entry and dissemination occur in the apical 

compartment in vitro, suggesting that that BKPyV spread via the tubular lumen in vivo. 

Dissemination via the tubular fluid can help the virus delay immune detection. As the 

replication cycle progress, infected cells undergo lysis and progeny virus is released into the 

supernatant and inside extruded dead cells. Extrusion of dead infected cells is possibly 

protecting the barrier integrity of the renal epithelium during BKPyV infection and may protect 

the virus from neutralising antibodies.  
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3.3 Paper 3 

Massive entry of BK Polyomavirus (BKPyV) induces transient cytoplasmic vacuolisation 

of human renal proximal tubule epithelial cells 

Lorentzen E. M., Henriksen S. and Rinaldo C. H. 2023. Manuscript. 

In this study we aimed to investigate whether in vitro BKPyV infection of RPTECs induces 

cytoplasmic vacuolisation and the potential role of this in the BKPyV replication cycle of 

RPTECs. We show that BKPyV induces massive cytoplasmic vacuolisation of RPTECs and 

that this occurs in two phases. Early vacuolization occurs only a few hours after infection with 

a high infectious dose and is reversed by 36 to 48 hours post-infection (hpi) while late 

vacuolization co-occurs with host cell lysis and progeny release. 

Vacuolisation depends on BKPyV uptake as addition of a BKPyV-specific neutralising 

antibody inhibited vacuolisation. By using live-cell microscopy we demonstrate that both early 

and late vacuoles represent enlarged endo-/lysosomes. Moreover, using transmission electron 

microscopy the vacuoles were found to contain viral particles that lined the inside of the 

vacuole. Time-lapse microscopy and BKPyV qPCR reveal that cell death and progeny release 

precede late occurring vacuolisation. Intriguingly, late occurring vacuolisation is focal, mainly 

appearing in cells neighbouring lysed cells, suggesting that localised spread of BKPyV is 

favoured. By using chemical inhibitors, we show that BKPyV replication is sensitive to Rac1-

inhibition but the inhibitor has little effect on early vacuolisation. Bafilomycin A treatment 

blocks vacuolisation, demonstrating that vacuolisation depends on a functioning V-ATPase and 

correct endosomal acidification and trafficking. 

Taken together, massive entry of BKPyV induces transient vacuolisation of RPTECs. In 

contrast to what has been reported for the related polyomavirus SV40, vacuolisation does not 

increase cell death and progeny release, but is rather an early event in the BKPyV replication 

cycle that presumably is caused by a transient overload of the endocytic pathway.  Focal 

vacuolisation suggests that BKPyV may undergo cell-to-cell spread.
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4 Methodological considerations 

4.1 Measuring BKPyV-specific antibodies  

As previously mentioned, antibodies can be measured with different methods and commonly 

used methods include ELISA, HIA and neutralisation assays (Figure 5). Although the methods 

utilise different techniques and readouts, they should yield corresponding results, meaning that 

a high HIA titre should at least partially correlate with a high ELISA and neutralisation titre 

and vice versa. However, since the antigens used for the specific assays can vary, there are 

important nuances between the assays depending on the used antigen and assay readout.  

A neutralising antibody is defined as an antibody that inhibit infection by binding to the viral 

particle, typically inhibiting virus binding and/or entry (363). Importantly, an antibody can be 

non-neutralising, meaning that it can bind the virus, but it does not inhibit infection. In a 

neutralisation assay, only antibodies that bind and neutralise the virus or pseudovirus and thus 

inhibit entry and successful infection of the host cell will affect the result of the assay. 

Neutralisation assays are therefore considered the gold standard to measure neutralising 

antibodies since it measures the actual reduction in virus infection or transduction (363). To 

inhibit haemagglutination in the HIA, the antibody must bind the antigen (infectious virus, 

pseudovirus or VLPs) in a way that hinders the capsid or viral particle from interacting with the 

viral receptor on RBCs. In contrast, a non-neutralising antibody will not disrupt receptor 

binding and therefore not inhibit haemagglutination. Therefore, the HIA titre correlates with 

the level of neutralising antibodies. 

In an indirect ELISA, the used antigen, specifically if it is presented in a VLP or as a Vp1-

fusion protein, can affect the assay and its interpretation (172). In VLPs, the external capsid 

surface of Vp1 is presented in its natural 3D conformation, similar to infectious virus. In 

contrast, with a Vp1-fusion protein the entire protein is available for binding, including the 

fusion protein, which may allow binding of lower affinity non-neutralising antibodies (172). 

This can potentially lead to a high ELISA titre, even when the patient has a low level of 

neutralising antibodies. In line with this, Bodaghi et al. (188), reported that an ELISA based on 

Vp1-derived VLPs was more sensitive than an ELISA with Vp1-fusion protein. The correlation 

to HIA titre was also stronger when VLPs were fused. Furthermore, Pastrana et al. (207) 

reported correlation between the VLP ELISA titre and the neutralisation titre, indicating that 

the VLP ELISA titre most likely reflects the level of neutralising antibodies. 
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In paper 1 we measured BKPyV-specific antibody levels with both a VLP ELISA and HIA. 

By using both assays we could measure antibody levels with high sensitivity, as ELISA is more 

sensitive than HIA (188), and be certain that the antibodies had neutralising activity. We 

supplemented these assays by assessing the change in neutralisation titre between a pre-

transplantation sample to a sample from week 20 post-transplantation. This confirmed that the 

patients developed high titres of neutralising antibodies. However, a drawback of our 

characterisation is that we only measured neutralising titre at pre-transplantation and at week 

20. We can therefore not be completely certain when the level of neutralising antibodies first 

started to increase, although both HIA and VLP ELISA titre correlate with neutralising activity 

(188, 207). 

4.2 Choice of cell type and cell culture model 

Two important methodological aspects in paper 2 and 3 were the choice of cell type and cell 

culture model. When examining virus-host interactions and pathogenesis in vitro, it is important 

to use a relevant cell type, which reflect the cells that the virus infects in vivo. Different cell 

types and cell lines exhibit different characteristics and functions. If using a less relevant cell 

type or cell line, the in vitro cell model may not produce representative results of how the virus 

interacts with the host cells in vivo. For instance, the two immortalised cell lines U2OS and 

HEK293T, lack STING, an important part of the innate immune system (142), and this can 

affect virus-host interactions (364-366). STING restricts several DNA viruses, including 

Herpes Simplex virus 1 (HSV-1) (142). In U2OS-cells, however, the growth-restricted HSV-1 

mutant (∆ICP0) can replicate normally due to the absence of STING. Another issue with 

immortalised cell lines is that they typically express viral oncogenes such as human 

papillomavirus E6 and E7, polyomavirus LTag and adenovirus E1A, as this is a common 

method for immortalisation. As previously mentioned, all three oncogenes can inhibit the 

STING pathway via the LXCXE-motif (38). Immortalisation with persistent expression of these 

oncogenes can therefore potentially disrupt anti-viral signalling in immortalised cell lines. LTag 

can also have the opposite effect, as transfection of LTag into human fibroblasts lead to 

induction of interferon genes establishing an anti-viral state (367). Another relevant example is 

mouse embryo fibroblasts that only support myxoma virus infection after immortalisation due 

to a perturbed interferon-response (368).  

Choice of cell type also influence BKPyV-host interactions. For BKPyV, its dependence on the 

ERAD machinery for ER-exit differ between primary human RPTECs and simian CV-1 cells 
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(60). Furthermore, a recent in vitro study demonstrated that some endothelial cells can restrict 

BKPyV replication via interferon signalling leading to a limited infection, while epithelial cells 

and fibroblasts are unable to restrict BKPyV replication resulting in a lytic infection with 

widespread cell death (132). These examples demonstrate how different cells can influence the 

interplay between virus and host and the importance of utilising relevant cells.  

BKPyV infects renal tubular epithelial cells in vivo (127, 178, 369) and the ideal cell type for 

an in vitro cell culture model should therefore reflect a human renal tubule epithelial cell. 

Initially, different human and simian cells and cell lines, for instance Vero cells, were used to 

study the replication cycle of BKPyV (16, 36, 37, 72, 87, 90, 99, 370, 371). However, since in 

vitro BKPyV infection of human primary RPTECs was first described (129), they have been 

increasingly used to study BKPyV (73, 81, 91, 92, 96, 122, 125, 132, 372, 373). Previously, 

human RPTECs were mainly attained by isolating them from discarded renal tissue (129, 374, 

375). However, from about 2006, RPTECs became commercially available from Lonza and 

later from other commercial sources such as ScienCell, American Type Culture Collection and 

PromoCell, making them an accessible cell type for researchers without access to renal tissue. 

Although primary RPTECs exhibit known features of the proximal tubule (371, 376-379), 

RPTECs have also been shown to express stress and injury markers that are usually detected in 

stressed and diseases kidneys. Since they are non-transformed cells, they have a limited 

passaging capacity before they enter senescence (380). An alternative source of renal epithelial 

cells are adult-derived stem cells, which can be differentiated into all the cell types of the 

nephron, including proximal tubule epithelial cells (349). Renal adult-stem cells can give rise 

to cell types of the nephron, develop a proximal tubule-like function and support BKPyV 

replication in vitro (344, 349). A drawback of adult-derived stem cells is that they are cultured 

in a matrix-embedded organoid. Moreover, they are typically less available as they are usually 

isolated from tissue, although renal tubuloids have also been generated from urinary cells (349).  

For our cell culture model, we chose to use commercially sold primary human RPTECs since 

they are easily available and have been widely used to study BKPyV (60, 74, 81, 92, 96, 98, 

113, 122, 125, 132, 135, 372, 373, 380-383). Importantly, RPTECs have previously been shown 

to develop a polarised morphology with a distinct apical and a basolateral membrane on cell 

culture inserts, in spheroids and in microfluidic devices (306, 384-389). Since we needed a 

polarised cell culture model of authentic cells for paper 2, this made RPTECs a suitable cell 

type. 
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In paper 3, the choice of cell type was especially important as the phenomenon we study, 

cytoplasmic vacuolisation, is known to be cell-type dependent. SV40 can induce cytoplasmic 

vacuolisation in 2D cultured CV-1 cells but fail to do the same in 2D cultured Vero cells due 

to lower levels of GM1 (376). The existing evidence on BKPyV and cytoplasmic vacuolisation 

is conflicting and have mainly been generated in less relevant cell types, such as simian cell 

lines and human cells that are not of renal origin (371, 376, 378, 379). BKPyV have been shown 

to induce cytoplasmic vacuolisation in human fibroblasts, foetal brain cells and Vero cells, but 

not in CV-1 cells. By using 2D cultured RPTECs, we could in paper 3 determine that BKPyV 

induce cytoplasmic vacuolisation in a cell type that is relevant for BKPyV replication and 

disease in vivo. To minimise unwanted effects from extended passaging we only used RPTECs 

that had been passaged for a maximum of three passages. 

The aim of paper 2 was to characterise entry and release of BKPyV in polarised RPTECs to 

deepen our understanding of BKPyV dissemination in vivo. To do this, we needed a renal 

epithelial cell culture model with apico-basal polarity. As highlighted in the introduction, there 

are several cell culture models that can mimic polarised renal epithelium, including matrix-

embedded spheroids and organoids that accurately mimic the 3D-organisation of epithelium 

(328, 344, 349). However, a big drawback of matrix-embedded spheroids and organoids is the 

lack access to the membrane domains. Apical or lumen infections can be performed, but this 

requires specialised techniques such as microinjection (359, 390). Moreover, organoids are 

typically developed with the use of stem cells which are more expensive and less available than 

commercially available primary cells (344).  

Cell culture inserts are widely used to generate epithelial cell layers with apico-basal polarity. 

The inserts yield a two-compartment model where both the apical and basolateral membrane 

domain and compartment is accessible. Some drawbacks are that the cell culture inserts only 

yield a 2.5D cell culture model and do not accurately model the 3D organisation of the epithelial 

tissue in vivo. Moreover, cultures on inserts are static and without perfusion or shear stress. As 

previously mentioned, when RPTECs are cultured on cell culture inserts, they develop a more 

in vivo-like morphology and function compared to 2D cell cultures (306, 312, 374, 389, 391). 

Furthermore, cell culture inserts are widely used and are cheaper than organoids and 

microfluidic devices. We therefore chose to develop and utilise a polarised RPTEC model on 

cell culture inserts in paper 2. To do this, RPTECs are seeded on collagen-coated inserts and 

then cultured for seven to ten days, allowing the cells to differentiate and form a confluent 

polarised cell layer (Figure 11). 
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Figure 11: Scheme of establishment of polarised RPTECs on cell culture inserts. Reprinted 

from Lorentzen et al. (392). 

 

4.3 Virus diffusion across cell culture inserts 

An important aspect of using cell culture inserts is the diffusion of virus across the insert. When 

cells are infected from the basolateral side, the insert membrane acts as a mechanical hinder 

that the virus must traverse to access the basolateral membrane domain. When examining if 

virus entry is polarised, it is therefore essential to examine if the virus can diffuse across insert 

membrane and reach the basolateral membrane. Unless this is confirmed, a finding of 

preferential apical entry might be an artefact caused by limited virus diffusion across the insert 

membrane. Importantly, virus diffusion varies between different viruses. In the case of Epstein-

Barr virus (enveloped virus, 80 – 100 nm (393)), only 20% of the purified applied virus 

traversed the membrane of Transwell filters with a pore size of 0.45 µm after 1 hour incubation 

(394). Furthermore, when using pelleted virus, only 10% traversed the membrane. 

Approximately 30% of Hantavirus (enveloped virus, 88-150 nm (395)) diffuse through 0.4 µm 

Transwell inserts (396), while only 0.1% of Rotavirus (non-enveloped virus, 60-100 nm in 

diameter (397)) diffused across 0.4 µm inserts (398). Importantly both pore size and insert-

coating will affect virus diffusion rates. Larger pores typically lead to increased diffusion, while 

coating can reduce diffusion. Apical incubation with human cytomegalovirus (enveloped virus, 

150 – 200 nm (399)) for 2 hours revealed that it could not traverse 0.45 µm pores, while there 

was relatively free diffusion across inserts with a pore size of 3.0 µm (400). Only 5-6% of 

applied Hepatitis A virus (non-enveloped virus, ~30 nm (401)) diffused across collagen-coated 

Transwell inserts with pore size 0.45 µm (402), while with a pore size of 3.0 µm virus diffusion 

was around 30% (403). Diffusion of HSV-1 (enveloped virus, 150 – 200 nm (404)) across 

Transwell inserts with 0.4 µm pore size is limited and was further reduced when the insert was 

coated (405). Similar results were shown for Mumps virus (enveloped virus, 300 – 600 nm 
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(406)), where around 10% of the inoculum diffused through inserts with pore size 0.4 µm, while 

around 30% diffused across 3.0 µm inserts (324). 

Although cell culture inserts with a pore size of 3.0 µm allow greater virus diffusion, a critical 

caveat is that epithelial cells can migrate through 3.0 µm pores (407, 408). Thus, the cell culture 

model will no longer represent a polarised epithelial cell layer with an apical and basolateral 

compartment. Pore size must therefore be optimised to allow maximal virus diffusion without 

allowing epithelial cell migration across the insert. In paper 2 we optimised this by first 

assessing diffusion rate of BKPyV for inserts with pore size 0.45, 1.0 and 3.0 µm. Since, 

RPTECs could migrate through pores of 3.0 µm, we chose pore size 1.0 µm since it allowed 

the greatest diffusion while still restricting the cells to the apical side of the insert.  

4.4 The use of density gradient-purified virus 

In paper 3 we aimed to examine cytoplasmic vacuolisation, a cytopathic effect that BKPyV 

induces in some human cells. When studying viruses, viral infection can be initiated either by 

transfecting viral genomes into cells or by infection. Infections can be performed with purified 

virus or with infectious supernatants or lysates derived from infected cells. When studying 

cytopathic effects and cellular changes induced by a virus it is important to be aware that 

transfection and infection with supernatants or lysates can influence the host cells and induce 

cellular changes that can be misinterpreted as effects induced by the virus. For instance, 

supernatants and lysates can contain a range of molecules, including damage-associated and 

pathogen-associated molecular patterns that can influence a range of cellular processes and 

induce inflammation (409). Treatment of primary human RPTECs with supernatant from 

necrotic RPTECs induced pathogen-recognition receptors, MAP kinase signalling and 

stimulated inflammatory pathways (410). Transfection can have cytotoxic effects and induce 

interferon pathways and reduce cell viability (411). To avoid such artefacts, we used BKPyV 

purified by caesium-chloride density gradient ultracentrifugation. This separates the virus from 

the other proteins in the infectious supernatant or lysate by density, yielding a pure virus stock 

with few contaminants. Use of purified virus stocks allowed us to be sure that the induced 

changes were caused by the virus and not artefacts induced by transfection or by cellular factors 

in an infectious supernatant or lysate. 
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Use of density gradient-purified virus was also advantageous in paper 2, as purified virus has 

been shown to exhibit greater diffusion through cell culture inserts compared to more crude 

virus preparations such as pelleted virus (394). 

4.5 Time-lapse microscopy to study BKPyV infected cells at the single-cell level 

Studies of virus-induced effects have typically been conducted by studying cell populations in 

bulk. This has yielded immense knowledge and understanding of virus-host interactions. 

However, it can be challenging to detect rare or brief events in a bulk population, for instance 

the exact timepoint of progeny virus release or when the first cell undergoes cell death or 

vacuolisation. In an effort to answer this, we performed time-lapse microscopy to directly 

visualise these events at the single cell level.  

In paper 2 we investigated when progeny release and cell death occur in an effort to determine 

if progeny release is lytic or non-lytic. To do this, we measured progeny release by sampling 

the apical and basolateral supernatant at different timepoints and measuring BKPyV DNA load 

and infectious load (fluorescent focus units/ml). Cell death was measured by bulk techniques, 

measuring LDH release and CellTox-fluorescence, and at the single-cell level by time-lapse 

microscopy. For time-lapse microscopy we imaged cells with a 5x objective and 2x tube lens, 

which allowed us to directly visualise when cells became permeabilised. When we used bulk 

techniques, we could first detect an increase in cell death at 120 hpi. With time-lapse 

microscopy, we detected an increase in cell death already at 72 hpi. Furthermore, we observed 

new permeabilised cells before 48 hpi in some fields of view. This showcase the increased 

sensitivity single-cell methods can yield. One drawback of our approach is the limited 

resolution of live-cell imaging of cell culture inserts.  This is caused by the distance between 

the insert and the objective, which surpasses the working distance of many objectives. We were 

therefore limited to a 5x objective with a 2x tube lens. This limited us to partially visualise 

single cells, but with little detail of their morphology. Despite this limitation, time-lapse 

microscopy allowed us to detect cell death earlier than the bulk methods used.  

Another aspect of paper 2 where time-lapse microscopy proved useful was examination of cell 

detachment. By first harvesting supernatants in bulk, we detected increased cell detachment 

from BKPyV infected inserts. Time-lapse microscopy then enabled us to visualise and describe 

how individual cells detached. Thus, revealing that a large fraction of cells underwent extrusion. 
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This highlights how time-lapse microscopy at the single-cell level can yield additional 

information compared to bulk analysis. 

In paper 3 we investigated a similar issue, namely if there is a link between BKPyV-induced 

vacuolisation, cell death and progeny release, as a recent study proposed that vacuolisation 

precedes cell death and progeny release during SV40 infection (412). In that study, cell cultures 

were investigated in bulk to assess vacuolisation, cell death and progeny release in parallel cell 

cultures at different timepoints throughout the replication cycle. When examining this question, 

the temporal resolution is especially important to keep in mind. Cytoplasmic vacuolisation 

occurs only a few hours after virus binding (376, 413). It is therefore necessary to have at least 

equally high temporal resolution to accurately determine what occurs first of cell death and 

vacuolisation. To investigate which of the two occurred first, we investigated single cells by 

time-lapse microscopy with a high temporal resolution of 15 to 30 minutes.   

4.6 Imaging of vacuoles and endosomal compartments 

In paper 3 we utilised a combination of staining and imaging techniques to characterise 

BKPyV-induced vacuoles. Immunofluorescence staining is an essential method that is used to 

stain and visualise various molecules in a biological sample (414). Cells are first fixed and 

permeabilised before antibodies are used to label a specific target protein or molecule. For direct 

labelling the primary antibody must have a fluorochrome label, while for indirect labelling, 

which we used, an additional secondary fluorochrome-conjugated antibody is utilised. 

Fluorescence microscopy can then be used to visualise the distribution or location of the target 

molecule in the cell.  

Endosomal compartments and vacuoles can be particularly challenging to image as fixation can 

alter their morphology and even disrupt them (102). To avoid fixation artefacts, live-cell 

imaging combined with transient expression of fluorescently tagged proteins or fluorescent 

dyes that mark specific subcellular compartments and organelles may be a good alternative 

(414). Transient expression of proteins has drawbacks as the protein is typically overexpressed, 

which can lead to unphysiological localisation and function of the protein compared to 

endogenously expressed protein (414, 415). Moreover, the fluorescent tag itself can affect 

protein localisation and function. Lastly, transfection and transient expression can cause 

cytotoxicity and induce inflammatory signalling such as interferon responses (411, 416). 

Alternatively, one can perform stable transfection to stably express a protein. This is done by 
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genomic integration of the gene or formation of an episomal plasmid with subsequent selection 

and expansion to establish stably transfected cells. However, primary cells are typically difficult 

to stably transfect (416) and stable transfection can induce a range of cellular changes, including 

altered proliferation, apoptosis and even cause mutations (417). Cytoplasmic vacuolisation has 

been shown to be cell-type dependent, it was therefore not an option to use stably transfected 

cell lines since stable transfection potentially could affect the cells’ ability to undergo 

vacuolisation. Furthermore, a finding generated in relevant primary renal epithelial cells is 

possibly more transferable to in vivo BKPyV biology than if it is generated in a cell line. 

We utilised several strategies to image vacuoles and vacuolisation. All phase-contrast and 

oblique contrast microscopy to visualise vacuolisation was performed on live-cells to avoid 

fixation artefacts. When visualising intracellular compartments, we performed both live-cell 

microscopy with fluorescent dyes and transient expression of fluorescently tagged proteins as 

well as immunofluorescence staining of endogenous proteins in fixed cells. For cells that 

transiently expressed proteins, we took care to image cells where the protein of interest was low 

to moderately expressed and avoided cells that strongly overexpressed the protein. Our use of 

both live-cell microscopy techniques and imaging of fixed and stained samples is a strength. 

This enables us to be more certain that our observations are accurate and not artefacts from 

overexpression or fixation.  

To investigate if viral particles were associated with vacuoles, we used an antibody and an 

antiserum directed against BKPyV Vp1 in combination with an antibody directed against 

proteins in the vacuole membrane. We could then perform confocal microscopy to see whether 

Vp1 colocalised with the membrane protein and if there was Vp1-staining within the vacuole.  

Lastly, we utilised transmission electron microscopy (TEM), an alternative imaging technique 

to light microscopy. With TEM, the sample is illuminated by an electron beam instead of light. 

This yields superior resolution compared to light microscopy since TEM is not limited by the 

diffraction limit (418-421). The sample preparation for TEM includes several steps including 

fixation, typically with aldehydes or high-pressure freezing, followed by resin-embedding, 

sectioning and staining with heavy metals. TEM is very useful to study viruses, as the high 

resolution allows direct visualisation of both cell-free and intracellular viral particles (418). 

Furthermore, TEM is useful to study vacuoles and endosomal structures as it enables 

examination of both the membrane and the contents of the structure (422, 423). We therefore 

utilised TEM to examine the ultrastructure of BKPyV-induced vacuoles and to see if they 
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contained viral particles. One drawback of  TEM is a small field of view, which makes rare 

events challenging to detect (418). However, since vacuolisation is prevalent when a high 

infectious dose is used, vacuolised cells are reasonably easy to find. We could therefore perform 

conventional TEM and identify vacuolised cells. We used chemical fixation in our TEM 

preparation. Although widely used, chemical fixation can give fixation artefacts and endosomal 

structures look different after chemical fixation compared to cryofixation (422). Cryofixation 

is therefore viewed as better at preserving the intracellular ultrastructure and particularly 

membranes (422). For future studies of the ultrastructure of vacuoles, cryofixation would be 

preferred over chemical fixation. 
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5 Results and Discussion 

5.1 BKPyV risk stratification and screening of kidney transplant recipients 

BKPyV nephropathy is one of the most important infectious complications in kidney transplant 

patients. Up to 15% of all kidney transplant recipients develop BKPyV nephropathy. 

Importantly, BKPyV nephropathy is associated with reduced allograft function. Ultimately, the 

allograft can be lost, and the patient has to return to dialysis pending re-transplantation (172). 

Regrettably, there is no effective anti-viral treatment and reducing the immunosuppressive anti-

rejection therapy is the only treatment option for BKPyV nephropathy. 

Paper 1 is a case report on two kidney transplant recipients that developed BKPyV nephropathy 

in parallel shortly after transplantation of kidneys from the same deceased donor. The first 

plasma samples that were directly analysed for BKPyV DNA were taken from recipient 1 and 

2 at 5- and 8-weeks post-transplantation, respectively. In both recipients this revealed a BKPyV 

DNAemia qualifying for the diagnosis of presumed BKPyV nephropathy. First at 12 weeks 

post-transplantation, when biopsy-proven BKPyV nephropathy was diagnosed in both 

recipients, was immunosuppression reduced. Retrospectively, we found that both recipients had 

low levels of BKPyV-specific neutralising antibodies prior to transplantation, while the donor 

exhibited high levels. After developing BKPyV DNAemia, a robust antibody response that 

included a large increase in BKPyV-specific neutralising antibodies was observed. Despite this, 

only one of the recipients had cleared the BKPyV DNAemia at one year post-transplantation.  

The results in paper 1 should be carefully interpreted since our study only includes two patients 

and one donor. However, it highlights some important aspects on management of BKPyV 

replication and disease in kidney transplant patients. The current guidelines recommend to 

screen kidney transplant patients monthly for BKPyV DNAemia during the first 9 months post 

transplantation (172). If patients have a BKPyV DNA load >104 copies/ml, the diagnosis of 

presumed BKPyV nephropathy can be set and immunosuppressive treatment should be 

promptly reduced. Our retrospect analysis revealed that both recipients had a BKPyV DNA 

load >104 copies/ml already at week 5. Despite this, reduction in immunosuppressive treatment 

was first performed 12 weeks post transplantation, when biopsy-proven BKPyV nephropathy 

was first diagnosed. Of note, in week 8, recipient 2 showed increasing serum creatinine and a 

BKPyV DNA load of 1.12 × 106 copies/ml and therefore underwent an allograft biopsy. Despite 

the high-level BKPyV DNAemia, the immunohistochemical staining for LTag was negative. 



 

58 

 

This illustrates why presumed BKPyV nephropathy should be diagnosed based on the plasma 

BKPyV DNA load and not depend on LTag staining in allograft biopsies. BKPyV replication 

can be focally distributed in the allograft, especially early in the disease. In a study by 

Drachenberg et al. up to 35% of examined allograft biopsies were negative despite active 

BKPyV replication (179). Importantly, an increase in serum creatinine suggests allograft 

damage and is therefore a slow marker of BKPyV nephropathy compared to BKPyV DNAemia 

which will increase prior to severe allograft damage (221). Delay in the diagnosis can have 

serious consequences as millions of renal tubule epithelial cells have been estimated to be lost 

per day when the plasma BKPyV DNA load is 5 × 104 copies/ml or more (424, 425), thereby 

reducing allograft function and survival (172, 426-428). Reduction of the immunosuppressive 

treatment is important since it contributes to resolution of BKPyV nephropathy and preserves 

allograft function (429-438). Although reduced immunosuppression can increase the risk of 

acute rejection and development of donor-specific antibodies (172). Summarised, whenever 

possible, an active screening for BKPyV DNAemia should be performed as a low adherence to 

the screening recommendations delay the diagnosis of BKPyV nephropathy. 

As mentioned in the introduction, a low BKPyV-specific antibody titre in the recipient and/or 

high antibody titres in the donor have been associated with increased risk of BKPyV DNAemia 

and BKPyV nephropathy (52, 182, 187, 190, 209, 439). Serological assessment of donor and 

recipient has therefore been discussed as a potential risk stratification strategy (172). At the 

time of transplantation, both recipients were seropositive for BKPyV on ELISA and HIA but 

exhibited low levels of neutralising antibodies with a neutralisation titre of only 1:10. In 

contrast, the donor had very high levels of antibodies and neutralising antibodies measured with 

ELISA (normalised optical density of 2.329), HIA (titre of 320), and neutralisation assay (titre 

of >640 IC50), which suggested recent BKPyV replication. Although conclusions cannot be 

drawn from this limited study, our results agree with other studies that have investigated the 

association between BKPyV-specific antibody titres and risk of BKPyV replication and 

nephropathy. Solis and colleagues reported that the genotype-specific neutralising antibody titre 

pre-transplantation could predict development of BKPyV replication and nephropathy (185). 

Similar results have been reported by Dakroub et al., who found a protective effect of high 

BKPyV-specific antibody levels in recipients at the time of transplantation (439). Moreover, a 

seropositive donor is also associated with increased risk of BKPyV replication compared to a 

seronegative donor (187, 209, 439, 440). This can be further expanded to the antibody titre of 

the donor, as there is increasing risk for BKPyV replication and disease with increasing 
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antibody titre in the donor (187, 439). Importantly, Wunderink and colleagues found that 

recipients with low BKPyV-specific antibody titres that received an allograft from a highly 

seroreactive donor, just like we found in our donor and recipients, had a 10-fold increased risk 

of developing BKPyV DNAemia. Summarised, risk stratification based on donor/recipient 

serostatus and antibody titres is a promising strategy and our study is a contribution to the body 

of evidence that support this. One can imagine that this can be used to identify high-risk 

recipients in need of intensified screening or tapered immunosuppressive treatment. However, 

clinical studies are warranted to determine the clinical benefit of such strategies.  

5.2 Host cell release of progeny virus 

BKPyV is a non-enveloped virus and in general, the consensus has long been that non-

enveloped viruses are mainly released via lysis of the host cell (441). This is supported by 

multiple in vitro studies demonstrating lytic release of non-enveloped viruses. Similar results 

have been shown for BKPyV and the related polyomaviruses SV40, which both cause extensive 

lysis in infected cell cultures (56, 129, 131, 132, 412). Moreover, infected lysed renal tubular 

epithelial cells can be seen in biopsies from patients with BKPyV nephropathy (127). Of note, 

non-lytic virus release via secretory autophagosome, exosomes, microvesicles and protrusion 

has been described for several non-enveloped enteric RNA viruses (442). Recently, Handala et 

al. (136) proposed non-lytic release of BKPyV via extracellular vesicles, while Evans et al. 

(135) reported that BKPyV can be released in a non-lytic manner that depend on anion 

homeostasis. Additionally, non-lytic release has been reported for the two related 

polyomaviruses SV40 (140) and JCPyV (137, 138). 

In paper 2 and 3 we investigated the relationship between lysis of BKPyV infected RPTECs 

and progeny release. We visualised lysis of BKPyV infected RPTECs, supporting the existing 

literature that BKPyV induces host cell lysis. Moreover, lysis co-occurred with progeny release 

in both non-polarised and polarised RPTECs, indicating that lytic release is the main release 

mechanism for BKPyV. It should be noted that we did not investigate potential non-lytic release 

mechanisms. Although the majority of progeny release from polarised RPTECs occurred 

concomitant with lysis, we did detect beginning progeny release before we could detect lysis. 

This could indicate a parallel non-lytic release mechanism that supplements lytic release. 

Alternatively, we missed some lysed cells due to the resolution of the time-lapse microscopy. 

In contrast, with non-polarised RPTECs, we could detect lysis prior to the first sampled 

timepoint for progeny release. Polarised RPTECs may be better equipped to perform non-lytic 
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release, perhaps due to apico-basal polarity or differences in the secretory systems. In support 

of this, in a 35 year old study, SV40 was reported to be released in a non-lytic manner from 

polarised simian epithelial cells (140). For future research, polarised RPTECs seem to be a more 

suitable model to investigate non-lytic release of BKPyV than non-polarised RPTECs.   

5.3 Dissemination of BKPyV throughout the reno-urinary tract 

In vivo studies have demonstrated that BKPyV is shed in the urine of both healthy and 

immunocompromised individuals, while BKPyV DNAemia is almost exclusively seen in 

immunocompromised patients with high-levels BKPyV replication (150, 170, 172). However, 

we know little of how the virus reaches these compartments. In paper 2 we sought to answer 

this question by characterising viral entry and release in polarised RPTECs in vitro. 

Interestingly, entry of BKPyV mainly occurred via the apical membranes. As previously 

mentioned, virus release seemed to be mainly lytic, and progeny virus was first detected in the 

apical compartment. In our model the apical compartment represents the tubular filtrate or pre-

urine. Our finding therefore indicates that in vivo BKPyV is spread downstream the tubular 

system in the tubular filtrate. Entry of BKPyV into the basolateral compartment occurred later 

in the infection, at a timepoint when widespread lysis was evident. 

That BKPyV was mainly found in the apical compartment, despite lytic release, can be 

explained by a combination of factors. Firstly, as viral entry is apical, the released progeny virus 

will presumably bind to the apical membrane, thereby containing the virus in the apical 

compartment. Based on paper 3, we think that most virus will bind to the cells closest to the 

lysed cell. Furthermore, when we measured the transepithelial resistance, a measure for the 

tightness of the epithelium, the transepithelial resistance was largely unchanged indicating that 

the epithelium was intact at the time of the first progeny release. This will also contribute to 

restriction of the progeny virus in the apical compartment. Lastly, examination of the apical 

supernatants of BKPyV infected inserts revealed decoy-like cells. These cells were BKPyV 

infected and could transmit infection to uninfected RPTECs. We performed live-cell imaging 

of confluent RPTEC cell layers to examine the shedding process and observed extrusion of dead 

cells. Extrusion allows epithelial cell layers to remove or shed dead or infected cells without 

compromising the integrity of the epithelium (443) The process is often triggered by apoptosis, 

oncogenic transformation or overcrowding of cells. Infection is another inducer of extrusion. 

For instance, Salmonella enterica and Enterovirus A71 can induce extrusion of intestinal 

epithelial cells (444, 445).  Respiratory syncytial virus and Measles virus have been reported to 
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induce cell shedding in airway epithelial cell cultures (326, 446). As far as we know, in vitro 

extrusion of infected RPTECs has not previously been reported. Thus, dead BKPyV infected 

cells are extruded into the apical compartment, leading to release of infectious virus and decoy-

like cells into this compartment. Extrusion of dead BKPyV-infected cells possibly explains why 

the barrier integrity was maintained despite widespread lysis. Although, the mechanism behind 

the cell death was not investigated, the dead cells did not appear to undergo apoptosis and did 

not display features of extruded apoptotic cells (447, 448). 

Importantly, our results of apical dissemination of cell-free virus and extrusion of infectious 

decoy-like cells agree with previous studies on kidney transplant recipients. Drachenberg et al. 

(127) observed that lysis of infected tubular cells leads to massive release of virus into the 

tubular lumen. The cell surface of nearby cells was covered with viral particles, showcasing 

how released progeny virus bind to cells after release. Cell-free viral particles did not cross the 

basement membrane and were restricted to tubules with infected cells. Detached tubular 

epithelial cells have been observed in the tubular lumen (128, 178, 449) and shedding of decoy 

cells is a hallmark of high-level BKPyV replication (178, 450, 451). An important caveat of our 

study is the lack of shear stress or flow since we used a static cell culture technique. We could 

therefore not assess if spread occurs locally or if released virus and detached cells can travel 

down an artificial tubular system to infect distant cells. However, since decoy cells is frequently 

seen in the urine of kidney transplant patients it seems plausible that at least decoy cells can 

spread BKPyV downstream in the tubular system and to the bladder. Interestingly, our findings 

of dissemination along the tubular system resonates with the model suggested by Funk et al. 

(424). They propose that BKPyV replication is initiated in allograft tubular epithelial cells 

before BKPyV is spread to the bladder, where viral amplification occurs followed by ureteric 

reflux back to the allograft for multi-site spread.  

The importance of cell-to-cell spread of BKPyV is further highlighted in paper 3. Here, we 

studied cytoplasmic vacuolisation, a phenomenon that we propose is induced by uptake of 

massive amounts of BKPyV into RPTECs. Interestingly, when we did time-lapse microscopy 

of BKPyV infected RPTECs, we observed that cytoplasmic vacuolisation was concentrated 

around dead, infected cells. This supports the importance of dead infected cells for spread of 

BKPyV and indicates that cell-to-cell spread is important for BKPyV dissemination. We do not 

know how cell-to-cell spread of BKPyV occurs, but could be caused by locally increased 

concentration of BKPyV due to retention of BKPyV on the lysed cell and the closest neighbour 
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cells (452), as observed in BKPyV nephropathy biopsies (127). The latter study also noted that 

tubular epithelial cells seem to be infected via direct contact with dead infected cells. 

Taken together, our results suggest that intra-renal BKPyV dissemination occurs via lytic 

release of cell-free virus and extrusion of infectious decoy-like cells into the tubular fluid. 

Moreover, de novo infection from progeny virus seems to occur via both cell-free virus and by 

cell-to-cell spread from dead infected cells. 

5.4 Cytoplasmic vacuolisation is an early event in the BKPyV replication cycle 

Cytoplasmic vacuolisation is a known cytopathic effect that can be caused by a range of causes 

including viral infection (376, 412, 413, 453), cell death (454, 455), chemical compounds (456, 

457) and bacterial toxins (458, 459). Of particular interest to us, is the fact that SV40, a 

polyomavirus closely related to BKPyV, is known to cause cytoplasmic vacuolisation. SV40-

induced cytoplasmic vacuolisation is reported to be triggered by SV40 binding to host cells 

(376, 413). Moreover, cytoplasmic vacuolisation has been reported to be related to SV40-

induced cell death and progeny release (412). The evidence regarding BKPyV and cytoplasmic 

vacuolisation is conflicting as results differ between different cell types. Luo et al. (376) 

reported that BKPyV pseudovirus could not induce vacuolisation in CV-1 cells, but when the 

receptor-usage of the pseudovirus was changed to GM1, it was capable of inducing 

vacuolisation in CV-1 cells. In contrast, human foetal brain cells and human embryonic 

fibroblasts (371, 378) as well as simian Vero cells (377, 379)  have been reported to develop 

vacuoles during BKPyV infection. 

In paper 3 we first determined that BKPyV infection of RPTECs induces cytoplasmic 

vacuolisation. Moreover, we show that this can occur at two timepoints. First, early 

vacuolization which occurs shortly after BKPyV addition to the cells, if a sufficiently high 

infectious dose is used. Second, a late round of vacuolisation follows and co-occurs with 

progeny release. Our results are in agreement with previous work on SV40 as both Luo et al. 

(376) and Miyamura and Kitahara (413) reported a similar pattern of vacuolisation. Using 

different staining and microscopy techniques we did a comprehensive characterisation of the 

origin of the vacuoles. The vacuoles were endo-/lysosomal structures as they were positive for 

several markers associated with the endocytic pathway, including Rab7 and Lamp1. TEM 

confirmed that the vacuoles looked like endosomes, lysosomes and endolysosomes and that 

they contained virus. The mentioned studies (376, 413), demonstrated that virus binding is a 
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requisite for vacuolisation as neutralising antibodies blocked vacuolisation. We observed the 

same in our study. Preincubating the virus with neutralising antibodies or treating cells with 

neutralising antibodies after infection, blocked early and late vacuolisation, respectively. 

Imaging of vacuolised cells that had been stained for Vp1 revealed that vacuolised RPTECs 

exhibited very strong Vp1-staining, indicating that vacuolisation is related to uptake of BKPyV. 

This was further strengthened by our time-lapse microscopy where we visualised that cell death 

preceded late vacuolisation and that late vacuolisation occurred in cells surrounding dead 

infected cells. Furthermore, disruption of vacuolization had little effect on progeny release and 

cell death. When we stained BKPyV infected RPTECs for LTag and Vp1, we observed that the 

majority of late vacuolised cells were negative for nuclear Vp1, while about 58% exhibited 

nuclear expression of LTag. Many vacuolised cells only exhibited strong cytoplasmic Vp1 

staining, indicating that virus had recently been taken up and that cytoplasmic vacuolisation 

occurs in cells that have recently been infected with a high infectious load. Summarised, this 

thesis demonstrates that cytoplasmic vacuolisation is an early event in the replication cycle of 

BKPyV in RPTECs and that it is not related to BKPyV-induced cell death. 

In paper 2, we observed late vacuolisation in BKPyV infected polarised RPTECs. In paper 3, 

this was further expanded upon as we observed early vacuolisation in polarised RPTECs after 

infection with a high infectious dose. Thus, demonstrating that cytoplasmic vacuolisation 

occurs in both non-polarised and polarised RPTECs. 

5.5 Cytoplasmic vacuolization is caused by a massive uptake of BKPyV into the 

endocytic pathway 

We sought to further characterise the role of vacuolisation in the replication cycle of BKPyV. 

As mentioned, vacuolisation relied on a high uptake of BKPyV into the endocytic pathway. 

Moreover, vacuoles were positive for Rab7 and Lamp1 and had an acidic pH and can therefore 

represent degradative endolysosomes (295, 460). Accumulation of degradative endolysosomes 

could be a potential host-defence strategy to degrade incoming virus. However, vacuolised cells 

became infected, thus vacuolisation did not protect the cells from BKPyV infection.  

Anoth er possibility is that vacuolisation is related to trafficking of large amounts of incoming 

virus. BKPyV have previously been reported to exploit endosomes for ER-delivery (98, 100-

103, 461). The vacuoles contained viral particles and were positive for markers of early (early 

endosome antigen 1) and late endosomes (Rab7) and can therefore potentially partake in 
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transport of BKPyV. Treatment with the vacuolar H+-ATPase (V-ATPase) inhibitor 

bafilomycin A at 0 hpi blocked both vacuolisation and early transport steps of BKPyV. 

Treatment with bafilomycin A at 2 hpi blocked vacuolisation without affecting BKPyV 

replication, demonstrating that vacuolisation is related to BKPyV transport, but it is not obligate 

for BKPyV infection. Therefore, vacuolisation seems more likely to be caused by a transient 

overload of the endocytic pathway due to a massive uptake of BKPyV. After uptake, BKPyV 

is transported to early endosomes with subsequent maturation into late endosomes and 

endolysosomes, as shown by confocal microscopy and TEM. However, a caveat of paper 3 is 

that we have not examined how BKPyV reaches the ER nor if vacuolisation is related to the 

amount of virus that successfully transport to the ER. We therefore do not know the full extent 

of similarities between the vacuoles and the transport pathway that BKPyV utilises. We believe 

that the vacuoles most likely end up as degradative endolysosomes. It therefore seems plausible 

that the successful viral particles that reach the ER must diverge from the vacuoles at some 

point or follow a parallel transport pathway to the ER. 

5.6 The use of neutralising antibodies for treatment of BKPyV nephropathy 

The benefit of BKPyV-specific neutralising antibodies in clearance of BKPyV nephropathy and 

the potential of utilizing commercial neutralising antibodies as a treatment of BKPyV 

nephropathy are currently unclear. Solis et al. reported that a robust humoral immune response 

with a neutralising titre of at least 10 000 was associated with viral clearance (185). However, 

other studies have failed to find similar associations between antibody titres and viral clearance 

(182, 193). Treatment of BKPyV DNAemia with IVIGs and a monoclonal antibody may also 

be beneficial, but randomised trials are lacking (225, 229). 

In paper 2 we utilised our polarised cell culture model to examine if a BKPyV Vp1-specific 

neutralising antibody could traverse the epithelial cell layer from the basolateral side to inhibit 

spread of BKPyV. We found that addition of neutralising antibodies led to a 35% decrease in 

infected cells. This suggests that the antibody can undergo transcytosis and neutralise progeny 

virus in the apical compartment. Similar in vitro results were recently reported by Sato et al., 

who reported that IVIGs could both block BKPyV infection and reduce spread (226). Although 

there are significant differences between the studies, both studies indicate that BKPyV-specific 

neutralising antibodies can reduce spread of BKPyV. An important aspect of neutralising 

antibodies for treatment of BKPyV nephropathy is renal penetration. Can the antibody access 

the tubular lumen to inhibit BKPyV infection? Our study suggests that antibodies that traverse 
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the epithelial cell layer inhibit BKPyV spread via the apical compartment. Of note, we have not 

determined how the antibodies enter the apical compartment, and it could occur via paracellular 

transport and not transcytosis. Our results support the potential utility of neutralising antibodies 

in treatment of BKPyV disease. However, there are still uncertainties. Our cell culture model 

only consists of a single cell layer on a permeable membrane but in vivo, the road from the 

blood to the renal tubular lumen has more obstacles. Antibodies must traverse the endothelium 

of the blood vessel, the renal interstitial space and basement membrane before they can undergo 

transcytosis into the renal tubular lumen. We can therefore not be certain that BKPyV-specific 

neutralising antibodies can reach the renal tubular lumen in vivo.  

In paper 1, both recipients developed high levels of BKPyV-specific antibodies. Use of a 

neutralisation assay confirmed that the antibodies exhibited neutralising activity with a 

neutralisation titre >10 000. Despite high levels of neutralising antibodies, only one of the 

recipients cleared BKPyV DNAemia, showing that a robust neutralising antibody response is 

not enough to clear BKPyV replication. We did not examine the cell-mediated immunity of the 

patients but speculate that the BKPyV-specific cell-mediated immunity differed between the 

two recipients. In support of this, high levels of BKPyV-specific T-cells, especially CD8+ 

cytotoxic T-cells, is associated with viral clearance (190, 192, 193, 197, 198). 

In this thesis we also made some interesting observations that could be potential mechanisms 

for evasion from neutralising antibodies. In paper 2 we demonstrated how BKPyV could be 

transmitted via extruded decoy-like cells. Extruded cells potentially act as vessels for distant 

spread of BKPyV while simultaneously protecting the virus from neutralising antibodies. 

Similar observations have been reported for Enterovirus A71, which induce extrusion of 

infected intestinal epithelial cells that can transmit enterovirus (444). In paper 3, we observed 

that BKPyV-induced late cytoplasmic vacuolisation was focal and concentrated around lysed 

cells. This indicates that dead infected cells can cause infection of the neighbouring cells via 

cell-to-cell spread. Another interesting observation in paper 3 was that despite a strong 

inhibitory effect of neutralising antibodies on vacuolisation, we did observe some vacuolised 

cells with time-lapse microscopy. These cells were concentrated around lysed cells. Although 

vacuolisation was clearly inhibited it seems that some viral particles manage to enter 

surrounding cells in the presence of neutralising antibodies. We do not know the mechanism 

behind this, but it could be due to cell-to-cell spread that partially protects the virus from 

neutralisation (452). One possibility is that the retention of virus on dead cells increases the 

local concentration of virus to a level that exceed the amount of virus that the antibodies can 
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neutralise. Other potential escape mechanism include hiding within extracellular vesicles (136, 

137) and neutralisation escape by accumulation capsid protein mutations (13, 46, 258, 462, 

463). The latter did probably not apply to our study, as cells were only investigated until 5 days 

post-infection. Future in vitro studies should seek to elucidate if decoy cells and dead, infected 

cells can protect BKPyV from neutralisation. 

Since BKPyV-specific anti-viral drugs are lacking, BKPyV-specific neutralising antibodies 

could be a promising therapy for BKPyV disease. Our in vitro studies demonstrate that BKPyV-

specific neutralising antibodies can enter the tubular lumen, however we also observed potential 

mechanism for antibody evasion. Randomised clinical trials are urgently needed to determine 

if IVIGs and BKPyV-specific neutralising antibodies are efficient therapies for BKPyV 

nephropathy.
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6 Conclusions 

This thesis aimed to increase our understanding of important aspects of the BKPyV biology and 

how BKPyV interact with the human host.  

In paper 1 we characterised the antibody response and BKPyV strain in two kidney transplant 

recipients and their common donor after both recipients developed BKPyV nephropathy shortly 

after transplantation. Based on our results we conclude that the recipients had a donor-derived 

infection. Our study highlights the importance of screening for BKPyV DNAemia, as BKPyV 

DNAemia clearly preceded histology-proven BKPyV nephropathy. Moreover, our study 

demonstrates that a BKPyV negative kidney biopsy cannot rule out BKPyV nephropathy. We 

detected known risk factors for development of BKPyV DNAemia and nephropathy such as a 

very high BKPyV-specific antibody titre in the donor in combination with low BKPyV-specific 

antibody titres in the recipients at transplantation. Both recipients developed high titres of 

neutralising antibodies, but only one of them cleared the BKPyV DNAemia, showcasing that 

in some patients, high titres of neutralising antibodies are not enough to clear BKPyV.  

In paper 2, we utilised a polarised cell culture model of RPTECs to demonstrate that entry and 

release of BKPyV mainly occur in the apical compartment, indicating that BKPyV spread in 

the kidney via the tubular fluid. BKPyV infection of polarised RPTECs ultimately ended in host 

cell lysis and release of progeny virus. Moreover, BKPyV infection caused apical extrusion of 

lysed infected cells into the apical compartment. These cells were similar to decoy-cells and 

could transmit infection. Furthermore, neutralising antibodies could traverse the renal 

epithelium to inhibit spread of BKPyV. Our results suggest that BKPyV in vivo can spread in 

the tubular fluid and potentially use decoy cells as a vessel to facilitate distant spread and avoid 

antibody neutralisation. 

In paper 3, we determine that BKPyV induces cytoplasmic vacuolisation in RPTECs. 

Cytoplasmic vacuolisation was found to be an early event in the replication cycle and occur due 

to massive uptake of BKPyV that causes accumulation and enlargement of endo-/lysosomal 

structures. Blocking BKPyV uptake with neutralising antibodies inhibits vacuolisation, 

indicating that both binding and uptake of BKPyV is necessary for vacuolisation. TEM showed 

that vacuoles contained membrane bound BKPyV. We therefore speculate that vacuolisation is 

caused by a transient overload of the endocytic pathway. As late vacuolization occurred in cells 
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surrounding lysed infected cells, we suggest that BKPyV uses cell-to cell spread. Potentially 

this helps BKPyV to escape antibody neutralisation.  

Collectively, this thesis deepens our understanding of how BKPyV interacts with the tubular 

epithelial cells and spread in the kidney. Our characterisation of two fulminant cases of BKPyV 

nephropathy complement the existing understanding of management of BKPyV nephropathy. 

Furthermore, the study demonstrates that in some patients, neutralising antibodies are not 

enough to clear BKPyV replication. We demonstrate how BKPyV disseminates via the apical 

compartment in vitro and propose that BKPyV disseminates via the tubular fluid in vivo. Lastly, 

this thesis unveils two new features of BKPyV replication, that decoy cells are released by 

extrusion and that BKPyV utilises cell-to-cell spread, indicating that BKPyV utilises several 

methods for successful spread.
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7 Perspectives 

This thesis lays the groundwork for future research on BK Polyomavirus. As mentioned, similar 

characteristics as those we found in the donor and recipients in paper 1, have already been 

described in larger retrospective and prospective studies on kidney transplant recipients. Risk 

stratification based on BKPyV serostatus and antibody levels is therefore a promising strategy 

for early detection or to start pre-emptive measures to prevent BKPyV nephropathy. However, 

before it can be implemented in the clinic, randomised interventional studies are needed to 

determine their clinical utility.  

Paper 2 demonstrates the usefulness of a polarised cell culture model to study BKPyV-host 

interactions. This model can be used to address several knowledge gaps in BKPyV biology. 

BKPyV have been proposed to be spread via EVs (136). Our model can for instance be used to 

study if release of BKPyV-containing EVs is uni- or bidirectional. Moreover, paper 2 

demonstrates spread of BKPyV via extruded cells. We hypothesise that this can protect BKPyV 

from neutralising antibodies and support distant spread of BKPyV, but further studies are 

needed to fully understand the role of extrusion and if this occurs in vivo. Lastly, the model can 

be expanded to create a more complex model, for instance by incorporating shear stress or 

organoid technology. This can for instance be used to further examine how BKPyV disseminate 

through the tubular system. 

In paper 3, we determine that BKPyV induces cytoplasmic vacuolisation and that this is an 

early event in the replication cycle. We speculate that vacuolisation is caused by a transient 

overload of the endocytic pathway. Our finding of viral particles in endosomes and 

endolysosomes indicate that this may be the regular transport pathway for BKPyV. However, 

we do not know for certain which transport pathway the successful viral particle that reaches 

the nucleus follows. More research is needed to fully map BKPyV trafficking to the ER and 

nucelus, and to understand the link between BKPyV-induced vacuolization and endocytic 

transport of BKPyV. Understanding how BKPyV transports to the ER and from there to the 

nucleus is necessary to fully understand BKPyV entry. Ultimately, this can aid in identifying 

targets for novel anti-viral drugs.
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Early fulminant BK polyomavirus-associated

nephropathy in two kidney transplant
patients with low neutralizing antibody
titers receiving allografts from the same
donor
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Abstract

Background: BK Polyomavirus (BKPyV) causes premature graft failure in 1 to 15% of kidney transplant (KT)
recipients. High-level BKPyV-viruria and BKPyV-DNAemia precede polyomavirus-associated nephropathy (PyVAN),
and guide clinical management decisions. In most cases, BKPyV appears to come from the donor kidney, but data
from biopsy-proven PyVAN cases are lacking. Here, we report the early fulminant course of biopsy-proven PyVAN in
two male KT recipients in their sixties, receiving kidneys from the same deceased male donor.

Case presentations: Both recipients received intravenous basiliximab induction, and maintenance therapy
consisting of tacrolimus (trough levels 3–7 ng/mL from time of engraftment), mycophenolate mofetil 750 mg bid,
and prednisolone. At 4 weeks post-transplant, renal function was satisfactory with serum creatinine concentrations
of 106 and 72 μmol/L in recipient #1 and recipient #2, respectively. Plasma BKPyV-DNAemia was first investigated at
5 and 8 weeks post-transplant being 8.58 × 104 and 1.12 × 106 copies/mL in recipient #1 and recipient #2,
respectively. Renal function declined and biopsy-proven PyVAN was diagnosed in both recipients at 12 weeks post-
transplant. Mycophenolate mofetil levels were reduced from 750 mg to 250 mg bid while tacrolimus levels were
kept below 5 ng/mL. Recipient #2 cleared BKPyV-DNAemia at 5.5 months post-transplant, while recipient #1 had
persistent BKPyV-DNAemia of 1.07 × 105 copies/mL at the last follow-up 52 weeks post-transplant. DNA sequencing
of viral DNA from early plasma samples revealed apparently identical viruses in both recipients, belonging to
genotype Ib-2 with archetype non-coding control region. Retrospective serological work-up, demonstrated that the
donor had high BKPyV-IgG-virus-like particle ELISA activity and a high BKPyV-genotype I neutralizing antibody titer,
whereas both KT recipients only had low neutralizing antibody titers pre-transplantation. By 20 weeks post-
transplant, the neutralizing antibody titer had increased by > 1000-fold in both recipients, but only recipient #2
cleared BKPyV-DNAemia.

Conclusions: Low titers of genotype-specific neutralizing antibodies in recipients pre-transplant, may identify
patients at high risk for early fulminant donor-derived BKPyV-DNAemia and PyVAN, but development of high
neutralizing antibody titers may not be sufficient for clearance.
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Background
BK Polyomavirus (BKPyV) infects about 90% of the
world’s population [3, 14]. After primary infection,
which usually goes unnoticed, the virus persists quietly
in the epithelial cells of the reno-urinary tract. Asymp-
tomatic low-level virus shedding in the urine has been
detected in healthy immunocompetent blood donors
indicating immune escape of BKPyV [6, 17]. In kidney
transplant (KT) recipients, where the immune system is
suppressed by immunosuppressive drugs in order to
avoid rejection, the prevalence of viruria increases to
more than 60%, and about half of these viruric patients
develop high-level BKPyV viruria defined as > 7 log10
copies (c) per mL and shed decoy cells. About 2 to 6
weeks later, approximately half of these patients progress
to BKPyV-DNAemia and biopsy-proven polyomavirus-
associated nephropathy (PyVAN). The disease is charac-
terized by persisting high-level BKPyV replication in the
tubular epithelial cells of the kidney allograft, causing
cytopathic loss. The disruption of the epithelial cell
monolayer leads to leakage of virus and viral DNA into
the tissue and blood stream i.e. BKPyV DNAemia, and is
followed by a local inflammation [4, 12, 22]. In addition,
high-level BKPyV replication in the multilayered epithe-
lium of the renal pelvis and the bladder, contribute to
the viruria. As antiviral drugs for treatment of PyVAN
are lacking, the mainstay therapy is a stepwise reduction
of immunosuppression [13]. Without this intervention,
more than 90% of affected KT recipients will show a
declining kidney allograft function and experience
premature graft loss.
BKPyV has a circular double-stranded DNA genome of

about 5 kb. The genetic heterogeneity in the VP1 gene en-
coding the major capsid protein Vp1, can be used to div-
ide BKPyV into four sero−/genotypes (I, II, III, IV) [15],
two of which can be further divided into subtypes (Ia, Ib-
1, Ib-2, Ic, IVa-I, IVa-2, IVb-1, IVb-2, IVc-I and IVc-2)
[38]. Another genome sequence used to characterize the
virus is the non-coding control region (NCCR) which
comprises the origin of viral genome replication and
promoter/enhancer functions. In urine from immuno-
competent individuals, BKPyV typically has an archetype
NCCR architecture that has been arbitrarily divided into
five sequence blocks denoted O142 - P68 - Q39 - R63 - S63,
where the subscript number indicates the number of base
pairs. Early in the course of PyVAN, BKPyV strains with
an archetype NCCR are found in urine and plasma. Pre-
sumably due to the lack of a functional T-cell immunity,
these strains are gradually replaced by faster replicat-
ing strains with a rearranged NCCRs showing an up-
regulated expression of the early regulatory protein
large T-antigen (LTag) [9, 23, 24].
Since PyVAN preferentially affects KT recipients,

PyVAN has been suggested to arise mainly due to
donor-derived infection [2]. This concept is supported
by the detection of identical BKPyV-genotypes and/or
strains in the donor urine pre-transplant and in the recipi-
ents urine and/or plasma post-transplant [2, 29, 30, 35, 37].
Moreover, a study of 21,575 recipient pairs receiving
kidneys from the same donor supported this concept,
as BKPyV replication was reported in twice as many re-
cipient pairs (n = 174) than expected by chance [32].
However, data from recipient pairs with biopsy-proven
nephropathy are lacking.
Here, we describe the course of two KT patients develop-

ing early fulminant biopsy-proven PyVAN after receiving
their allografts from the same deceased donor. Retro-
spective sequencing of the BKPyV genome indicated
that PyVAN developed as a result of transmission of
donor-derived BKPyV. Detailed serological studies
identified low neutralizing antibody titers in both recip-
ients pre-transplant as a potential marker of low anti-
viral immune control and increased risk for BKPyV-
DNAemia and PyVAN. Although both recipients developed
a more than 1000-fold increase in neutralizing antibody
(NAb) titers, only one recipient cleared BKPyV-DNAemia.
The potential role of viral and immune markers for screen-
ing, monitoring and follow-up is discussed.
Case presentation
Deceased donor
The donor was a 62-year old male who died from a sub-
arachnoid hemorrhage. He was IgG-seropositive for
cytomegalovirus (CMV) and had blood group A. Retro-
spective investigation of his plasma using three different
serological methods (reviewed in [17]) demonstrated
high-levels of BKPyV neutralizing antibodies. In more
detail, using a neutralization assay, a more than 50%
inhibition of genotype I-pseudovirus infectivity was
obtained when a 640-fold plasma dilution was used,
which corresponds to a NAb titer of 640 half maximal
inhibitory concentration (IC50). The method used was
modified from a protocol by Pastrana and colleagues [25]
by using a pseudovirus containing pEGFP-N1 instead of
phGluc. As a consequence, infectivity was measured as
fluorescent intensity instead of luciferase activity. The
hemagglutination inhibition assay (HIA) [21], measured a
HIA-titer of 320. Finally, the BKPyV-IgG specific enzyme-
linked immunosorbent assay (ELISA) using Vp1-derived
virus-like particles [16], gave a normalized optical density
(nOD) of 2.329 for a plasma dilution of 400, but no IgM
was detectable. Moreover, using a validated quantitative
real-time PCR assay [5], no BKPyV-DNA was detectable
in the donor plasma. Besides, immunohistochemistry of
the baseline kidney biopsy using a commercial antibody
directed against SV40 LTag (Pab416, Merck) but known
to cross-react with BKPyV LTag, was negative.
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Case 1
Recipient #1 was a 68 year old male with end-stage kidney
disease due to granulomatosis with polyangiitis requiring
hemodialysis for the last two years. At the time of trans-
plantation, he had a serum creatinine (s-Cr) of 457 μmol/L
(Fig. 1a). Human leukocyte antigen (HLA) typing showed
one HLA-A, one HLA-B and one HLA-DR mismatches.
His blood group was the same as for the donor and he
was seropositive for CMV-IgG, thus yielding an intermedi-
ate risk for CMV (D+/R+). No known panel reactive anti-
body (PRA) or donor specific antibodies (DSA) were
detected i.e. the recipient had a standard immunologic
risk. He received standard immunosuppressive therapy;
intravenous (i.v.) basiliximab induction, prednisolone, ta-
crolimus (trough levels 3–7 ng/mL from time of engraft-
ment), and mycophenolate mofetil (MMF) 750mg bid.
Four days post-transplant, his s-Cr level was 302 μmol/L,
decreasing to 106 μmol/L by 4 weeks post-transplant
(Fig. 1a). One week later (5 weeks post-transplant), his
plasma was, for the first time, analyzed for BKPyV-
DNAemia and 8.58 × 104 c/mL were detected (Fig. 1b),
giving him the diagnosis presumptive PyVAN.
Fig. 1 Treatment and Clinical Course of Recipient #1. The X-axis is labeled
Arrows indicate biopsies. Y-axis: a Serum creatinine concentration in μmol/
(yellow bar) in log10 c/mL. Retrospectively tested plasma samples (black tria
nOD at the left Y-axis; HIA-titer (orange bar) at the right Y-axis
At 12 weeks post-transplant, his BKPyV plasma load had
increased by 3 orders of magnitude to 1.66 × 107 c/mL
(Fig. 1b), and the s-Cr level had increased to 139 μmol/L
(Fig. 1a). Therefore, an allograft biopsy was taken. The
biopsy showed no interstitial inflammation, no intimal
arteritis, and no rejection, but mild tubulitis (Banff score
of i0t1v0, C4d negative) (Fig. 2a). In addition, positive
immunostaining for LTag was observed in some tubular
epithelial cells (Fig. 2b), establishing the diagnosis of
proven-PyVAN (Stage-B1) [13]. Therefore, MMF was re-
duced from 750mg to 250mg bid while tacrolimus treat-
ment with already low trough levels was left unchanged.
Seven weeks later (19 weeks post-transplant), the plasma

BKPyV load had decreased to 6.35 × 105 c/mL (Fig. 1b).
Subsequently, the patient was seen in his local hospital,
where the s-Cr was reported as stable and plasma BKPyV-
DNAemia was not examined. At the planned one-year
post-transplant surveillance control, the s-Cr was
stable at 135 μmol/L, the plasma BKPyV-load was still
1.07 × 105 c/mL (Fig. 1b), and the urine BKPyV-load
was high with 6.71 × 109 c/mL (Fig. 1b). The protocol
biopsy showed no signs of inflammation or rejection
with the week after transplantation when the sample was taken.
L. b BKPyV-DNA genome levels in plasma (red triangles) and in urine
ngles). c BKPyV-antibody IgG (green line) and IgM (blue line) shown as



Fig. 2 Histological analysis of a renal allograft biopsy from recipient #1 at 12 weeks post-transplant. a HES (hematoxylin, eosin and saffron) stained
section. Original magnification 200x, scale bar =100 μm. b Immunohistochemistry staining of the same biopsy as in a), viral LTag expression
(brown colour) in tubular epithelial cells using the cross-reacting monoclonal anti-SV40 LTag antibody Pab416 (Merck). Original magnification
400x, scale bar =50 μm
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(Banff score of i0t0v0, C4d negative) and no detectable
LTag staining (results not shown) (Fig. 1a).
Retrospective testing of plasma samples taken the first

four weeks post-transplant did not detect BKPyV-
DNAemia (Fig. 1b, black triangles). Nevertheless, BKPyV-
ELISA revealed that recipient #1 was IgG seropositive
(0.442 nOD) and IgM seronegative pre-transplantation.
Of note, the pre-transplant HIA-titer was 80 (Fig. 1c), and
the BKPyV-genotype I NAb-titer was only 10 IC50.

During the first 5 weeks post-transplant, a slow but con-
tinuous increase of the ELISA-IgG activity was found. Then
a more rapid increase was seen with a peak value of nOD
2.646 at 19 weeks post-transplant (the last measured time
point). During this last phase, the BKPyV-IgM became de-
tectable and peaked at 15 weeks post-transplant (Fig. 1c), in-
dicating a significant immune response to BKPyV-antigens.
At 19 weeks post-transplant, the ELISA IgG and the

HIA-titer had increased by six-fold and 256-fold,
whereas the NAb-titer had increased by > 1000-fold to >
10,240 IC90 i.e. the plasma inhibited more than 90% of
the infectious activity at 1:10240 dilution.

Case 2
Recipient #2 was a 62 year old male with autosomal
polycystic kidney disease. He had a s-Cr of 401 μmol/L
pre-transplantation (Fig. 3a). HLA typing showed one
HLA-A, two HLA-B, and one HLA-DR mismatches. The
recipient’s blood group was the same as the donor’s and
he had an intermediate risk for CMV (D+/R+). No
known PRA or DSA were detected and he received the
same immunosuppressive therapy as recipient #1. His
baseline renal function was good with serum s-Cr levels
decreasing from 112 μmol/L at 4 days post-transplant to
72 μmol/L at 5 weeks post-transplant (Fig. 3a).
However, at 6 weeks post-transplant, the s-Cr suddenly

increased to 124 μmol/L (Fig. 3a). At 8 weeks post-
transplant, the plasma was for the first time analyzed for
BKPyV-DNAemia and 1.12 × 106 c/mL was detected
(Fig. 3b), giving the diagnosis of presumptive PyVAN. An
allograft biopsy was taken, but HES staining showed no
signs of inflammation or rejection (Banff score i0t0v0, C4d
negative) and immunohistochemical staining was negative
for LTag (data not shown). The plasma BKPyV-DNAemia
persisted at levels > 6 log10 c/mL (Fig. 3b), and at 12 weeks
post-transplant a second allograft biopsy was taken. This
time the biopsy showed focal interstitial inflammation and
severe tubulitis (Banff score i2t3v0, C4d negative) (Fig. 4a).
In addition, immunostaining revealed LTag-positive epithe-
lial cells (Fig. 4b) giving the diagnosis of biopsy-proven
PyVAN (stage B1). MMF was reduced from 750mg to 250
mg bid, while tacrolimus treatment was left unchanged
(trough levels ng/mL). At 20 weeks post-transplant, the
plasma BKPyV-DNA load had declined to 3.56 × 104 c/mL
and at 29 weeks post-transplant, BKPyV-DNAemia was no
longer detectable (Fig. 3b). Concurrently the s-Cr was
155 μmol/L (Fig. 3a). One year post-transplantation, the s-
Cr had declined to 130 μmol/L (Fig. 3a), plasma was still
negative for BKPyV-DNAemia (Fig. 3b) while urine was
positive with a low BKPyV load of 1.6 × 105 c/mL (Fig.
3b). The protocol biopsy showed limited inflammation
and mild tubulitis (Banff score of i1t1v0, correspond-
ing to Banff borderline for rejection, C4d negative)
and negative LTag staining (results not shown).
Retrospective testing of plasma BKPyV-DNAemia re-

vealed 2.59 × 103 c/mL in plasma already at 4 weeks
post-transplant (Fig. 3b, black triangles). Besides,
BKPyV-ELISA demonstrated that recipient #2 was IgG
seropositive (nOD of 0.191) and IgM seronegative pre-
transplantation. As for recipient #1, the pre-transplant
HIA-titer was 80 (Fig. 3c), and the BKPyV-genotype I
NAb-titer was only 10 IC50. During the first 7 weeks
post-transplant, a slow but continuous increase of the



Fig. 4 Histological analysis of a renal allograft biopsy from recipient #2 at 12 weeks post-transplant. a HES (hematoxylin, eosin and saffron) stained
section showing inflammation (arrows). Original magnification 200x, scale bar = 100 μm. b Immunohistochemistry staining of the same biopsy as
in a), showing LTag expression (brown colour) in tubular epithelial cells when the monoclonal anti–SV40 LTag antibody Pab416 (Merck) is used.
Original magnification 400x, scale bar = 50 μm

Fig. 3 Treatment and Clinical Course of Recipient #2. The X-axis is labeled with the week after transplantation when the sample was taken.
Arrows indicate biopsies. Y-axis: a Serum creatinine concentration in μmol/L. b BKPyV-DNA genome levels in plasma (red triangles) and in urine
(yellow bar) in log10 c/mL. Retrospectively tested plasma samples (black triangles). c BKPyV-antibody IgG (green line) and IgM (blue line) shown as
nOD at the left Y-axis; HIA-titer (orange bar) at the right Y-axis.
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BKPyV-IgG titer was found. Then a more rapid increase
was seen until the IgG titer plateaued from 13weeks post-
transplant with a maximum nOD of 3.017 at 17 weeks
post-transplantation. From 4weeks post-transplant the
BKPyV-IgM became positive and from 11weeks post-
transplant the HIA-titer peaked with 10,240 (Fig. 3c). At
20 weeks post-transplant, the ELISA IgG and the HIA-
titer had increased by 16-fold and 128-fold, whereas the
NAb-titer had increased by > 1000-fold to > 10,240 IC90.

Genetic analysis of BKPyV DNA in plasma and urine
samples from both patients
In order to investigate the genotype and strain of BKPyV in
plasma and urine samples, two nested PCRs were used to
amplify a 330 base pair fragment of the VP1 gene and the
complete NCCR [19]. The sequence results from both early
plasma samples and urine samples from both recipients re-
vealed virus of genotype Ib-2 having identical archetype
NCCR. These results suggest that both recipients were
infected with an identical BKPyV strain. However, one year
post-transplant plasma sample of recipient #1, also
contained strains with NCCR rearrangements, including
one strain denoted RH-20 (GenBank Accession number
MN627732), having a 60 bp deletion in the Q- and R-block
removing the Sp1–4 transcription factor binding site [1].

Discussion and conclusions
In this study we report the parallel onset of early fulmin-
ant biopsy-proven PyVAN in two KT patients having
received one kidney each from the same deceased donor.
DNA sequencing of BKPyV DNA amplified from early
plasma and urine samples, revealed an apparently identi-
cal virus of genotype Ib-2 with archetype NCCRs, in
both recipients. This together with the clinical course,
supports the notion of donor kidney transmission of
BKPyV. Both recipients shared several previously re-
ported risk factors for PyVAN [13] such as being males
in their sixties and receiving treatment with tacrolimus-
mycophenolic acid, whereas other risk factors such as
lymphocyte-depleting induction or acute rejection epi-
sodes treated with steroid pulses were not present.
Our retrospective analyses revealed that the donor and

both recipients were BKPyV-IgG seropositive before
transplantation, but significantly differed in their NAb-
titers for the replicating BKPyV genotype, which was al-
most 100-fold higher in the donor than in the recipients.
These observations in the recipients are in line with a
recent study by Solis and colleagues [31]. They re-
ported that low NAb-titers against the donor BKPyV
genotype, here defined as less than 4 log10 IC50, was
associated with an increased risk of BKPyV-DNAemia
and PyVAN. Despite this striking similarity, the titers
may not be directly comparable, since they used a
slightly different protocol.
Remarkably, the BKPyV-genotype I NAb-titers in-
creased in both of our patients by more than 1000-fold
to 10,240 IC90, thereby, reaching titers associated with
clearance of BKPyV DNAemia [31]. Indeed, following
MMF reduction, BKPyV-DNAemia declined in recipient
#2, and cleared with 3 months. In contrast, recipient #1
had persistent BKPyV-DNAemia levels above 105 c/mL
and high-level viruria detectable at one year post-
transplant. Moreover, as previously reported [9, 23], the
archetype NCCR of the BKPyV genome was now re-
placed by a rearranged NCCR in line with on-going
intra-patient evolution and insufficient antiviral immun-
ity. In particular, CD8 T cells directed against immuno-
dominant 9mer epitopes derived from the viral early
protein LTag has been implicated in clearance of
BKPyV-DNAemia [17, 20]. Such immunodominant epi-
topes are presented by HLA-B51 which alone or in com-
bination with HLA-B7 and -B8 has been associated with
a lower risk of BKPyV DNAemia [34, 36]. Both recipi-
ents lacked these HLA types, except recipient #2 having
HLA-B7. Possibly, lack of these HLA-types contributed
to the rapid onset and protracted course of PyVAN.
Although we cannot exclude a synergizing role of neu-

tralizing antibodies in the control of BKPyV replication
in the affected tubulus of a given nephron, it remains
unclear how sufficient antibodies can prevent the well
documented cell to cell spread in the nephron.
We noted that the donor was in an age group that

is characterized by low titers of BKPyV-specific IgG
[10, 18, 28]. In our comprehensive serological assess-
ment using three different assays, however, the donor had
high BKPyV-IgG ELISA activity (2.329 nOD), a high HIA-
titer (320) as well as a high NAb-titer (> 640 IC50). These
results suggest that the immune system of the donor had
been exposed to BKPyV recently. Considering the donor’s
age and the undetectable BKPyV-IgM, this exposure was
probably not due to a primary infection, but rather a
recent reactivation leading to increased viral loads in his
kidneys. Although no pre-transplant viruria samples from
the donor were available, the high neutralizing activity
against BKPyV of genotype I and the fact that BKPyV ge-
notypes are serologically distinct [26], argues for transmis-
sion of genotype I, which also was found in the recipients.
Our parallel kidney transplant case studies from a sin-

gle donor are also notable for further specific details.
Unlike in the donor, the BKPyV-specific antibodies mea-
sured by ELISA and by the neutralization assay were dis-
cordant in both recipients with respect to the level at
the time of transplantation, being higher in the former
assay, but nearly undetectable in the latter. This suggest
that the ELISA is more sensitive, but less specific for a
given BKPyV genotype than the neutralization assay.
This may also explain the lack of association of recipient
ELISA antibody levels with BKPyV-DNAemia seen in a
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recent study of living donor-recipient pairs [11]. More-
over, from three weeks post-transplant, the ELISA titers
started to increase suggesting a CD4-T cell help inde-
pendent memory B-cell response to viral antigen expos-
ure, for example resulting from donor virus replication
in both kidney allografts directly after transplantation.
This interpretation is supported by the fact that the anti-
body levels increased in parallel with increasing BKPyV-
DNAemia before immunosuppression was reduced.
Another aspect is the observation that the first biopsy

of recipient #2 was negative for BKPyV-LTag expression
although BKPyV-DNAemia was higher than > 106 c/ml.
Only a second biopsy taken 4 weeks later confirmed
proven PyVAN. This suggests that the biopsy must have
missed the typically focally arranged LTag positive epi-
thelial cells, which has been previously documented in a
study involving 41 KT recipients with persisting high-
level BKPyV-DNAemia [4]. In this study multiple biopsy
cores were taken at the same time, and discordant LTag-
positive and LTag-negative biopsy cores were found in
more than 30% of the cases. The focal nature of PyVAN
may also explain why the baseline biopsy at transplant-
ation and the protocol biopsy taken one year post-
transplant of recipient #1 were negative. Cases of allo-
graft nephrectomy have clearly demonstrated that
BKPyV-DNAemia is derived directly from the renal allo-
graft [7, 8] and BKPyV-DNAemia is now considered a
direct biological marker of PyVAN [13]. Importantly this
has been implemented in the recently updated guidelines
on BKPyV in solid organ transplantation [13]. A renal
allograft biopsy is only needed to decide on immunosup-
pression reduction in patients with an increased risk of
acute rejection (i.e. the presence of DSA or known PRA
positivity) or impaired baseline renal function of un-
known origin. For all other patients, a preemptive treat-
ment algorithm is recommended. To better reflect the
continuum of BKPyV replication, immunosuppression
reduction is recommended for KT patients with
plasma BKPyV-DNAemia of 1000 c/ml sustained for
more than three weeks (probable PyVAN), or more
than 10,000 c/ml (presumptive PyVAN).
Finally, while supporting the potential of neutralizing

antibodies as markers of increased risk, our case studies
raise questions about the potential of neutralizing anti-
bodies for prophylaxis or therapy. As commercial human
i.v. immunoglobulin (Ig) has been shown to contain
BKPyV neutralizing antibodies [27], recently monthly i.v.
Ig injections during the first three critical months post-
transplant was suggested as an initiative to prevent
PyVAN development [33]. Others have suggested pre-
vaccination of KT recipients with a multivalent VLP-
based vaccine against all BKPyV sero−/genotypes [25].
However, the question has been raised whether or not
the apparently beneficial neutralizing antibody activity
observed in patients represents surrogates of their corre-
sponding CD4 and/or CD8 activity (reviewed in [17, 20]).
It is conceivable that the efficacy of administrating intra-
venous immunoglobulins may differ when given prophy-
lactically before significant BKPyV spread in the renal
allograft has occurred, or when administered in patients
with significant BKPyV-DNAemia and PyVAN. Random-
ized controlled clinical trials are needed to address both
situations. However, our study and that of others suggests
that the antibody status pre-transplantation should be
assessed in order to obtain meaningful results.
In this paired kidney case report, donor-derived trans-

mission with rapid progression to presumptive and proven
PyVAN probably occurred due to the combination of a
recent BKPyV exposure in the donor and initial low levels
of BKPyV-genotype I neutralizing antibodies in both re-
cipients. More evidence is needed to evaluate whether
measurement of neutralizing antibodies pre-transplant
can be useful in organ allocation or more intense post-
transplant screening. Until then, monthly screening for
BKPyV-DNAemia followed by a rapid reduction of
immunosuppression remains the standard measure to
prevent allograft damage and loss due to PyVAN.
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Abstract

Most humans have a lifelong imperceptible BK Polyomavirus (BKPyV) infection in epithelial

cells lining the reno-urinary tract. In kidney transplant recipients, unrestricted high-level repli-

cation of donor-derived BKPyV in the allograft underlies polyomavirus-associated nephrop-

athy, a condition with massive epithelial cell loss and inflammation causing premature

allograft failure. There is limited understanding on how BKPyV disseminates throughout the

reno-urinary tract and sometimes causes kidney damage. Tubule epithelial cells are tightly

connected and have unique apical and basolateral membrane domains with highly special-

ized functions but all in vitro BKPyV studies have been performed in non-polarized cells. We

therefore generated a polarized cell model of primary renal proximal tubule epithelial cells

(RPTECs) and characterized BKPyV entry and release. After 8 days on permeable inserts,

RPTECs demonstrated apico-basal polarity. BKPyV entry was most efficient via the apical

membrane, that in vivo faces the tubular lumen, and depended on sialic acids. Progeny

release started between 48 and 58 hours post-infection (hpi), and was exclusively detected

in the apical compartment. From 72 hpi, cell lysis and detachment gradually increased but

cells were mainly shed by extrusion and the barrier function was therefore maintained. The

decoy-like cells were BKPyV infected and could transmit BKPyV to uninfected cells. By 120

hpi, the epithelial barrier was disrupted by severe cytopathic effects, and BKPyV entered the

basolateral compartment mimicking the interstitial space. Addition of BKPyV-specific neu-

tralizing antibodies to this compartment inhibited new infections. Taken together, we pro-

pose that during in vivo low-level BKPyV replication, BKPyV disseminates inside the tubular

system, thereby causing minimal damage and delaying immune detection. However, in kid-

ney transplant recipients lacking a well-functioning immune system, replication in the allo-

graft will progress and eventually cause denudation of the basement membrane, leading to

an increased number of decoy cells, high-level BKPyV-DNAuria and DNAemia, the latter a

marker of allograft damage.
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Author summary

BKPyV causes polyomavirus-associated nephropathy, a severe condition affecting kidney

transplant recipients. Besides, BKPyV is commonly detected in urine of healthy individu-

als. The renal tubules are lined by polarized epithelial cells that form a physical barrier

with specialized functions. This is the first in vitro study of BKPyV replication in polarized

tubule epithelial cells, a model reflecting the renal tubule anatomy. Cytopathic effects

described in patients with polyomavirus-associated nephropathy, such as cell lysis and cell

shedding, were recreated. Moreover, we demonstrate that BKPyV enters epithelial cells

from the apical side and that viral progeny and infected cells are released into the apical

compartment, which is mimicking the tubular lumen, without disrupting the epithelial

barrier. Eventually the barrier was disrupted and BKPyV leaked into the basolateral com-

partment, mimicking the interstitial space. Our results suggest that in healthy individuals,

viral progeny disseminates in the tubular fluid, thus delaying immune detection. In kidney

transplant recipients with a suppressed immune system, BKPyV replication in the allo-

graft may progress and cause massive cell loss and leakage of BKPyV-DNA into blood.

Summarized, we have established a useful model to study renal BKPyV infection and used

it to deepen our understanding of BKPyV dissemination and cytopathic effects.

Introduction

BK Polyomavirus (BKPyV), one of the 13 known human polyomaviruses [1,2], infects more

than 90% of the population worldwide [3]. BKPyV persists in epithelial cells of the reno-uri-

nary tract and is intermittently shed in the urine of healthy individuals without causing symp-

toms [4]. In immunosuppressed individuals, mainly kidney transplant and allogeneic stem cell

transplant recipients, unrestricted BKPyV replication causes polyomavirus-associated

nephropathy (PyVAN) [5] and polyomavirus-associated hemorrhagic cystitis [6], respectively.

Moreover, some PyVAN patients develop bladder cancer years later [7–9]. PyVAN affects

1–15% of kidney transplant patients. The early phase is characterized by uncontrolled BKPyV

replication in tubule epithelial cells in isolated nephrons of the allograft, resulting in BKPyV

viruria with little impact on renal function. Somehow BKPyV disseminates to multiple neph-

rons, which is causing high-level viruria, urinary decoy cells and high-level BKPyV DNAemia

[10–14]. Finally, interstitial and tubular inflammatory infiltrates become prominent, contrib-

uting to the declining allograft function. As no effective anti-viral therapies are available and

reduced immunosuppression is the only treatment option, PyVAN is an important cause of

reduced allograft function and premature allograft loss [5].

The replication cycle of BKPyV has been studied in various non-polarized cell cultures such

as African green monkey kidney cell lines [15] and more recently in primary human renal

proximal tubule epithelial cells (RPTECs) [16]. However, these cell cultures differ greatly from

epithelial cells in vivo, where apico-basal polarity yields two unique membrane domains which

are essential for the cell shape and function [17]. Apico-basal polarity can have important

influence on the viral replication cycle [18]. For instance, polarized distribution of viral recep-

tors can restrict viral entry to one membrane domain while directional protein sorting can

lead to directional progeny release [18]. The influence of apico-basal polarity on BKPyV entry

and release is not characterized and we therefore have limited understanding of how BKPyV

disseminate from tubule epithelial cells and spread throughout the reno-urinary tract and

sometimes causes kidney damage. In an effort to answer these questions, we established an in
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vitro model of polarized human RPTECs and used this model to characterize major steps of

the BKPyV replication cycle.

Results

Renal proximal tubule epithelial cells develop a polarized morphology and

functionality

To examine if virus entry and release is polarized, we needed access to both membrane

domains. We therefore chose to utilize permeable cell culture inserts (Fig 1A), previously used

for polarization of renal epithelial cells [19–22]. To examine if RPTECs developed a polarized

morphology, they were cultured on Falcon-inserts with pore size 1.0 μm. At 8 days post-seed-

ing (dps), immunofluorescence staining and confocal microscopy demonstrated hallmarks of

polarized epithelial cells such as basolateral distribution of sodium-potassium ATPase (Na/

K-ATPase) (Fig 1B), apical primary cilia shown by acetylated α-tubulin (Fig 1B) and intercel-

lular tight junctions represented by zonula occludens-1 (ZO-1) (Fig 1C).

In the nephron, the epithelium in the proximal tubule is known to be leakier than the epi-

thelium in the distal parts of the nephron [23,24]. To investigate the integrity of the tight junc-

tions in polarized RPTECs, we measured the transepithelial electrical resistance (TEER). It

gradually increased during culture and plateaued at 20–30 Ω * cm2 from 8 dps (Fig 1D). The

barrier function was further examined by measuring the diffusion of FITC-dextran across the

cell layer. Compared to non-polarized RPTECs (at 2–3 dps), diffusion across polarized

RPTECs (at 8–10 dps) was reduced by 65% (Fig 1E).

Epithelial cells of the proximal tubule have several drug transporters, including the P-glyco-

protein (P-gp) efflux pump [25]. To evaluate the functionality of P-gp, the cell-permeant cal-

cein AM and the P-gp inhibitor Psc-833 can be used [26]. If P-gp is inhibited, calcein AM

accumulates intracellularly and is hydrolyzed into fluorescent calcein. Polarized RPTECs were

exposed to calcein AM in the presence or absence of Psc-833 before fluorescence was mea-

sured. Inhibition of P-gp increased the intracellular fluorescence by approximately 70% (Fig

1F), confirming that polarized RPTECs have an active P-gp efflux pump. Transwell-inserts

with pore size 0.4 μm yielded results similar to pore size 1.0 μm for polarity markers, FITC-dif-

fusion and P-gp activity (S1A–S1E Fig). Falcon-inserts with pore size 3.0 μm were unsuitable,

as RPTECs migrated through the pores (S1F Fig).

In summary, our morphological and functional assessment confirmed that RPTECs cul-

tured on inserts develop a polarized morphology and exhibit functions similar to epithelial

cells in the proximal tubule. The subsequent virus experiments were performed from 8 dps,

when TEER values plateaued.

Polarized RPTECs support BKPyV replication

We next investigated if the polarized RPTECs were permissive for BKPyV. Two hours after

apical infection, confocal microscopy demonstrated punctate Vp1-staining (Fig 2A), indicat-

ing binding and internalization of BKPyV. Transmission electron microscopy (TEM) con-

firmed binding of BKPyV to the apical membrane (Fig 2B) and a polarized morphology with

microvilli, tight junctions and basal labyrinths (Fig 2B). At 72 hours post-infection (hpi),

immunofluorescence staining (Fig 2C) and immunoblot (Fig 2D) showed expression of

BKPyV proteins, while confocal microscopy demonstrated enlarged nuclei with inclusions

(Fig 2E).

In summary, we found that polarized RPTECs supported BKPyV replication and may

therefore be a suitable model for studying entry and release of BKPyV.
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Fig 1. RPTECs develop a polarized morphology and functionality on cell culture inserts. (A) Scheme of cells

cultured on a permeable cell culture insert. (B and C) At 8 days post-seeding (dps), RPTECs on Falcon-inserts were

fixed and stained for: (B) Na/K-ATPase (green) and acetylated α-tubulin (red), and (C) ZO-1 (green). Nuclei were

stained with Draq5 (blue). Images are representative images from at least three independent experiments. Scale bar

10 μm. (D) Transepithelial electrical resistance (TEER) values of RPTECs at 2 to 14 dps. Data is derived from two to

four biological replicates per timepoint. Data are shown as means and error bars represent ± standard deviation (SD).

(E) Diffusion of FITC-dextran from the apical to the basolateral compartment across polarized and non-polarized

RPTECs. Data is normalized to the non-polarized control, n = 3 and error bars represent ± SD. * = P< 0.05, one

sample t test. (F) Accumulation of intracellular calcein AM in the presence or absence of the P-gp inhibitor Psc-833,

quantified by fluorescence measurement using a plate reader. Data is normalized to the untreated control, n = 3 and

error bars represent ± SD. *** = P< 0.001, one sample t test.

https://doi.org/10.1371/journal.ppat.1011622.g001
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Fig 2. Polarized RPTECs support BKPyV infection. (A) Binding and internalization of BKPyV (MOI 0.1) in

polarized RPTECs at 2 hours post infection (hpi) demonstrated by immunofluorescence staining against Vp1 (4942)

(red) and Na/K-ATPase (green). Scale bar is 10 μm. (B) Transmission electron micrographs of polarized RPTECs that

have been inoculated with BKPyV for 2 hours. Top image is an overview image with scale bar 5 μm. Bottom images are

representative images from 70 nm serial sections of virions on the cell surface (black arrowhead). Scale bar 100 nm.

Productive BKPyV infection in polarized RPTECs at 3 days post infection (dpi) with BKPyV (MOI 1) is demonstrated

by: (C) Immunofluorescence staining against Vp1 (rabbit serum) (green) and LTag (Pab416) (red) (top image) or

agnoprotein (green) and Vp1 (4942) (red) (bottom image). (D) Western blot using rabbit serums against N-terminal

LTag, Vp1 and agnoprotein. Lysates of mock infected cells were used as negative control and a GAPDH antibody was

used as a loading control. (E) Confocal microscopy images of BKPyV infected cells. Top images are stained with rabbit

serum against N-terminal LTag (green) and an antibody against Vp1 (4942) (red). Bottom images are stained for Na/

K-ATPase (green) and LTag (Pab416) (red). Mock infected cells are included as a negative control. Scale bar 10 μm. In

(A), (C) and (E), nuclei are stained with Draq5 (blue) and representative images from three independent experiments

are shown.

https://doi.org/10.1371/journal.ppat.1011622.g002
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BKPyV preferentially enters polarized RPTECs through the apical

membrane

It is not known which compartment BKPyV must access to infect renal tubule epithelial cells

in vivo. To shed light on this, we examined the entry of BKPyV in our polarized model. To

ensure that BKPyV could traverse the insert, we first determined the diffusion of BKPyV

through empty inserts. Approximately 19% of applied virus diffused across Falcon-inserts

(1.0 μm) while only 5% diffused across the Transwell-inserts (0.4 μm). Based on this, the Fal-

con-inserts and a 5.3x higher BKPyV concentration for basolateral infections were used for

subsequent experiments.

We infected polarized RPTECs via the apical membrane or the basolateral membrane and

determined infectivity by immunofluorescence staining. Basolateral infection yielded 71%

fewer infected cells than apical infection (Figs 3A and S2A). We hypothesized that this was

caused by poorer binding of BKPyV to the basolateral membrane. To examine this, we

repeated the previous experiment except that we performed immunofluorescence staining at 2

hpi and compared the intensity of the Vp1-signal. Apical infection yielded a significantly

stronger Vp1-signal (Fig 3B and 3C), indicating that more Vp1 bound to the apical membrane

than the basolateral membrane. As a control, we infected RPTECs at 2 dps i.e. prior to polari-

zation, and found no difference in infectivity between apical and basolateral infection (Figs 3D

and S2B). This confirms that apico-basal polarity is necessary for preferential apical entry.

It has previously been shown that BKPyV can utilize sialic acids and gangliosides on non-

polarized Vero cells as receptors [27–31]. To assess if sialic acids are necessary for BKPyV

infection in polarized RPTECs, we performed a neuraminidase pre-treatment. This reduced

infectivity by 90% (Figs 3E and S2C), confirming that sialic acids are indispensable for BKPyV

infection in polarized RPTECs.

In lack of suitable antibodies against gangliosides, Texas-Red conjugated wheat-germ-

agglutinin (WGA) was used to examine the distribution of sialic acids. WGA-staining was

almost exclusively seen on the apical membrane (Fig 3F). In non-polarized RPTECs, both api-

cal and basolateral application of WGA yielded visible staining (S2D Fig).

We conclude that BKPyV mainly enters RPTECs through the apical membrane, possibly

because of more sialic acids at the apical membrane. All subsequent infections were done via

the apical compartment.

BKPyV is mainly released into the apical compartment

In vivo, the direction of virus release has important consequences as it influences if viruses dis-

seminate systemically or cause local infection [18]. For viruses infecting tubule epithelial cells,

apical release will result in viruria while basolateral release will result in virus in the interstitial

space and potentially viremia. To investigate if BKPyV undergo directional release, we infected

polarized RPTECs (MOI 0.3), sampled the supernatants before removal of the inoculum at 2

hpi and at several later timepoints up to 120 hpi and analyzed BKPyV-DNA loads. At 2 hpi

only 0.4% of the extracellular BKPyV-DNA load was detected in the basolateral compartment

(S3A Fig), confirming that the epithelial cells formed a tight barrier. At 48 and 58 hpi, the

extracellular BKPyV-DNA load in the apical compartment had increased by 0.7 log and 1 log

from input, i.e. the inoculum left after washing (Fig 4A), suggesting that progeny release had

started. The apical BKPyV-DNA load increased up to the last timepoint, 120 hpi, at which a

3.1 log increase was found (Fig 4A). Up to 58 hpi, the BKPyV-DNA load in the basolateral

compartment was 2.4 to 2.8 log lower than in the apical compartment. The difference

decreased to 1.3 log at 120 hpi. BKPyV infection with MOI 3 and 30 yielded similar results,
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Fig 3. BKPyV preferentially enters polarized RPTECs via the apical membrane. (A) BKPyV infectivity following

apical and basolateral infection. Apical infection was performed with MOI 0.1 while basolateral infection was done

with 5.3x more virus. Data represents the number of infected cells based on immunofluorescence staining for Vp1

(4942) and agnoprotein at 3 dpi and is presented as relative infectivity normalized to the mean number of infected cells

for apical infection. n = 5 and error bars represent ± SD. * = P< 0.05, two-tailed t test (B) Detection of BKPyV at 2

hours after apical and basolateral infection, respectively. Immunofluorescence staining for Vp1 (4942) was performed

and followed by confocal microscopy and acquisition of z-stacks. Vp1-staining intensity was measured in sum z-

projections and is represented as mean fluorescence intensity. Z-stacks of mock infected cells were used as a negative

control and subtracted as background. Error bars represent ± SD and n = 3. ** = P< 0.01, two-tailed t test. (C)

Representative z-slices from (B) stained for Vp1 (4942) (green) and Draq5 (blue). Scale bar 10 μm. (D) BKPyV

infectivity in non-polarized RPTECs following apical or basolateral infection at 2 dps. Apical infection was performed
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except that the basolateral BKPyV-DNA load increased slightly earlier (S3B and S3C Fig). Of

note, at 120 hpi, we observed considerable cytopathic effects (CPE).

Next, we examined if the extracellular BKPyV-DNA corresponded to infectious BKPyV by

inoculating supernatants onto non-polarized RPTECs. Up to 72 hpi, virus was exclusively

found in supernatants from the apical compartment (Fig 4B). In supernatants from the baso-

lateral compartment, virus was detected at 120 hpi (Fig 4B), coincident with the observed CPE.

Notably, the infectious BKPyV load was still about 2 log lower than in the apical supernatants.

We conclude that BKPyV is preferentially released into the apical compartment and that

basolateral BKPyV represents leakage from the apical compartment. Detection of apical prog-

eny release between 48 and 58 hpi, suggests that the BKPyV replication cycle is of similar

length as in non-polarized RPTECs [32].

BKPyV replication causes late cell death in polarized RPTECs

Due to the detection of CPE, we decided to examine the morphology of cells throughout

BKPyV infection (MOI 3.0). Cytoplasmic vacuolization, cell rounding and loss of the cobble-

stone-pattern emerged at 72 hpi, increased over time and was most evident at 120 hpi (Fig

5A). We also noted that a reduced infectious dose (MOI 1 or 0.3) gave less CPE (results not

shown).

with approximately MOI 0.1 while basolateral infection was done with 5.3x more virus. Data represents the number of

infected cells based on immunofluorescence staining for Vp1 (4942) and agnoprotein at 3 dpi and is presented as

relative infectivity normalized to the mean number of infected cells for apical infection. n = 4 and error bars

represent ± SD. ns = P> 0.05, two-tailed t test (E) BKPyV infectivity after neuraminidase-pretreatment. Data

represents the number of infected cells based on immunofluorescence staining for Vp1 (4942) and agnoprotein at 3

dpi and is presented as relative infectivity normalized to the untreated control. n = 3 and error bars represent ± SD. ***
= P< 0.001, one sample t test. (F) Representative apical z-slice from a z-stack of polarized RPTECs stained with Texas

Red conjugated wheat germ agglutinin (red) and Hoechst (blue). Scale bar 10 μm.

https://doi.org/10.1371/journal.ppat.1011622.g003

Fig 4. BKPyV is mainly released into the apical compartment. (A) Polarized RPTECs were apically infected (MOI

0.3) and supernatants were collected at the indicated timepoints for BKPyV-DNA load (log 10 copies/ml)

determination by qPCR. Data was generated from at least three independent experiments, except the 96 hpi timepoint

which was derived from two independent experiments. (B) Polarized RPTECs were apically infected (MOI 1) and

supernatants were collected at the indicated timepoints for determination of BKPyV infectious load (log 10 FFU/ml)

by infectivity assay. Infectious load at 24 hpi was defined as input and subtracted as background. Data was generated

from six independent experiments. Error bars represent ± SD for (A) and (B).

https://doi.org/10.1371/journal.ppat.1011622.g004
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Studies have suggested that BKPyV is released after host cell necrosis [10,11,33]. A common

feature of cell death with necrotic morphology is permanent plasma membrane permeabiliza-

tion [34]. We therefore examined the plasma membrane integrity of mock infected and

Fig 5. BKPyV induced cytopathic effects and cell death in polarized RPTECs. (A) Phase-contrast images of mock

infected and BKPyV infected RPTECs (MOI 3) from 24 to 120 hpi. Representative images from two independent

experiments are shown. Scale bar 100 μm. (B) Widefield microscopy of mock infected and BKPyV infected RPTECs

incubated with CellTox dye. Data is presented as CellTox-ratio (mean total fluorescence from infected inserts/mean

total fluorescence from mock infected inserts). Error bars represent ± SD and data is derived from at least three

independent experiments. (C) Release of LDH into apical supernatants as measured by Promega LDH-Glo

Cytotoxicity assay. Data is presented as LDH-ratio (infected-RLU/mock-RLU). Error bars represent ± SD and data is

derived from at least three independent experiments.

https://doi.org/10.1371/journal.ppat.1011622.g005
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BKPyV infected RPTECs from 24 to 120 hpi by measuring CellTox-fluorescence and LDH

release. Up to 72 hpi, BKPyV caused no increase in CellTox-fluorescence, but at 120 hpi, a 5-

and 20-fold increase was found with BKPyV MOI 0.3 and MOI 1, respectively (Fig 5B) indicat-

ing host cell lysis. Similarly, no increase in extracellular LDH was observed up to 72 hpi, while

at 120 hpi a 4- and 6-fold increase was detected for MOI 0.3 and MOI 1, respectively (Fig 5C).

BKPyV infections with higher MOI (3 and 30) caused earlier and more prominent increase in

CellTox-fluorescence and LDH release (S3D and S3E Fig).

Next, we investigated the plasma membrane integrity of individual cells by utilizing CellTox

dye and live-cell imaging (Fig 6A and S1–S2 Video). An increase in CellTox-positive cells was

exclusively observed in the infected inserts. The first increase was detected at 72 hpi with a

mean of 32 new CellTox-positive cells per image, representing a 2.8-fold increase. The increase

continued up to 120 hpi with 336 new CellTox-positive cells, representing a 30-fold increase

(Fig 6A and 6B and S1 Video). Additionally, we observed cell ballooning and lysis in real-time

(S1 Video). In contrast, the number of CellTox-positive cells consistently decreased through-

out imaging for mock infected inserts (Fig 6A and 6B and S2 Video).

As BKPyV infection leads to widespread cell death, we investigated if this affected the bar-

rier function. Up to 3 days post-infection (dpi), we detected a slight increase in TEER for

BKPyV infected RPTECs. However, at 5 dpi we detected a negative trend in TEER with a 14%

and 34% reduction for MOI 1 and MOI 10, progressing to a 20% and 50% reduction at 7 dpi,

respectively (Fig 6C), indicating a disrupted barrier function.

We conclude that BKPyV induces CPE and lytic cell death in polarized RPTECs, but that

this mainly occurs from 3 dpi. Despite CPE and increasing cell death, we first detected a down-

ward trend in TEER at 5 dpi, allowing leakage of BKPyV from the apical to the basolateral

compartment.

BKPyV replication leads to extensive cell detachment

Many viruses are known to cause detachment of infected cells [35–37], including BKPyV as

urinary shedding of infected epithelial cells, i.e decoy cells [38,39], is commonly observed in

PyVAN patients [11,14]. Although a well-known phenomenon, this feature of BKPyV infec-

tion has not been studied in vitro.

First, we harvested supernatants from mock infected and BKPyV infected RPTECs (MOI 1)

at 5 dpi and imaged them for detached cells. All supernatants contained detached cells, but the

infected inserts yielded markedly more cells. Addition of CellTox dye revealed that most of the

cells were permeabilized and appeared non-viable (Fig 7A). Papanicolaou staining, commonly

used to detect decoy cells, followed by widefield microscopy demonstrated that detached cells

had enlarged nuclei, intranuclear inclusion bodies and small and irregular cytoplasms (Figs 7B

and S5), reminiscent of decoy cells type 1 [38,39]. Additionally, most decoy-like cells had intact

nuclei and some cells displayed membrane ballooning (S5 Fig). Immunofluorescence staining

revealed that the majority of decoy-like cells expressed agnoprotein and Vp1 (Fig 7C), and

immunoblot confirmed the expression of viral proteins (Fig 7D). Next, we examined if decoy-

like cells could transmit BKPyV. Cells were washed and pelleted before inoculation onto

RPTECs. As a control, we included the last wash-supernatant. Immunofluorescence staining

demonstrated that infection with decoy-like cells yielded strikingly more infected cells com-

pared to the control supernatant (Fig 7E), demonstrating that the decoy-like cells harbor infec-

tious virus.

We next investigated the detachment of BKPyV infected RPTECs by live-cell imaging in

the presence of CellTox dye and the membrane stain CellMask. Due to focus-distance limita-

tions, we used confluent RPTEC-monolayers in chamberslides. Z-stacks of RPTEC-
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monolayers at 4 dpi revealed that CellTox-fluorescent cells were localized 10 to 20 μm above

the non-permeabilized monolayer, indicating that permeabilized cells detached from the

monolayer (S4 Fig).

Fig 6. Time-lapse imaging and TEER-monitoring throughout BKPyV replication. (A) Time-lapse imaging of mock

infected and BKPyV infected (MOI 1) polarized RPTECs. Nuclei of permeabilized cells are stained with CellTox dye.

Representative images from two independent experiments at 24, 48, 60, 72, 96 and 120 hpi are shown. Scale bar 50 μm.

(B) Quantitation of cell permeabilization in (A). Presented is the number of new CellTox-positive cells from 36 hpi.

Error bars represent ± SD, n = 2. (C) TEER-values of mock infected and BKPyV infected (MOI 0.1 and 10) polarized

RPTECs from 0 to 7 dpi. Data is derived from three to six biological replicates and error bars represent ± SD.

https://doi.org/10.1371/journal.ppat.1011622.g006
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Fig 7. BKPyV replication leads to shedding of infectious decoy cells. Widefield microscopy of detached cells

harvested from supernatants of mock infected and BKPyV infected (MOI 1) polarized RPTECs at 5 dpi. Harvested

cells were imaged with phase-contrast and fluorescence microscopy. All images are representative images from two

independent experiments, except (B) which is derived from one experiment. (A) Detached cells incubated with

CellTox dye (green) and imaged with a combination of phase-contrast and fluorescence microscopy. Scale bar 100 μm.

(B) Detached cells after Papanicolaou staining. (C) Immunofluorescence staining of detached cells from mock infected

and BKPyV infected (MOI 1) polarized RPTECs using rabbit serums against Vp1 and agnoprotein. (D) Western blot

of lysates of detached RPTECs harvested at 5 dpi from BKPyV infected (MOI 1) RPTECs. Mock infected RPTEC-lysate

was used as the negative control. The membrane was probed with rabbit serums against N-terminal LTag, Vp1 and

agnoprotein and an antibody against GAPDH. A representative blot from two experiments is shown. (E)

Immunofluorescence staining of non-polarized RPTECs after infection with decoy cells harvested from BKPyV

infected polarized RPTECs. A rabbit serum against agnoprotein (green) and an antibody against Vp1 (4942) (red) were

used. Prior to infection, the decoy cells were washed and centrifuged five times. The supernatant from the last

centrifugation was used as a control. Images are representative images from two independents experiments.

https://doi.org/10.1371/journal.ppat.1011622.g007

PLOS PATHOGENS BKPyV infection of polarized renal tubule epithelial cells

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011622 August 28, 2023 12 / 25

https://doi.org/10.1371/journal.ppat.1011622.g007
https://doi.org/10.1371/journal.ppat.1011622


Epithelial tissues have a special mechanism, denoted extrusion, for removal of dead or

unwanted cells whilst maintaining the integrity of the epithelial barrier [40]. Besides, some

viruses have been reported to trigger extrusion in intestinal and airway epithelium [36,37]. To

investigate if BKPyV infected RPTECs undergo extrusion, we performed time-lapse imaging

with CellTox and CellMask dye [41], to visualize detachment at the single-cell level. We

observed that most detaching cells were permeabilized and appeared to undergo extrusion as

demonstrated by compression and subsequent upward migration of the permeabilized cell

while the confluent monolayer was maintained (Fig 8A and S3 Video). However, some cells

sloughed off the surface, leaving a hole in the monolayer (Fig 8B and S4 Video). Quantification

of cell fate revealed that over 80% of the CellTox-fluorescent cells were detached (Fig 8C) and

70% of detached cells appeared to undergo extrusion while 30% sloughed off (Fig 8D).

We conclude that BKPyV infection induces cell death and subsequent detachment into the

apical compartment. The detached cells resembled decoy cells and could transmit BKPyV.

Extrusion of dead cells seems to preserve the epithelial barrier integrity.

Neutralizing antibodies inhibit BKPyV spread in polarized cell layers

Antibodies have been shown to undergo transepithelial transport across polarized cells and

inhibit viral infection [42–44]. To investigate if BKPyV-specific antibodies could undergo

transepithelial transport and inhibit de novo BKPyV infection, we infected polarized RPTECs

(MOI 0.1) and added a neutralizing BKPyV-specific Vp1-antibody in the basolateral compart-

ment at 24 hpi. Immunofluorescence staining at 120 hpi revealed about 35% fewer infected

cells compared to control inserts where a non-neutralizing antibody was added (Fig 8E).

We conclude that neutralizing antibodies traverse the tight RPTEC-layer, possibly by trans-

cytosis, and inhibit spread of BKPyV infection.

Discussion

Current in vitro studies on BKPyV replication have been performed in non-polarized cell cul-

tures. In this study we established a polarized human renal epithelial cell model by culturing

primary RPTECs on permeable inserts. Using this model, we demonstrate that BKPyV prefer-

entially enters RPTECs via the apical membrane and that BKPyV replication results in lytic

release and shedding of decoy-like cells. As cell shedding mainly occurs by extrusion, the epi-

thelial barrier is maintained for some time, retaining viral progeny in the apical compartment.

However, high-level BKPyV replication is gradually damaging the barrier, allowing virus and

viral DNA to leak into the basolateral compartment. Basolateral addition of BKPyV-specific

neutralizing antibodies inhibited de novo infections. BKPyV replication in our model closely

emulates BKPyV replication in tubule epithelial cells in vivo and gives new insight into BKPyV

reno-urinary dissemination and cytopathology.

BKPyV preferentially entered the cells via the apical membrane. Directional virus entry in

epithelial cells depends on receptor distribution [18]. For instance, entry of the closely related

polyomavirus SV40 and of rotavirus is suggested to be apical due to apical distribution of entry

receptors [45–47]. In non-polarized cells, BKPyV has been shown to use gangliosides [27,28]

and a N-linked glycoprotein containing α(2,3)-linked sialic acid [29] as receptors. In polarized

cells, gangliosides and sialic acids are known to be asymmetrically distributed to the apical

membrane [47–50]. In agreement with this, WGA-staining showed more sialic acids on the

apical than the basolateral membrane. Moreover, neuraminidase pre-treatment reduced

BKPyV infectivity, demonstrating that BKPyV infection of polarized RPTECs rely on sialic

acids on the apical membrane.
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Fig 8. Cell shedding mainly occurs via extrusion. (A and B) Representative time-lapses with oblique contrast and fluorescence microscopy of a cell

undergoing extrusion (A) or sloughing off (B). Membranes are stained with CellMask (orange) and the nuclei of permeabilized cells are stained with

CellTox dye (green). Scale bar 10 μm. Images are representative time-lapses from two independent experiments. (C) Quantification of cell fate of CellTox-

positive cells at 4 dpi. Data is derived from two independent experiments where 653 cells have been examined. Error bars represent ± SD. (D) Classification

of the morphology of detachment for CellTox-positive cells at 4 dpi (extrusion vs. slough off). Data is derived from two independent experiments and 71

examined cells. Error bars represent ± SD. (E) Neutralizing antibodies undergo transepithelial transport and inhibit spread of BKPyV infection. Polarized

RPTECs were infected with a low MOI (0.1) and at 24 hpi, a BKPyV-specific neutralizing antibody or control antibody was added to the basolateral

compartment. At 5 dpi, cells were stained for LTag with a mouse antibody (Pab416) and a C-terminal LTag rabbit serum and the number of infected cells

were counted. Data is derived from two independent experiments and error bars represent ± SD.

https://doi.org/10.1371/journal.ppat.1011622.g008
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The primary mode of progeny release for non-enveloped DNA viruses is considered to be

host cell lysis [51]. For BKPyV, this is supported by studies of renal allograft biopsies from

PyVAN patients [10,11,33]. On the other hand, non-lytic release has been suggested for

BKPyV [30,52] as well as for SV40 [53]. When we measured cell lysis by CellTox-fluorescence

and LDH release, no increase in lysis was detected up to 72 hpi, a timepoint when considerable

progeny release into the apical compartment had taken place. However, live-cell imaging of

single cells at 72 hpi did reveal a small increase in dead cells, suggesting that progeny was

indeed released by host cell lysis. Although host cell lysis seems to be the most important

mechanism for BKPyV release from polarized RPTECs, we cannot exclude a parallel non-lytic

release mechanism.

Even though lytic virus release normally is considered non-directional [47], several factors

may explain why BKPyV was exclusively detected in the apical compartment up to 120 hpi.

Firstly, since the cells were cultured in the apical compartment, lysis released BKPyV into the

apical compartment. Secondly, due to shedding of infected cells by extrusion, the cell layer was

intact until 5 dpi, preventing released BKPyV from leaking into the basolateral compartment.

Of note, this is the first time that shedding of BKPyV infected epithelial cells by extrusion is

suggested. Third, released virions presumably bound to the apical membranes, further hinder-

ing virus from traversing the insert. The two latter points are supported by the virus release

assay (Figs 4A and S3A), which demonstrates that with an intact cell layer, only miniscule

amounts of the inoculating virus can cross from the apical to the basolateral compartment.

Lastly, apically shed cells harbored virus and contributed to the high apical BKPyV load.

How do our results fit with in vivo findings and increase our understanding of BKPyV dis-

semination and cytopathology in the reno-urinary tract? BKPyV infected polarized RPTECs

showcased cytopathic changes described in renal allografts from PyVAN patients. These were

enlarged nuclei with inclusions, cell rounding, cytoplasmic vacuolization, cell lysis and detach-

ment [10,11,14,54]. Furthermore, our finding of preferential BKPyV release into the apical

compartment agrees with observations in PyVAN patients, as they always have higher urinary-

than plasma BKPyV load and develop viruria prior to DNAemia [12,55,56]. Apical entry also

fits well with the suggested importance of ureteric reflux for multi-site spread of BKPyV in the

allograft [12].

Despite BKPyV replication causing more than a 100-fold increase in viral progeny in the

apical compartment and abundant cell shedding, the epithelial barrier seemed intact until 5

dpi, presumably due to extrusion of lysed BKPyV infected cells. Based on these findings, we

propose that during low-level BKPyV replication in the kidneys of immunocompetent individ-

uals or renal allografts of kidney transplant recipients, progeny virus is mainly released into

the tubular lumen and disseminate intra-luminally along the tubular system. Importantly,

extrusion of BKPyV infected cells keeps the epithelial lining of the tubular lumen intact. In

immunocompetent individuals, we expect that infected tubule epithelial cells will eventually

interact with the immune system [57] and viral replication will be inhibited.

After five days of high-level BKPyV replication in polarized RPTECs, the number of decoy-

like cells increased, the epithelial barrier was disrupted and BKPyV leaked into the basolateral

compartment. This suggests that during unrestricted high-level replication of donor-derived

BKPyV in the kidney allograft [58], widespread cell lysis will eventually disrupt the epithelial

barrier. BKPyV and intracellular BKPyV-DNA from lysed cells will leak into the interstitial

fluid and blood and an increased number of decoy cell will be found in urine, together giving

the diagnosis presumptive PyVAN [5]. The decoy cells can potentially act as vessels to promote

further spread of BKPyV in the reno-urinary tract.

We observed that neutralizing antibodies could cross the epithelial cell layer and reduce de
novo BKPyV infection, suggesting that treatment with intravenous BKPyV-specific
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neutralizing antibodies could be beneficial as treatment of PyVAN. However, to clear BKPyV

infected cells, BKPyV-specific cytotoxic T cells are needed [59]. Currently, there are several

ongoing clinical trials with BKPyV-specific neutralizing antibodies and donor-derived cyto-

toxic T lymphocytes [60].

To establish a persistent BKPyV infection in epithelial cells of the reno-urinary tract,

BKPyV must be able to evade immune sensing. BKPyV miRNA has been reported to target the

stress-induced protein ULBP3 to reduce killing by natural killer cells [61]. Furthermore, Man-

zetti et al demonstrated that BKPyV evades innate immunity by disrupting the mitochondrial

network and promoting mitophagy [62]. Here we for the first time demonstrate that extrusion

of BKPyV infected epithelial cells leads to containment of viral progeny in the apical compart-

ment, which is expected to delay the contact with the immune system [63]. Together, this high-

lights that BKPyV utilizes multiple strategies for immune evasion.

In order to fully understand the pathogenesis of BKPyV infection, including primary infec-

tion and entry, multiplication, spread within the body, the immune response and the potential

kidney damage, an animal model would be very useful. Unfortunately, this is lacking. Polar-

ized cell culture models, such as ours, is a valuable alternative tool to study BKPyV under con-

ditions that more closely reflects the renal epithelium and tubular system than traditional cell

cultures.

Taken together, we utilized a novel cell model of polarized renal tubule epithelial cells to

characterize local BKPyV dissemination and cytopathological changes associated with BKPyV

infection. Using this model, we establish a preferential apical entry of BKPyV, a predominant

release of viral progeny into the apical compartment via host cell lysis and decoy cell shedding

and finally that extrusion contain BKPyV in the apical compartment, suggesting that BKPyV

in vivo spreads intra-luminally along the nephron to the pelvis and bladder and thereby delay

immune detection.

Materials and methods

Cells and virus

Primary human RPTECs (Lonza) were cultured in renal epithelial growth medium (REGM;

Lonza) containing 0.5% fetal bovine serum in a humidified 5% CO2 incubator at 37˚C.

Cesium-chloride gradient purified BKPyV Dunlop was used for all infections.

Culture and infection of polarized RPTECs

For polarization, RPTECs were seeded on collagen-coated (recombinant human collagen type

I; Sigma-Aldrich) permeable polyester-membrane cell culture inserts and cultured for 8 to 15

days. The following inserts were used: Falcon inserts with pore size 1.0 μm or 3.0 μm and

Corning Transwell-inserts with pore size 0.4 μm, all with 0.3 cm2 growth area.

Polarized RPTECs were infected with an inoculum of 100 μl. Apical infection was done by

adding inoculum inside the insert. Basolateral infection was performed by temporarily invert-

ing inserts and adding inoculum on top. Infections were performed for 2 hours at 37˚C.

For neuraminidase-experiments, cells were pretreated with 100 mU/ml neuraminidase type

V from clostridium perfringens (Merck) for 1 hour prior to apical infection.

For neutralization experiments, polarized RPTECs were apically infected (MOI 0.1). At 24

hpi, a mouse monoclonal BKPyV-specific antibody (Virostat 4942) or control antibody (Viro-

stat 4944) was added to the basolateral compartment at a concentration of 7 μg/ml. At 5 dpi,

the number of infected cells was determined with immunofluorescence staining.
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Immunofluorescence staining, microscopy and image analysis

Cells were fixed in ice-cold methanol or 4% paraformaldehyde for 10–15 minutes. PFA-fixed

cells were permeabilized with permeabilization buffer (DPBS with 1% BSA and 0.1% Triton-

X100) for 10 minutes. Immunofluorescence staining was performed as previously described

[64] except that primary and secondary antibody staining was performed for 1 hour at room

temperature. The following antibodies and serums were used to stain for viral proteins:,

mouse anti-BKPyV Vp1 (4942; 2.8 ug/ml; Virostat), mouse anti-LTag (Pab416; 1:100; Merck

Millipore), rabbit serums against BKPyV agnoprotein (1:1000) [65], BKPyV N-terminal LTag

(1:1000) [66,67], BKPyV C-terminal LTag (1:1000) [67] and BKPyV Vp1 (1:1000) [68]. The

following antibodies were used to stain for cellular proteins: rabbit monoclonal anti-Na/

K-ATPase (ab76020; 1:500; Abcam), rabbit polyclonal anti-ZO-1 (61–7300; 1:100; Invitrogen)

and mouse monoclonal anti-acetylated α-tubulin (sc-23950; 1:100; SCBT). Secondary antibod-

ies used were goat anti-rabbit Alexa Fluor 488 and anti-mouse Alexa Fluor 568 (Invitrogen).

Staining with Texas Red-conjugated WGA (10 μg/ml; Thermo Fisher) was performed for 30

minutes on living cells. Insert-membranes was cut out and mounted on a cover glass with

mowiol or ProLong Diamond mounting medium.

Widefield microscopy was performed using a Nikon TE2000-microscope with a 4x (NA

0.13) and 20x objective (NA 0.45) and NIS Elements Basic Research software. Confocal

microscopy was performed using a Zeiss LSM800 confocal microscope with a 40x water-objec-

tive (NA 1.2) and Zeiss ZEN blue software. All images were processed with FIJI/ImageJ.

To measure Vp1-staining, z-stacks of equal size were acquired. Identical acquisition settings

were used for each replicate. Using ImageJ, sum z-projections were generated and mean fluo-

rescence was measured. The mean fluorescence in z-projections from mock infected inserts

were subtracted as background.

Transepithelial resistance

TEER was measured using a Millicell ERS-2 voltohmmeter with an adjustable electrode

(STX02) in a 12-well plate. TEER (Ohm * cm2) was calculated by subtracting the background

of an empty insert from the average TEER and multiplying the value by the surface area (0.3

cm2). All measurements were done in duplicate or triplicate.

FITC-Dextran diffusion assay

The assay was adapted from two publications [69,70]. Polarized RPTECs were incubated with

100 μl of 0.1 mg/ml FITC-Dextran MW 20k (Merck) in the apical compartment for 1 hour at

37˚C. Supernatant was harvested from the basolateral compartment and fluorescence was

measured using a Tecan Infinite 200 Pro plate reader with an excitation wavelength of 488 nm

and emission wavelength of 518 nm. All measurements were performed in duplicate or

triplicate.

P-glycoprotein assay

The assay was adapted from the following studies [26,69,71]. Polarized RPTECs were pre-

treated with 5 μM of the P-gp inhibitor PSC-833 (Merck) or solvent (0.125% DMSO), followed

by addition of REGM with 1 μM Calcein-AM (Invitrogen) and 5 μM PSC-833 or solvent. After

incubation at 37˚C for 1 hour, cells were washed twice with DPBS and lysed with 1% Triton X-

100. Fluorescence in each sample was measured using a plate reader as described for the FITC-

dextran diffusion assay.
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Transmission electron microscopy

The protocol was adapted from two reports [72,73]. Samples were fixed in 0.5% glutaraldehyde

and 4% formaldehyde in PHEM-buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM

MgSO4�7H2O) for 30 minutes before fixing again with 4% formaldehyde, 0.5% glutaraldehyde,

and 0.05% malachite green in PHEM-buffer (2 min vacuum on-off-on-off-on-off-on, 100 W)

using a Ted Pella microwave processor. Samples were post-fixed with 1% osmium tetroxide,

1% K3Fe(CN)6 in 0.1 M cacodylic acid buffer, post-stained with 1% tannic acid and 1% uranyl

acetate and dehydrated in increasing ethanol series before embedding in an Epon-equivalent.

70 nm sections were imaged using a Hitachi HT7800 transmission electron microscope with a

Xarosa-camera.

Immunoblots

Immunoblot was performed as previously described [74] except Halt protease- and phospha-

tase-inhibitor was used in the lysis buffer, lysates were pretreated with Pierce nuclease and

membranes were blocked with LI-COR Intercept TBS blocking buffer. The following primary

antibody and serums were used: rabbit serums against BKPyV Vp1 (1:10 000) [68], BKPyV N-

terminal LTag (1:2000) [67], BKPyV agnoprotein (1:10 000) [65] and mouse anti-GAPDH

(ab8245; 1:2000; Abcam). The secondary antibodies used were goat anti-rabbit 800CW and

goat anti-mouse 680RD from LI-COR Biosciences. Detection was done with the Odyssey CLx

imaging system and Image studio.

Virus diffusion assay

Cell-free collagen-coated Transwell-inserts (pore size 0.4 μm) and Falcon-inserts (pore size

1.0 μm) were incubated with 100 μl of CsCl-purified BKPyV in REGM (250 000–500 000 fluo-

rescent focus units (FFU)) inside the insert for two hours at 37˚C. The basal medium was then

harvested and inoculated on non-polarized RPTECs. Infectivity was determined by immuno-

fluorescent staining for agnoprotein and Vp1 (4942) at 3 dpi. To calculate the percentage of

virus that diffused across the insert, the infectivity of the basal medium and the initial virus

suspension was compared.

Virus release assay

Polarized RPTECs on Falcon-inserts were apically infected before supernatants were harvested

at the indicated timepoints and analyzed for BKPyV-DNA or infectious BKPyV. BKPyV-DNA

was quantitated by a BKPyV-specific qPCR targeting the BKPyV LTag gene [75]. Infectivity

was measured by inoculating diluted supernatants onto non-polarized RPTECs. At 3 dpi,

immunofluorescence staining against agnoprotein and Vp1 (4942) was performed and

infected cells were counted using the object count feature of the NIS Elements basic research

software. All replicates were performed in duplicate.

Cell viability

Cell viability and CPE were examined by phase-contrast microscopy, by LDH release (Pro-

mega LDH-Glo Cytotoxicity assay according to the manufacturer’s instructions) and by the

use of the plasma membrane impermeable CellTox dye (x1) from the Promega CellTox Green

cytotoxicity assay. For the CellTox-experiments, CellTox dye was added to the medium before

images were acquired. ImageJ was used to measure the total fluorescence per image. Each mea-

surement was performed in duplicate.
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Live-cell imaging

Live-cell imaging of inserts were done with Falcon-inserts in a 24-well plate with confocal glass

bottom (CellVis P24-1.5H-N) in REGM with CellTox dye (1x) and Hoechst (0,1 μg/ml).

Images were acquired using an automated Zeiss CellDiscoverer 7 microscope with a 5x objec-

tive (NA 0.35) and 2x tube lens at 37˚C with humidity and 5% CO2.

To visualize detachment, RPTECs were cultured in fibronectin-coated Lab-Tek 8-well

chamberslides (#1 coverglass). RPTECs were infected (MOI 1) when fully confluent monolay-

ers had formed. At 4 dpi, CellMask (0.5x) and CellTox dye (1x) were added, and live-cell imag-

ing was performed as above, but with a 20x objective (NA 0.95) and 2x tube lens. Images were

acquired every 10 minutes.

CellTox-fluorescent cells were classified as detached if the nucleus was out of focus or the

cell was floating on top of the monolayer, while cells that were adherent and had the nucleus in

the same focus plane as the monolayer were classified as retained. Cells that detached without

leaving a gap in the monolayer were classified as extruded while cells that left a gap were classi-

fied as sloughed off.

Harvest and examination of detached cells

Detached cells were harvested by gently aspirating the apical supernatant, washing once and

then pooling supernatants and wash-medium. For immunofluorescence or standard Papani-

colaou staining, cells were fixed with ThinPrep PreservCyt-solution and processed with the

ThinPrep 5000 Processor before staining. For immunoblot, cells were processed identically as

RPTEC lysates. For widefield microscopy, supernatants were transferred to wells to sediment

followed by imaging with a Nikon TE2000-microscope (20x objective) or a Zeiss CellDiscov-

erer 7 microscope (20x objective, 2x tubelens). To examine the infectivity of detached cells,

detached cells were washed and centrifuged five times to remove extracellular virus before the

cells were inoculated onto non-polarized RPTECs. Wash supernatant was used as a control.

Supporting information

S1 Data. Excel spreadsheet containing the numerical values used for graphs and statistical

analysis for figure panels 1D, 1E, 1F, 3A, 3B, 3D, 3E, 4A, 4B, 5B, 5C, 6B, 6C, 8C, 8D, 8E,

S1E, S3A, S3B, S3C, S3D and S3E.

(XLSX)

S1 Fig. RPTECs grown on cell culture inserts with 0.4 μm and 3.0 μm pore size. Immuno-

fluorescence staining of RPTECs at 10 dps on Transwell-inserts, pore size 0.4 μm, against

markers of apico-basal polarity: (A) Na/K-ATPase (green), (B) acetylated α-tubulin (red) and

(C) ZO-1 (green). Nuclei were stained with Draq5 (blue). Images are representative images

from at least three independent experiments. (D) Diffusion of FITC-dextran across polarized

and non-polarized RPTECs. Data is normalized to the non-polarized control, n = 7 and error

bars represent ± SD. *** = P < 0.001, one sample t test. (E) Accumulation of intracellular cal-

cein AM with or without Psc-833, quantified by measuring intracellular fluorescence with a

plate reader. Data is normalized to the untreated control. Error bars represent ± SD and n = 3.

* = P < 0.05, one sample t test. (F) Confocal microscopy of RPTECs grown on Falcon-inserts

with 3.0 μm pore size at 9 dps. Cell membranes were stained with CellMask (orange) while

nuclei were stained with Draq5 (blue). Representative images from a z-stack from two inde-

pendent experiments.

(TIF)
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S2 Fig. Supplemental images to Fig 3. Immunofluorescence staining against agnoprotein

(green) and Vp1 (4942) (red) in polarized RPTECs (A) or non-polarized RPTECs (B), infected

via the apical or basolateral compartment. (C) Immunofluorescence staining for Vp1 (4942)

(red) in polarized RPTECs treated with or without neuraminidase prior to infection. Nuclei

were stained with Draq5 in all images. All images are representative images from at least three

independent experiments. (D) Confocal microscopy of non-polarized RPTECs stained with

Texas Red conjugated wheat germ agglutinin (red) via the apical or basolateral membrane.

Scale bar 10 μm.

(TIF)

S3 Fig. Virus release and cell viability with increased MOI. (A) Purified BKPyV was added

to the apical compartment. After 2 hours, apical and basolateral supernatants were collected,

BKPyV-DNA load (log10 copies/ml) was determined by qPCR and apical and basolateral dis-

tribution was calculated. Data was generated from three independent experiments and error

bars represent ± SD. (B and C) BKPyV-DNA load (log10 copies/ml) in apical and basolateral

supernatants collected from infected polarized RPTECs at indicated timepoints. (B) MOI 3

and (C) MOI 30. Data is generated from three independent experiments and error bars

represent ± SD. (D) Widefield microscopy of uninfected and infected (MOI 3 and 30) RPTECs

incubated with CellTox dye. Data is presented as CellTox-ratio (mean total fluorescence from

infected inserts/mean total fluorescence from mock infected inserts). Error bars

represent ± SD and n = 2. (E) Release of LDH into apical supernatants as measured by Pro-

mega LDH-Glo Cytotoxicity assay. Data is presented as LDH-ratio (infected-RLU/mock-

RLU). Error bars represent ± SD and n = 2.

(TIF)

S4 Fig. Permeabilized cells lie in a different z-plane than the viable monolayer. Fully con-

fluent RPTECs were BKPyV infected (MOI 1) and at 4 dpi cells were stained with CellTox dye

(green) and CellMask (orange) followed by live-cell imaging and acquisition of z-stacks.

Shown is oblique contrast (top row), CellTox (green, second row), CellMask (orange, third

row), merge of oblique contrast and CellTox (fourth row) and merge of CellMask and CellTox

(bottom row). Each column displays the same z-slice. Images are from a representative z-stack

derived from two independent experiments. Scale bar 20 μm.

(TIF)

S5 Fig. Widefield microscopy of detached cells. Harvested cells incubated with CellTox dye

(green) and Hoechst (blue) and imaged with a combination of oblique contrast and fluores-

cence microscopy using a Zeiss Celldiscoverer 7 with a 20x objective and 2x tube lens. Images

are derived from two independent experiments. Scale bar 10 μm.

(TIF)

S1 Video. Time-lapse microscopy of polarized RPTECs infected with BKPyV (MOI 1)

from 5 to 120 hpi with image acquisition every 30 minutes. The nuclei of permeabilized cells

are stained with CellTox dye (green). Scale bar 50 μm.

(AVI)

S2 Video. Time-lapse microscopy of mock infected polarized RPTECs from 5 to 120 hpi

with image acquisition every 30 minutes. The nuclei of permeabilized cells are stained with

CellTox dye (green). Scale bar 50 μm.

(AVI)

S3 Video. Time-lapse microscopy of cell undergoing extrusion as showcased by compres-

sion of the permeabilized cell and subsequent upwards migration of the cell. Membranes

PLOS PATHOGENS BKPyV infection of polarized renal tubule epithelial cells

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011622 August 28, 2023 20 / 25

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011622.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011622.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011622.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011622.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011622.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011622.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011622.s009
https://doi.org/10.1371/journal.ppat.1011622


are stained with CellMask (orange) and the nuclei of permeabilized cells are stained with Cell-

Tox dye (green). Left panel shows oblique contrast, right panel shows CellMask and CellTox.

Images were acquired every 10 minutes. Scale bar 10 μm.

(AVI)

S4 Video. Time-lapse microscopy of cell sloughing off from surface. Membranes are stained

with CellMask (orange) and the nuclei of permeabilized cells are stained with CellTox dye

(green). Left panel shows oblique contrast, right panel shows CellMask and CellTox. Images

were acquired every 10 minutes. Scale bar 10 μm.

(AVI)
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