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1. Discovery of Human Polyomaviruses 

 

In 1953, Gross discovered that cell-free filtrates from leukemic mice were, in 

addition to leukaemia, causing fibrosarcomas after injection in newborn mice (Gross, 

1951). It was only later, in 1958, that Stewart’s work described the agent responsible 

for the formation of solid tumours as a DNA virus ubiquitously present in mice, which 

is now known as the Murine polyomavirus (MPyV) (Stewart et al., 1958). Hence, the 

name Polyomavirus comes from the Greek: poly – multiple and oma – tumours which 

refers to the pathology initially associated with the virus. 

In 1960, the first primate polyomavirus was identified in African green monkey kidney 

cells as simian virus 40 (SV40) by Sweet and Hilleman (Sweet & Hilleman, 1960). Like 

MPyV, SV40 was also described to induce tumours in new born hamsters or 

multimammate mice (genus Mastomys). 

Polyomaviruses are non-enveloped double stranded circular DNA viruses, and since 

the discovery of MPyV and SV40, a total of 117 polyomaviruses have been detected 

in vertebrate hosts, including humans. The first two human polyomaviruses: BK and 

JC polyomaviruses (BKPyV, JCPyV) were identified in 1971. BKPyV (Figure 1) was 

isolated from a urine sample of a kidney transplant patient while JCPyV was detected 

in a patient’s brain suffering from Progressive Multifocal Leukoencephalopathy (PML) 

(Padgett et al., 1971; Gardner, 1973). 

 

 

Figure 1 - BK polyomavirus particles found in patient urine samples, observed with 
electron microscope (x240 000) (Coleman et al., 1973) 
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From 2007, with the improvement of technologies in sequencing and increased 

sensitivity due to techniques such as rolling circle amplification (RCA), it was possible 

to discover several more HPyV (Figure 2). The third and fourth HPyV were isolated 

from nasopharyngeal tissues and carry the name of the research institutes where they 

were identified: Karolinska Institute polyomavirus (KIPyV) and Washington University 

polyomavirus (WUPyV) (Allander et al., 2007; Gaynor et al., 2007). In 2008, Merkel 

Cell polyomavirus (MCPyV) was discovered and named according to its involvement 

in Merkel cell carcinoma (Feng et al., 2008). MCPyV is the only known oncogenic 

HPyV. 

The three following polyomaviruses were found mostly in skin tissues and were named 

according to the order of their discovery (HPyV6 and HPyV7) while TSPyV derives its 

name from its identification in the rare skin disease trichodysplasia spinulosa 

(Schowalter et al., 2010; van der Meijden et al., 2010). Also found in skin tissues, 

HPyV9 was, in addition, detected in blood and urine samples of kidney transplant 

recipients (Scuda et al., 2011). In 2012, HPyV10 and HPyV11, respectively known as 

Malawi (MWPyV) and St Louis polyomaviruses (SLPyV), were found in stool samples 

as well as in condyloma for MWPyV (Buck et al., 2012; Foulongne et al., 2012; 

Siebrasse et al., 2012; Lim et al., 2013). Then, HPyV12 was identified from a liver 

sample, in 2013, while HPyV13, or New Jersey polyomavirus (NJPyV), was identified 

from a muscle biopsy of a pancreatic transplant recipient (Korup et al., 2013; Mishra 

et al., 2014). Finally, in 2017, Lyon IARC polyomavirus (LIPyV) was identified from 

skin and oral samples as the 14th human polyomavirus (Gheit et al., 2017). 

Figure 2 - Phylogenetic tree representing the 14 discovered HPyV 

 (Ambalathingal et al., 2017) 
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Recently, only 12 out of the 14 polyomaviruses found in human samples were 

confirmed to have humans as host (ICTV Report Consortium, 2019). HPyV12 initially 

found in human skin is, in fact, able to naturally infect shrews and is not described as 

a HPyV anymore (Gedvilaite et al., 2017). Similarly, Lyon IARC polyomavirus, first 

identified in human samples, was also characterised in cat faeces samples suggesting 

that it may be a feline, rather than a human, virus (Fahsbender et al., 2019; Kamminga et 

al., 2019; Y. Li et al., 2021). 

 

2. Taxonomy of Human Polyomaviruses 

 

Historically, polyomaviruses and papillomaviruses were considered to be 

genus-level clades (Polyomavirus and Papillomavirus) that were grouped together in 

the Papovaviridae family. This family was abolished in 1999, and the polyomaviruses 

and papillomaviruses were re-classified as distinct virus families, the Polyomaviridae 

and Papillomaviridae. More recently, the International Committee on Virus Taxonomy 

(ICTV) has proposed several higher-level taxonomic groupings, including the class 

Papovaviricetes, which includes both families of Polyomaviridae and Papillomaviridae 

(https://talk.ictvonline.org/taxonomy/). 

The Polyomaviridae family is divided into six genera, named after the 6 first letters of 

the Greek alphabet, and numbers 117 different polyomavirus species. The 

classification of the virus species in the different genera is determined by analyses of 

the large tumour antigen (LTAg) sequences (Calvignac-Spencer et al., 2016). Human 

polyomaviruses are found in three Polyomaviridae genera. The Alphapolyomavirus 

genus includes the skin-associated human viruses MCPyV and TSPyV, while the most 

studied human polyomaviruses BKPyV and JCPyV are found in the Betapolyomavirus 

genus along with KIPyV and WUPyV. Finally, the Deltapolyomavirus genus is 

composed of HPyV6 and HPyV7 found in human skin, as well as MWPyV and SLPyV 

detected in gastrointestinal tract (https://talk.ictvonline.org/taxonomy/). Alternative 

species-level designations, summarised in Table 1, also exist for HPyV, though it 

remains to be seen whether the binomial species names proposed by the ICTV in 2021 

will be adopted by the virology community. 
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Genus 
 

Common name 
2015-2019 ICTV 
nomenclature 

2021 ICTV 
proposal 

 
 

 

Alphapolyomavirus 

MCPyV 
 

HPyV5 
Alphapolyomavirus 

quintihominis 

TSPyV HPyV8 A. octihominis 

HPyV9 HPyV9 A. nonihominis 

NJPyV HPyV13 A. terdecihominis 

 
 
 

Betapolyomavirus 

 

BKPyV 
 

HPyV1 
Betapolyomavirus 

hominis 

JCPyV HPyV2 B. secuhominis 

KIPyV HPyV3 B. tertihominis 

WUPyV HPyV4 B. quartihominis 

 
 
 

Deltapolyomavirus 

HPyV6 HPyV6 Deltapolyomavirus 
sextihominis 

HPyV7 HPyV7 D. septihominis 

MWPyV HPyV10 D. decihominis 

SLPyV HPyV11 D. undecihominis 

Table 1 - Current and proposed HPyV species nomenclature. 

2.1. BKPyV genotypes and subgroups 

 

BKPyV strains can be divided into four genotypes: I, II, III and IV which were 

first differentiated through serological methods (Knowles et al., 1989; Knowles, 2001) 

and then refined through analysis of PCR-amplified VP1, capsid protein, sequences 

(Jin al., 1993a; Jin et al., 1993b). These studies were able to identify that the main 

differences between the genotypes were found in a specific region of the VP1 protein 

spanning amino acids 61 to 83 (Table 2), known as the typing region. This segment 

of the VP1 protein comprises the BC-loop region on the outer face of the virus capsid 

that was subsequently found to be involved in receptor binding (Liddington et al., 

1991). 
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Table 2 - BC-loop sequences in the 4 different genotypes. 

Single Nucleotide Polymorphisms (SNPs) in the VP1 typing region sequences were 

then used to determine the different genotypes. Genotype I was found to be the most 

widespread genotype with a prevalence in all human populations, followed by 

genotype IV, found in both Asian and European populations, while genotypes II and III 

were only found sporadically (Jin, 1993; Jin et al., 1993b,1995; Di Taranto et al., 1997; 

Carr et al., 2006; Nishimoto et al., 2006; Zheng et al., 2007; Thongprayoon et al., 

2019). Based on DNA variations, genotypes I and IV were divided into subgroups 

(Takasaka et al., 2004; Ikegaya et al., 2006; Nishimoto et al., 2006, 2007; Zheng et 

al., 2007; Zhong et al., 2009). For genotype I, four subgroups were defined and 

associated to different human populations, where subgroup Ia is found in African 

populations, Ib-1 in Southeast Asians, Ib-2 in Europeans and West Asians and Ic in 

Northeast Asians (Takasaka et al., 2004; Nishimoto et al., 2006; Zheng et al., 2007). 

For genotype IV, six subgroups were defined: IVa1, IVa2, IVb1, IVb2, IVc1 and IVc2, 

with all of them associated to East Asians populations expect IVc2, which is found in 

European and Northern Asian populations (Nishimoto et al., 2007; Zhong et al., 2009).  

Analysis of both VP1 and LTAg sequences proved to show the same phylogenetic tree 

with the distinct genotypes and subgroups with an improved robustness compared to 

analysis of only VP1 sequences variability (Luo et al., 2009). More recently, the 

correspondence between BKPyV genotypes and neutralising serotypes was confirmed 

using pseudotype virus particles (Pastrana et al., 2012, 2013). 

 

2.2. JCPyV genotypes and subgroups 

 

Depending on the non-coding control region (NCCR) rearrangement (archetype 

or rearranged) in its genome, JCPyV was initially classified in two groups: I and II 

(Walker and Frisque, 1986). Later, a classification composed of three groups: A, B and 

C was suggested based on the nucleotide differences observed in the genome of 
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JCPyV (Yogo et al., 1991; Guo et al., 1996). Those studies also established that type 

A of JCPyV was identified mostly in Europe, while Type B was found mainly in Asia 

and African and Type C localised in West Africa. A total of 18 genotypes were then 

established based on the sequence variations found in the IG region (Guo et al., 1996; 

Sugimoto et al., 1997; Ryschkewitsch et al., 2000; Jobes et al., 2001; Yanagihara et 

al., 2002). This region of 610 bp starts in position 2131 in the VP1 gene and stops at 

position 2740 in the LTAg gene (Ault & Stoner, 1992). Combined with whole-genome 

analysis, JCPyV genotypes phylogeny can be built (Figure 3) (Sugimoto et al., 2002). 

Ancestral JCPyV would have diverged into three superclusters: A, B and C.  A would 

have split into 3 genotypes, EU-a, -b and -c, found in Europe and Mediterranean areas 

with 2 subgroups within EU-a: SK occurring in Northern Japan and Arc in Arctic areas 

of Northern America and Northeast Siberia. Type B first split would have generated 

the Af2 genotype found in African and West and South Asia, followed by a second split 

giving B1-c, a genotype found in Europe. Then multiple splits of this type B group 

would have led to genotypes found in Asia, like B2, and Oceania, like 8A (Figure 3). 

In contrast, type C only contains genotype Af1 found in West and Central Africa (Yogo 

et al., 2004). The subtypes identified by Sugimoto et al. were mostly confirmed by 

subsequent studies, but re-designated as genotypes 1 to 9, with genotypes 1, 4 and 

9 corresponding to supergroup A, genotype 6 corresponding to type C, and the 

remaining genotypes 2, 3, 5, 7 and 8 making up supergroup B. 

 
 

Figure 3 - Phylogenetic tree of JCPyV genotypes and distributions of those 
genotypes across the world (Yogo et al., 2004). 
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A more detailed picture has emerged from an analysis of 431 complete and 701 partial 

JCPyV genome sequences, which concluded that JCPyV has an ancient origin, and 

has co-evolved with human populations for more than 200 000 years. Surprisingly, the 

European/Siberian JCPyV sequences (genotypes 1, 4 and 9), and not the African 

genotype 6 have a basal position in JCPyV phylogeny (Forni et al., 2020). The authors  

of the study discussed three possible explanations for this discrepancy: extinction of 

one or more ancestral African JCPyV lineage; existence of an as yet unsampled basal 

African JCPyV lineage; introduction of genotypes 1, 4 and 6 from archaic hominins 

(Denisovans or Neanderthals) when modern humans migrated into Europe/Siberia. 
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3. Human Polyomaviruses structure 
 

3.1. Viral capsid 

 

Polyomaviruses are non-enveloped icosahedral viruses with a 40-45 nm 

diameter capsid. This capsid is composed of 72 pentamers of the major capsid protein 

VP1 arranged in T = 7d symmetry (Figure 4A) and each pentamer is internally linked 

to either one VP2 or VP3 protein, forming a capsomer.  

Figure 4 - Capsid structure of polyomaviruses. (A) BKPyV capsid (PDB ID: 6ESB) 
represented in grey except for highlighted pentamer with VP1 monomers displayed as 
ribbons in different shades of blue. (B) Capsid structure of SV40. The strict pentamer 
is represented in white while the local capsomers are in colours. The six VP1 
conformation are labelled  α’, α’’, β, β’, γ, α and icosahedral symmetry axes are 
numbered 5, 3 and 2 (Liddington et al., 1991) (C) Top view of BKPyV VP1 pentamers 
displayed as cartoon colored in different shades of blue for each subunit. (D) Side view 
of BKPyV VP1 pentamer displayed as cartoon with VP1 monomer highlighted in blue. 
Figures (A), (C) and (D) were made with Pymol. 
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T = 7d symmetry can be defined by the presence of twelve strict VP1 pentamers at 

the 5-fold axes of the icosahedral capsid which are surrounded by 60 local capsomers. 

There are five possible VP1 conformations from a local capsomer as well as one from 

an adjacent strict pentamer, respectively annotated α’, α’’, β, β’, γ and α. These 

conformations lead to interpentameric interactions: a 3-fold axis between VP1 

monomers α, α’ and α’’; a first 2-fold axis involving monomers β and β’ and finally a 

second 2-fold axis between monomers γ  and α (Figure 4B). Taken together, those 6 

VP1 conformations, and by applying a 60-fold icosahedral symmetry, are sufficient to 

generate the entire viral capsid. Capsomers interact tightly with each other thanks to 

the invading VP1 C-terminal arm coming diametrically from the capsomer core to 

interact with adjacent capsomers. Multiple disulphide bonds are also found. And they 

are important to maintain inter and intrapentameric interactions. 

All VP1 pentamers, either from the strict pentamers or the local capsomers, share the 

same β-sandwich jelly roll fold core structure (Figure 4C & D). This topology is given 

by the presence in each VP1 monomer of many β -strand B to I, named in alphabetical 

order starting from the N-terminus, linked by extensive loops. Each VP1 pentamer is 

associated internally with one other capsid protein VP2 or VP3 encapsulating viral 

DNA wrapped around host cell-derived histones (Belnap et al., 1996; Liddington et al., 

1991; Stehle et al., 1996; Stehle, 1997; Neu et al., 2013; Hurdiss et al., 2018; Bayer et al., 

2020). 

3.2. Viral genome 

 

Polyomaviruses have a circular double stranded DNA genome, of ~5 kbp. Their 

genome can be divided into 3 functional regions: the non-coding control region 

(NCCR), the early gene and late gene regions (Figure 5). 

The NCCR is an important regulatory region of around 400 bp divided in different 

sections. This region contains essential sequences for replication with the origin of 

replication (ORI) as well as promoter, enhancer, and transcription factor sequences for 

efficient bidirectional transcription of the viral genes. This region differs from one HPyV 

to another regarding the sequences, number, and positions of the different viral LTAg 

and host cell transcription factor-binding sites (Ajuh et al., 2018). Rearrangements of 

archetype NCCR have been described in BKPyV, JCPyV, HPyV7 and HPyV9 and 
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showed that most of those variant forms increased the expression of the early gene 

region, as well as enhancing viral replication and cytopathology (Gosert et al., 2008; 

Ferenczy et al., 2012; Hirsch et al., 2013a; Ajuh et al., 2018). 

Figure 5 - Representation of HPyV circular genome: double stranded DNA is 
represented in black, the primary transcript of early and late regions in blue, the spliced 
transcripts of early regions in red and late regions in green (open reading frame (ORF), 
solid line and introns, dotted line) (Dalianis & Hirsch, 2013). 

The early gene region essentially encodes for the non-structural proteins: large and 

small tumour antigens (LTAg, stAg) through alternative splicing. Some polyomaviruses 

encode for more tumours antigens, like BKVyP and MCPyV with truncated T Ag 

(truncTAg) or JCyPV with alternatively spliced T’ antigens (Decaprio & Garcea, 2013; 

Hirsch et al., 2013a; Hirsch al., 2013b). Polyomavirus LTAg are known to be essential 

for viral DNA replication, transcription and virion assembly as well as being able to 

interact with multiple cellular pathways including proliferation, cell death and the 

inflammatory response (An et al., 2012). On the other hand, stAg is thought to be 

directly involved in the activation of the cell cycle progression to S phase (Khalili et 

al., 2008). 

The late gene region encodes for the structural proteins VP1, VP2 and VP3. Two 

mRNA are generated through alternative splicing, one encoding for both VP2 and VP3 

and the other one for VP1. As the first initiation codon, AUG, is not in optimal context 

for initiation, both proteins from the same mRNA can be translated. These proteins 

assemble in the nucleus of the host cell to form new virions. Betapolyomaviruses, 

including BKPyV and JCPyV, also encode for another small structural protein called 
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agnoprotein with its coding region being upstream of the VP1 orf on the same mRNA 

(Okada et al., 2001; Rinaldo et al., 1998). For both BKPyV and JCPyV, the agnoprotein 

appears to be essential for the efficient release of infectious viral particles (Okada et 

al., 2001; Panou et al., 2018). 

The genomes of BKPyV, JCPyV and MCPyV also encode for micro-RNAs (miRNAs) 

in their late region which inhibit LTAg expression, leading to downregulation of viral 

replication at the late stage of infection (Seo et al., 2008, 2009; S. Lee et al., 2011; 

Broekema & Imperiale, 2013; Tian et al., 2014; Zou & Imperiale, 2021). In addition to 

their ability to regulate viral replication, miRNAs have been shown or predicted to 

target host cellular proteins (Bauman et al., 2011; S. Lee et al., 2011). Indeed, identical 

miRNAs from both BKPyV and JCPyV were found to target the immune response. 

They can downregulate expression of ULBP3, a stress-mediated ligand of the killer 

receptor NKG2D, which consequently allows escape from recognition by NK or CD8+ 

T cells (Bauman et al., 2011). 
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4. Polyomavirus life cycle 

 

HPyV life cycle (Figure 6) starts when viruses interact with their receptors (1) at the 

surface of the host cell which triggers internalisation; (2) either by caveolin-, for BKPyV, 

or by clathrin-dependent, for JCPyV endocytosis. (3) Viral particles are transported 

either to the endosome, for BKPyV, or the early endosome for JCPyV, and then to the 

endoplasmic reticulum. (4) There, virus undergoes partial uncoating revealing VP2 and 

VP3 on the capsid. (5) Then, partially uncoated viruses leave the ER potentially 

through ERAD complex. (6) Viral genome is then transported to the nucleus where (7) 

early-gene expression leads to production of the different T antigens. (8) Viral genome 

is replicated. (9) Then, late-gene expression allows production of the structural 

proteins: VP1/2/3 as well as agnoprotein. (10) New virions are formed with the 

structural proteins and newly replicated genome which can then be released in a non-

lytic manner (11) or through cell lysis (12).  

Figure 6 - Replication cycle of polyomavirus. Figure was made with Biorender. 
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4.1. Polyomaviruses mainly use sialylated glycans for entry 

 

HPyV are known to have a limited host range and cell tropism and many 

polyomaviruses can attach to sialylated glycans at the cell surface: the gangliosides. 

Gangliosides are glycosphingolipids that can carry one or multiple sialic acids (N- 

acetylneuraminic acid (Neu5Ac), in humans). Sialic acids are linked to galactose 

residues by an α2,3-linkage. And they can be connected to each other by an α2,8- 

linkage. The name of the gangliosides follows the nomenclature of L. Svennerholm 

where G = ganglio and L = lacto, the letters: A = 0, M = 1, D = 2, T = 3, Q = 4, P = 5, 

H = 6 and S = 7 indicate the number of sialic acids and a number, not higher than 5, 

indirectly refers to the neutral sugars in the structure. For example, GM1 is from the 

ganglio series, contains one sialic acid and (5 - “1” = 4) neutral sugars. Sometimes the 

name is followed by a small letter: a, b or c meaning that those gangliosides belong 

the series of the same name where a-series is for glycans carrying one sialic acid on 

the first galactose, b-series is for two sialic acids and c-series three. The o-series 

groups gangliosides do not carry any sialic acid on their first galactose and, therefore, 

should not be named with a small letter, however, o-series GM1b and GD1c are the 

exceptions (Figure 7) (Kolter, 2012; Svennerholm, 1964). 
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Figure 7 - Structures of different glycans 

To enter the host cell, BKPyV was first shown to interact with GT1b and GD1b 

gangliosides and later, with all b-series gangliosides through their di-sialic acid motif 

(Low et al., 2006; Neu et al., 2013). In fact, the crystal structure of BKPyV VP1 

pentamers with GD3 reveals five binding sites on the top of the pentamers, one for 

each VP1 molecule. The di-sialic acid part of GD3 interacts with multiple residues 

found in three loops (BC-, HI- and DE-loops) of a single VP1 monomer and one loop 

from each of the neighbouring monomers (BC- and DE-loops) (Neu et al., 2013) 

(Figure 8). Like BKPyV, MCPyV can interact with GT1b but also GD1a (Erickson et 

al., 2009; Neu et al., 2012). Structural studies revealed that the HI-, BC- and DE-loops 

of MCPyV VP1 bind to the single sialic acid found on the second galactose of GD1a 

which is also present in the structure of GT1b (Neu et al., 2012) (Figure 8). 

JCPyV is known to attach sialylated glycosphingolipids, specifically the lactoseries 

tetrasaccharide c (LSTc) where a single sialic acid is bound in α2,6 to the second 

galactose. Like for BKPyV and MCPyV, the receptor binds on the top of the VP1 

pentamer with five possible binding sites, one per monomer. Again, for this binding, 

the BC-, HI- and DE-loops of a single VP1 monomer are involved as well as the BC- 
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loop of the neighbouring monomer. In this case, not only the sialic acid makes contact 

to the VP1 residues but also the N-acetylglucosamine (GlcNAc) found upstream in the 

LSTc structure (Neu et al., 2010) (Figure 8). 

As for JCPyV, HPyV9 binding to its receptors involves BC-, HI- and DE-loops from a 

single VP1 monomer and the BC-loop of the neighbouring monomer. However, HPyV9 

was found to attach α2,3-linked sialyllactosamine (3’SLN) where a single sialic acid 

connects to the sugar compounds through α2,3 linkage (Khan et al., 2014) (Figure 8).   

For the more recently discovered NJPyV, binding to α2,3 linked sialyllactose structure 

was described. This kind of structure is usually found on complex glycans like 

gangliosides. For this polyomavirus, the binding pocket differs slightly from the other 

previously described PyV capsid sialic acid binding pockets, since only the HI- and 

BC-loops of a single monomer are involved in the binding (Ströh et al., 2020) (Figure 

8). 

Regarding TSPyV, a single sialic acid moiety was found to bind the VP1 pentamers 

quite differently as it was seen for most polyomaviruses. Indeed, the Neu5Ac is solely 

bound by the second part of the BC-loop in the VP1 monomer and by the DE-loop 

coming from the neighbouring monomer. This study clearly showed that only the sialic 

acid structure is observed to bind the VP1 proteins and concluded that TSPyV can 

interact with both α2,3 and α2,6-linked sialylated glycans (Ströh et al., 2015) (Figure  

8). 
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Figure 8 - Sialic acid binding sites among HPyV. (A) Superposition of all HPyV 
structure in interaction with sialic acid, represented as coloured sticks, focusing on the 
binding site. (B) Binding site with sialylated glycans for each HPyV structures: BKPyV 
in interaction with GD3 (4MJ0), MCPyV in interaction with GD1a (4FMJ), JCPyV in 
interaction with LSTc (3NXD), HPyV9 in interaction with 3’SLN (4POS), NJPyV in 
interaction with 3’SL (6Y5Y) and TSPyV in interaction with GM1 (4U60), with amino 
acids involved in binding shown as coloured sticks and ligands as light pink sticks (Neu 
et al., 2010, 2012, 2013; Khan et al., 2014; Ströh et al., 2015, 2020). Figures were 
made using Pymol, except schemes of glycans which were done using Biorender. 
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On the other hand, studies on both HPyV6 and HPyV7 showed that neither of them 

can bind sialylated glycans. Indeed, on a structural level, the HI-loop of their VP1 

monomer is much more extended than that found in the previously discussed HPyV. 

Moreover, this loop conformation seemed to block the sialic acid binding pockets 

(Stroh et al., 2014) (Figure 9). No clear receptors have yet been described for these 

two HPyVs. 

 

Figure 9 - Comparison of HI loop orientation in HPyV6 (4CPG), HPyV7 (4CPH), 
MCPyV (4FMJ) and BKPyV (4MJ0). (A) Superposition of VP1 monomer with HI loop 
in colour: yellow for HPyV6, dark green for HPyV7, dark blue for MCPyV and pink for 
BKPyV. (B) Focus on the HI loops of the different HPyVs with ligands of MCPyV and 
BKPyV shown as sticks in dark blue and pink, respectively. Figures were made with 
Pymol. 

While for most polyomaviruses, interactions with sialylated glycans are thought to be 

sufficient for virus entry into host cells, some polyomaviruses show additional binding 

to non-sialylated glycans like glycosaminoglycans. GAGs are long linear 

polysaccharides carrying negative charges that can be sulphated like heparin sulphate 

(HS) and chondroitin sulphate (CS) (Gandhi & Mancera, 2008) (Figure 7). Merkel Cell 

polyomavirus was shown to primarily bind HS and CS GAGs before engaging with 

gangliosides to enter cells (Schowalter et al., 2010; Bayer et al., 2020). Another study 

also hinted toward JCPyV and BKPyV being capable of interacting with GAGs 

(Geoghegan et al., 2017). Moreover, a cryo-EM study tried to solve the BKPyV capsid 

in interaction with heparin. However, despite observing difference density in between 

the capsomers and on top of them, it can not be clearly associated with the presence 

of heparin (Hurdiss et al., 2018; Sorin et al., 2021). 
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In addition to its binding to glycans, JCPyV is believed to interact with a secondary 

protein receptor, which has been identified as the seven-transmembrane domain type- 

2 5-hydroxytryptamine, or serotonin, receptors 5-HT2A, 5-HT2B, and 5-HT2C. Thus, 

LSTc would serve as an attachment receptor for JCPyV and the 5-HT2 receptors as 

entry receptors (Elphick, 2004; Assetta et al., 2013, 2019). 

Other non-human polyomaviruses have been shown to interact with protein receptors 

as well as glycans like SV40 and MPyV. For SV40, the major histocompatibility class 

I molecules (MHC I) serve as an attachment receptor and GM1 gangliosides as entry 

receptors while for MPyV, the α4β1 integrin is used as a post-attachment receptor in 

addition to gangliosides (Caruso et al., 2003; Toscano & de Haan, 2018). Thus, this 

shows that a two-receptor entry mechanism can be used by polyomaviruses with 

involvement of gangliosides mostly as the entry receptor. 

 

After binding at the plasma membrane, most polyomaviruses are known to enter 

cells by caveolin-endocytosis (Eash et al., 2004). Nevertheless, JCPyV enters through 

clathrin-dependent endocytosis which is thought to be due to the 5-HT2 receptors, 

since they are known to trigger this type of endocytosis (Pho et al., 2000; Elphick, 

2004; Assetta et al., 2019). Finally, BKPyV was observed to also enter human tubule 

renal epithelial cells through independent caveolin- and clathrin-mediated endocytosis 

(Zhao et al., 2016). 

 

4.2. Intercellular trafficking 

 
Transported in vesicles, the polyomavirus virions first enter the endolysosome 

and then are redirected to the endoplasmic reticulum (ER) (Eash et al., 2004; Gilbert 

& Benjamin, 2004; Qian et al., 2009). While this pathway is thought to be similar for 

the different polyomaviruses using sialylated glycans to enter cell, JCPyV by entering 

through clathrin endocytosis is first transported to early endosomes and then 

retrogradely through caveolin-1 vesicles to the ER (Querbes et al., 2006; Nelson et al., 

2012, 2013; Becker et al., 2019). 

Once in the ER, the virions undergo partial decapsidation. ER protein disulphide 

isomerases (PDI) can reduce the disulphide bonds that hold VP1 pentamers closely 

attached, as well as unravelling their C-terminal domain, leading to exposure of 
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VP2/VP3 on the exterior of viral particle (Jiang et al., 2009; Nelson et al., 2012, 2013). 

Although the mechanism is not well understood, partially decapsidated particles are 

then transported to the cytosol probably with the help of ER-associated degradation 

(ERAD) components (Inoue & Tsai, 2013). Through recognition of nuclear localisation 

sequences (NLS) found on the C-terminus of VP2 and VP3 proteins, viral  particles are 

transported to the nucleus by the α and β1 importins which interact with nuclear pore 

complexes (Bennett et al., 2015; Qu et al., 2004). 

 

4.3. Viral transcription and replication 

 

Once in the nucleus, replication as well as viral gene expression occur. Viral 

gene transcription is initiated by binding of host-cell transcription factors (TF) to the 

NCCR. For JCPyV, multiple cellular TFs are described to be involved in viral gene 

transcription regulation by binding the enhancer elements in the NCCR. Some TFs, 

like Tst-1, YB-1 or AP-1 stimulate viral early and late gene transcriptions. However, 

other TFs, like C/EBPβ or SRSF1, have been described for their repressive activities. 

Interestingly, cellular TFs are also important determinants of cell tropism like for JCPyV 

where Tst-1 is the key TF for controlling transcription and is specifically expressed in 

myelinated glial cells (Yang & You, 2020). Similarly, as JCPyV, cellular TFs, like p53, YY1 

and NF-1, can repress BKPyV gene expression while other TFs, like Spr1 or Ets1 

repress early transcription. Whereas TF like p65 can stimulate the viral early promoter 

and, in synergy with C/ERPβ, induce viral gene expression. Finally, NFAT was shown 

to have both an activation and repressive effect on viral gene expression by interacting 

with either c-Jun or p65 (Bethge et al., 2015; Yang & You, 2020). 

LTAg is also particularly involved in transcriptional control. A lot of studies on SV40 

have highlighted that LTAg inhibits early transcription to favour late transcription. LTAg 

can interact with TF AP-2, to prevent its binding to viral DNA, but also with viral DNA 

directly at the ORI to inhibit initiation of early transcription. LTAg can also act as TF by 

binding NCCR to promote late gene expression. Extended studies have also been 

done on JCPyV LTAg which is also involved in inhibition of early transcription. Indeed, 

LTAg was found to interact with cellular TF, YB-1, to inhibit early transcription but this 

interaction also induces late transcription (Yang & You, 2020). For BKPyV, 
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distribution of SP1 binding sites in NCCR has been shown to play an essential role in 

the initial balance between early and late gene transcription (Bethge et al., 2015).  

Moreover, biopsies from patients with BKPyV associated nephropathy (BKPyVAN) 

showed that cells at early stage of infection are LTAg +/VP1 - while cells at late stage 

are LTAg +/VP1 + or LTAg -/VP1 +, indicating that a similar transcription regulation 

occurs in BKPyV as the one described in JCPyV and SV40 (Seemayer et al., 2008). 

LTAg binding to the ORI is known to induce DNA unfolding and recruitment of host 

cell machinery like topoisomerase I and DNA polymerases (Swenson et al., 1996; 

Tikhanovich & Nasheuer, 2010; Harrison et al., 2011; Wang et al., 2012). Finally, LTAg 

can interact with the cell cycle machinery including p53 and pRb to push cell cycle 

progression and prevent apoptosis (Harris et al., 1996, 1998; Tyagarajan & Frisque, 

2006; Seamone et al., 2010). 

For JCPyV and BKPyV, stAg was shown to interact with Rb proteins as well as protein 

phosphatase 2A, which seems to contribute to cell cycle progression (Bollag et al., 

2010; Helle et al., 2017). While for MCPyV, stAg seems to interact with the mTOR 

pathway, and along with LTAg, drives tumorigenesis (Shuda et al., 2011). 

 

4.4. Virus assembly and release 

 

Individual VP1 and VP2/3 proteins associate in the cytosol to form capsomers, 

which are then transported to the nucleus through VP1 NLS sequence (Shishido-Hara 

et al., 2000; Helle et al., 2017). There, the newly replicated viral genome is 

encapsidated into new virions. The rich calcium environment is essential for capsid 

formation and interpentameric disulphide bonds help stabilise the overall virion 

structures (Haynes et al., 1993; Chen et al., 2001). The release mechanism of newly 

formed viral particles is thought to occur mostly through lytic release but also, for 

JCPyV and BKPyV, in a non-lytic manner possibly involving the secretion of exosomes 

containing multiple virus particles (Low et al., 2004; Suzuki et al., 2010; Evans et al., 

2015; Morris-Love et al., 2019; Handala et al., 2020). 

The main function of the agnoprotein, expressed by Betapolyomaviruses, appears to 

be to enhance virion release from infected cells. Different mechanisms have been 

described by different groups, with agnoprotein reported to be essential for the 

formation of infectious JCPyV and SV40 particles in the nucleus, for BKPyV virion 
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export from the nucleus, and possibly also acting directly as a viroporin, facilitating 

virion release at the plasma membrane (Sariyer et al., 2008; Suzuki et al., 2010, 2012; 

Panou et al., 2018). 
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5. Pathogenicity of BKPyV & JCPyV 

 

5.1. Epidemiology, transmission and latency 

BKPyV and JCPyV are opportunistic viruses with seroprevalences above 80%, 

for BKPyV, and around 30-70%, for JCPyV, in worldwide adult populations (Egli et al., 

2009; Knowles et al., 2003). 

BKPyV primo infection occurs during the first year of life once maternal antibodies 

wane while JCPyV primo infection happens in late childhood (Knowles, 2001; Wollebo 

et al., 2015). For both viruses, the first infection is mostly asymptomatic and can 

sometimes be associated with mild respiratory symptoms (Mäntyjärvi et al., 1973; 

Shah et al., 1973; Goudsmit et al., 1982; Wollebo et al., 2015). 

The transmission mode of these viruses is not yet clearly identified. Detection of viral 

DNA in oropharyngeal tissues and saliva, for BKPyV, suggests transmission via 

oropharyngeal route (Goudsmit et al., 1982; Monaco et al., 1998; L. K. Jeffers et al., 

2009; Comar et al., 2010). BKPyV and JCPyV were also detected in urban sewage 

suggesting a faecal-oral transmission inside the family or with close relatives or in less 

frequent cases because of polluted water sources (Bofill-Mas et al., 2000). Other less 

frequent routes have been documented like transplacental transmission, blood 

transfusion or organ transplantation, especially kidney graft (Andrews et al., 1988; 

Boldorini et al., 2011; Haghighi et al., 2019). 

After infection, both viruses are known to persist in many different tissues. BKPyV and 

JCPyV are known to be latent in the renal-urinary tract, especially in kidneys, where 

virus reactivation can be detected mainly in urine of immunocompromised but also at 

low viral loads in healthy individuals (Heritage et al., 1981; Chesters et al., 1982; Polo 

et al., 2004; Egli et al., 2009). For JCPyV there is some evidence for the presence of 

the virus in lymphoid tissues and brain (Perez-Liz et al., 2008; Tan et al., 2009; Tan & 

Koralnik, 2010; Bayliss et al., 2011). JCPyV was also reported to be found in bone 

marrow but recent virome study done with NGS contradicts this (Tan et al., 2009; 

Toppinen et al., 2021). 

However, the mechanism of viral latency is still not clearly understood for BKPyV, 

JCPyV, or indeed any HPyV. It could be that the virus still exhibits persistent low-level 
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viral replication, or that it enters a state of true latency with no viral replication and 

expression. Intermittent switching between these two states is also a possibility. 

5.2. BKPyV associated diseases 

BKPyV reactivates in immunocompromised contexts like transplantation, 

clinical acquired immunodeficiency syndrome (AIDS) or in the context of myeloablative 

cancer treatments. Immunosuppressive therapy, particularly in the case of kidney 

transplantation can lead to BKPyV reactivation causing diseases such as nephropathy 

(BKPyVAN) or ureteric stenosis, and in this case, the engrafted organ introduces the 

virus into the recipient. On the other hand, haemorrhagic cystitis caused by BKPyV 

during the aplasic phase after hematopoietic stem cell (HSC) graft occurs due to 

reactivation of the endogenous virus already present in the recipient. Other sites of 

reactivation have been described with less frequent occurrences. 

5.2.1. BKPyV associated nephropathy (BKPyVAN) 

In kidney graft recipients, usual symptoms of active viral replication are 

presence of virus in the urine, viruria, and in the blood, viremia. Around 60% of kidney 

recipients have viruria and in 10-30% of cases, progression to viremia can be seen. In 

1-10 % kidney recipients, this infection can lead to BKPyVAN which can greatly impact 

the kidney function and sometimes cause graft loss (Hirsch et al., 2013b; Mengel, 

2017; Sharma & Zachariah, 2020). Usually, patients with viremia higher than 104 cp/ml 

and/or viruria higher than 107 cp/ml, present a high risk of BKPyVAN (Hirsch, et al., 

2013b). 

BKPyVAN is a tubule-interstitial nephropathy that most often develops within 12 to 24 

months after kidney graft. Infection starts with viral replication detectable in urine 

through viruria. Then, prolonged uncontrolled high viral replication in the kidney 

induces lysis of epithelial cells as well as denudation of the basal membrane due to 

the viral cytopathic effect. This leads to the release of virus in blood but also tubular 

fluid infiltration in the interstitium causing interstitial fibrosis and tubular atrophy 

(Randhawa et al., 1999; Mazalrey et al., 2015; Furmaga et al., 2021). Some of these 

effects can be irreversible leading to kidney graft dysfunction and sometimes graft loss 

(Ramos et al., 2002; Wadei et al., 2006). The risk factors to develop BKPyVAN are 
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dependent on the donor, the recipient, the virus and the graft (Hirsch et al., 2013b; 

Mazalrey et al., 2015; Ambalathingal et al., 2017; Tan et al., 2019; Wunderink et al., 

2019) (Figure 10). BKPyVAN can also be found very rarely in non-kidney transplanted 

patients (Limaye et al., 2005). 

 

Figure 10 - Risk factors associated with BKPyVAN (inspired by Hirsch et al., 2013b; 
Mazalrey et al., 2015; Ambalathingal et al., 2017). Figure was made with Biorender. 

5.2.2. Ureteric stenosis 

Ureteric stenosis was associated with the first isolation of BKPyV, in 1973, from 

a kidney graft recipient (Gardner, 1973). This pathology can be found in adult and 

paediatric kidney recipients as well as HSC graft recipients (Mazalrey et al., 2015). 

However, ureteric stenosis is no longer frequently diagnosed, which could be due to 

improved surgical techniques and the routine use of ureteral stents (Hirsch & Steiger, 

2003). 

5.2.3. Haemorrhagic cystitis 

Haemorrhagic cystitis (HC) associated with BKPyV was first detected in the 

1980s with high viral load of BKPyV in the urine of HSC graft recipients (Arthur et al., 

1986) . Patients with HC can have symptoms of dysuria, urination urgency, urination 
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frequency, pain and various degrees of haematuria. In severe cases, blood clot 

formation can be seen in the bladder resulting in kidney failure. BKPyV associated HC 

usually occurs at a late stage, > 2 months after HSC graft, in 5-15% of patients. In this 

patient population, HC can also develop due to drug toxicity of other viral infections 

like human cytomegalovirus (hCMV) or adenovirus (Hirsch, 2002; Dropulic & Jones, 

2008). However, only around one-half of HSC recipients with BKPyV viruria developed 

HC. The pathogenesis of BKPyV is thought to occur in three steps. First, induction 

therapies for graft cause lesions of the urothelial mucosa. Second, HSC graft pre- 

conditioning eliminates the host antiviral response, and thus favours BKPyV 

reactivation and replication which leads to detection of the virus in the urine. Finally, 

hematopoietic reconstruction will re-establish an anti-BKPyV immunity and trigger an 

immune response that can lead to consequent mucosal damage and haemorrhage 

(Leung et al., 2005). 

5.2.4. Other BKPyV associated diseases 

In a strong immunosuppressive context, BKPyV has been associated with a 

variety of other diseases. BKPyV has been identified as the cause of 

meningoencephalitis in HIV/AIDS patients with manifestations of BKPyV replication in 

many other organs (Hirsch & Steiger, 2003). The virus was also detected in 

cerebrospinal fluid (CSF) of children suspected of encephalitis and adults suspected 

of meningitis and/or encephalitis (Behzad-Behbahani et al., 2003a; 2003b). Another 

particular case where BKPyV was also detected in the CSF of a kidney graft recipient 

suggested progressive multifocal leukoencephalopathy (PML) (Hix et al., 2004). In 

AIDS patients, BKPyV reactivation has been found to cause, in rare cases, 

pneumonitis, salivary gland diseases and retinitis (Vallbracht et al., 1993; Hedquist et 

al., 1999; Cubukcu-Dimopulo et al., 2000; Jeffers & Webster-Cyriaque, 2011; Burger-

Calderon et al., 2014). 

5.3. JCPyV associated diseases 

JCPyV reactivates mostly in strongly immunocompromised states caused by 

AIDS, lymphoproliferative disorders, immunomodulatory therapies and sometimes 

kidney transplantation. The major pathology caused by JCPyV reactivation is 
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progressive multifocal leukoencephalopathy (PML), but other rare diseases found in 

the brain as well as nephropathy can be associated with JCPyV infections. 

5.3.1. Progressive multifocal leukoencephalopathy (PML) 

The first described cases of PML were in 1958 in patients presenting Hodgkin’s 

disease or chronic lymphocytic leukaemia (Åström et al., 1958). Due to 

immunosuppression, JCPyV reactivates in the brain, more specifically in 

oligodendrocytes and astrocytes. Lysis of these cells due to infection leads to 

demyelination of the white matter in the central nervous system (CNS) and to 

extensive axonal dysfunction which can result in neuron loss (Ferenczy et al., 2012) 

(Figure 11A & 12A). Thus, this disease was called PML with “progressive” meaning 

that the disease progressively evolves to a worse state leaving irreversible brain 

damage, “multifocal” standing for JCPyV reactivation occurring in different part of the 

brain and “leukoencephalopathy” for the damage caused in the white brain matter. 

Clinical manifestations can be cognitive dysfunction, visual symptoms, motor 

weakness, speech disturbance, appendicular or gait ataxia as well as less frequently, 

headaches, seizures, and sensory loss. Symptoms can be dependent on the 

localisation of the demyelination lesions (Berger & Khalili, 2011). PML is potentially 

fatal, but restoration of immune response seemed to improve survival (Atkinson & 

Atwood, 2020). 

PML was a rare disease until the mid-1980s when AIDS epidemic started (Holman et 

al., 1998). Since then, PML was most frequently diagnosed in this population with 2- 

5% of AIDS infected individuals developing the disease (Tan & Koralnik, 2010). 

However, introduction of highly active antiretroviral therapy (HAART), by targeting HIV  

and thus preserving immune function, strongly decreased the number of AIDS-related 

PML (Christensen et al., 2010) . The recent development of immunomodulatory drugs, 

especially use of monoclonal antibodies (mAbs), to treat autoimmune disorders 

created a new population of PML-susceptible individuals. Monoclonal antibodies are 

used to target specific immune factors to block their function. Natalizumab targets 

infiltration of leukocytes in an inflammatory context. This monoclonal antibody is 

usually used to treat multiple sclerosis (MS) and Crohn’s disease and has been 

associated with PML cases in those patients. Efalizumab, an antibody specific for 

CD11a which prevents lymphocyte activation, proliferation, and migration, was used 
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to treat psoriasis but was withdrawn from the market in 2009 after the diagnosis of 

PML cases in treated patients. Finally, rituximab, known to target CD20+ B 

lymphocytes, is commonly used to treat non-Hodgkin lymphoma but also lupus, MS 

and in some cases rheumatoid arthritis and was also associated with PML cases in 

that patient population (Tan & Koralnik, 2010). 

Almost all cases of PML are either associated with lymphoproliferative disorders, AIDS 

or immunomodulatory therapies. Only rare cases of PML were reported in other 

contexts like pregnancy, hepatitis cirrhosis, renal failure, dementia, dermatomyositis 

or in individuals without any specific diagnosis (Gheuens et al., 2010). 

5.3.2. Granule Cell Neuronopathy (GCN) 

JCPyV was also found to infect granule cell neurons in the cerebellum where 

granule cells appear to have hypochromatic and enlarged nuclei (Figure 11B). Death 

of these cells leads to cerebellar dysfunction like incoordination, gait ataxia and 

dysarthria (Tan & Koralnik, 2010). The first cases of this disease were found in 5% of 

PML patients before the HIV epidemic (Richardson & Webster, 1983). Then, it was 

also found associated to PML in AIDS patients, but also in HIV-positive and HIV- 

negative patients without PML (Pasquier et al., 2003; Tyler, 2003; Koralnik et al., 2005; 

Hecht et al., 2007; Granot et al., 2009). Thus, GCN can develop on its own or in 

association with PML. 

5.3.3. Others JCPyV associated pathologies in the brain 

In rare cases, JCPyV can also infect the grey matter and cause 

encephalitis (Blake et al., 1992; Wüthrich et al., 2009) (Figure 11D). Meningitis has 

also been found to be caused by JCPyV in both immunosuppressed and 

immunocompetent individuals (Tan & Koralnik, 2010; Viallard et al., 2005). 



Introduction 

34 

 
 

Figure 11 - Histological spectrum of JCV infection of the central nervous system. (A) 
Classic PML: demyelinating lesion of the white matter (arrow) surrounded by multiple 
JCV-infected glial cells (arrowheads). (B) JCV GCN: JCV infection of granule cell 
neurons (arrows). (C) PML-IRIS: marked lymphocytes penetrating the perivascular 
region (arrows). (D) JCV encephalopathy: JCV infected (arrow) hemispheric cortical 
neurons (arrowhead) (Tan & Koralnik, 2010). 

5.3.4. JCPyV associated nephropathy (JCPyVAN) 

In contrast to BKPyV, JCPyV associated nephropathy is rare and found in less 

than 1% of kidney graft recipients, although it can still cause graft dysfunction and loss. 

Compared to BKPyV, JCPyV reactivation does not induce high viremia despite 

patients having high viruria. Moreover, histologically, JCPyV seems to induce fewer 

cytopathic effects than BKPyV in kidney graft recipients with nephropathy 

(Drachenberg et al., 2007) . 

5.3.5. Immune reconstitution inflammatory syndrome (IRIS) 

This syndrome is usually triggered by restoration of immunity after 

immunosuppression that can be due to HIV/AIDS, lymphoproliferative disorders, 

transplantation, immunomodulatory therapies and so on. The development of IRIS 
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depends on how fast the immunity is restored: the shorter the period is, the more likely 

IRIS is to occur (Harypursat et al., 2020). Associated with PML, IRIS often leads to 

high morbidity and mortality due to the intense immune response that usually results 

in tissue damage and amplification of the injury (Figure 11C & 12C). In PML-IRIS, 

patients have fewer JCPyV infected cells, but a higher number of infiltrating immune T 

and B cells compared to patients with PML only (Bauer et al., 2015). Killing of infected 

cells, particularly oligodendrocytes, by virus-specific cytotoxic T-lymphocytes (CTL) will 

increase the injury and exacerbate the pathology. 

 
 

Figure 12 - PML-IRIS in an HIV+ patient. (A) PML lesion in AIDS patient before 
initiation of antiretroviral therapy (ART) (B) IRIS-PML with enlarged lesion 2.5 months 
after initiation of ART, after IRIS was treated with ART discontinuation for 2 weeks (Tan 
& Koralnik, 2010). 

5.4. Oncogenicity of BKPyV & JCPyV 

 

BKPyV and JCyPV tumour antigens are known to interact with many cell factors 

involved in the cell cycle progression and apoptosis, such as pRB proteins, making 

these viruses potentially oncogenic. Moreover, they have also been associated with 

induction of cancers in rodents, including sarcomas and brain tumours (zur Hausen, 

2008). Different mechanisms have been proposed to contribute to cancer 

development following BKPyV or JCPyV infection. Firstly, a direct “driver” role where 

non-lytic infection leads to continuous expression of tumour antigens (LTAg and stAg) 

in all cancer cells. This is also the case for MCPyV, in which integration of the virus 

genome leads to expression of a truncated form of TAg that transforms the host cell. 

Secondly, a “hit-and-run” mechanism has been proposed, in which expression of viral 
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genes would participate in the initiation of the oncogenic transformation only. Actually, 

a recent study showed that a potential “hit-and-run” mechanism where BKPyV 

reactivation induces elevated levels of APOBECA and B proteins leading to APOBEC- 

induced damage in the urothelial genome. Thus, this study suggested that BKPyV 

reactivation should be considered a risk factor for bladder cancer (Baker et al., 2022). 

Furthermore, BKPyV and JCPyV could also have a “passenger” role where the virus 

can actively replicate but is not involved in the malignancy. Finally, the last role could 

be “innocent by-stander” where the virus is found actively replicating in cells near the 

cancerous site (Dalianis & Hirsch, 2013). 

Due to being a hotspot of BKPyV reactivation, some case reports have described 

tumours in the urothelium and renal tubule tumours in kidney graft recipients 

associated with BKPyV, though most tumours of the urinary tract do not contain 

BKPyV genetic material (Alexiev et al., 2013; Papadimitriou et al., 2016; Loria et al., 

2022). Similarly, JCPyV has been reported to be associated with many brain cancers, 

as gliomas, oligoastrocytomas, glioblastomas and medulloblastomas, due to its 

reactivation in this tissue. However, a large study showed very few positive samples 

for JCPyV DNA in those cancers (Rollison et al., 2005). 

BKPyV and JCPyV have also been reported to be involved in other tumours: like 

prostates, lymphoma, colorectal cancer and more. However, the initial observations 

have not been replicated thus making these evidences not convincing (Bergh et al., 

2007; Abend et al., 2009; Maginnis & Atwood, 2009; Martinez-Fierro et al., 2010; 

Hirsch et al., 2013a; Anzivino et al., 2015; Levican et al., 2018; Sarvari et al., 2018; 

Shen et al., 2021). Thus, the causative role of BKPyV and JCPyV in cancer remains 

to be proven. However, despite the lack of evidence of carcinogenesis in humans but 

sufficient evidence in experimental animals, BKPyV and JCPyV are classified as 

“possibly carcinogenic to humans” by the International Agency of Research on Cancer 

(Bouvard et al., 2012). 

5.5. Immune responses 

 

5.5.1. Innate immune response 

 

The most important innate antiviral immune mediator is interferon (IFN) 

response. Type I and type II IFN induces an antiviral state in epithelial cells that blocks 
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polyomavirus replication (Assetta et al., 2016; Fiore et al., 2020; Wilson et al., 2011). 

Interestingly, BKPyV infected endothelial cells, but not renal tubular epithelial cells, 

express IFN-β (An et al., 2019; de Kort et al., 2017). Similarly, although DC bound and 

internalised BKPyV VLP and infectious particles, this did not result in DC activation or 

IFN secretion (Sikorski et al., 2021). Taken together, these findings indicate that 

endothelial cells rather than RPTEC or DC, may spark the initial innate response to 

BKPyV infection. Moreover, for JCPyV, type I IFN responses were shown to block 

infection in human foetal glial cells (Co et al., 2007; Verma et al., 2006). However, a 

recent study also highlighted that JCPyV stAg was an antagonist of IFN induction by 

targeting the RIG-I mediated innate immune pathway (Chiang et al., 2021). 

 

5.5.2. Humoral response 

 

Primo-infection by BKPyV and JCPyV, usually during childhood, induces 

production of specific neutralising antibodies with antibodies being present in more 

than 80% of individuals by young adulthood, for BKPyV and for around 30-60% of the 

worldwide population for JCPyV, and contrary to BKPyV, the different JCPyV 

genotypes constitute only a single serotype (Egli et al., 2009; Knowles et al., 2003). 

However, antibodies alone do not provide protection against BKPyV and JCPyV 

reactivation and diseases. Indeed, seronegative kidney recipients do not have a higher 

risk of BKPyV viremia compared to seropositive recipients. However, several studies 

have revealed the importance of the titre of BKPyV-specific antibodies at the time of 

graft for subsequent BKPyV viremia. Bohl et al. found that mean pre-transplant ELISA 

titres were lower in patients who subsequently developed viremia and the same 

association was found by Solis et al. who measured neutralising titres in a pseudotype 

assay (Bohl et al., 2008; Solis et al., 2018). Furthermore, when kidneys from donors 

with high anti-BKPyV titres, presumably indicating recent BKPyV replication in the 

donor, were transplanted into receivers with low anti-BKPyV titres, this resulted in a 

10-fold higher risk of BKPyV viremia (Wunderink et al., 2017). Finally, persistent 

BKPyV viremia refractory to modulation of immunosuppressive therapy was found to 

be associated with the accumulation of neutralisation escape mutations in VP1, 

indicating that the antibody response exerts selection pressure on the virus in kidney 

recipients (McIlroy et al., 2020; Peretti et al., 2018). 
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For JCPyV, high levels of specific antibodies were detected in both HIV-positive and 

HIV-negative patients with PML indicating that the humoral response is not sufficient 

to prevent JCPyV reactivation (Giudici et al., 2000; Weber et al., 2001). On the other 

hand, the VP1 mutations that characterise PML-associated JCPyV have been 

associated with escape from neutralisation by cognate serum (Jelcic et al., 2016; Ray 

et al., 2015). 

 

5.5.3. Cellular response 

 

In the case of BKPyV infection, both specific CD4+ and CD8+ T-cells can be 

found in healthy individuals and kidney graft recipients but CD4+ T-cell responses 

seem to be the most predominant, triggering expression of IFN-γ, tumour necrosis 

factor (TNF) and granzyme B (Weist et al., 2014, 2015). In fact, polyfunctional T cells 

were found more frequently in patients with rapidly controlled viral replication 

compared to those with persistent infection, suggesting protective effects of 

polyfunctional T-cells (Trydzenskaya et al., 2011). Moreover, the CD4+ T-cell 

response was shown to mainly target VP1 while LTAg triggers CD8+ T-cells response 

(Binggeli et al., 2007). Interestingly, apparent CTL escape mutations have been 

identified in LTAg sequences curated in sequence databases, while whole BKPyV 

genome sequences from patients showed a significant enrichment of non- 

synonymous mutations in HLA-C epitopes (Domingo-Calap et al., 2018; Leuzinger et 

al., 2020). Both these observations are consistent with a significant antiviral function 

of BKPyV-specific T-cells in kidney recipients, despite their quantitatively low levels. 

Due to the high level of homology between BKPyV and JCPyV, prior infection by 

JCPyV can induce T-cell response that can cross-protect from BKPyV-associated 

diseases and vice versa (Krymskaya et al., 2005). 

The importance of the cellular immune response in the control of JCPyV reactivation 

is illustrated by the observation that both Natalizumab treated MS patients and HIV+ 

patients have an increased risk of developing PML. MS patients taking Natalizumab 

have a decreased presence of lymphocytes, mostly CD19+ B-cells and CD4+ T-cells, 

in the CNS, due to Natalizumab’s targeting of CD49d which is an important factor for 

the migration of these cells into the CNS. Moreover, the loss of this CD49d forces 

CD4+ T-cells to use different entry pathways that can alter and impact their function. 
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Thus, it creates an environment where the cellular response is impaired making it 

difficult to clear JCPyV infection and leading to potential development of PML for these 

patients (Mills & Mao-Draayer, 2018). In the context of AIDS, CD4+ T-cell 

lymphocytopenia was associated with PML (Berger et al., 1998; Marzocchetti et al., 

2009). Moreover, JCPyV-specific CD4+ T-cells have been detected in the blood of 

PML survivors correlating with clearance of JCPyV infection (Gasnault et al., 2003). 

Overall, it appears that the antibody response on its own is not enough to control 

persistent latent infection, which most likely relies on the induction of stable antiviral 

memory T cell response (Ambalathingal et al., 2017). 

 

5.6. Diagnosis 

 

5.6.1. Diagnosis of BKPyV infection 

Real-time quantitative Polymerase Chain Reaction (PCR) is the most widely 

used technique for diagnosis of BKPyV infection by detection of viral DNA in urine 

(viruria) and blood (viremia). After transplant, screening for viral DNA should be done 

monthly for 3 to 6 months and then every three months during the first-year post 

transplantation (KDIGO Transplant Work Group, 2009). While BKPyVAN diagnosis 

can not be made through viruria, high levels, > 107 cp/mL, can be an early indication 

of viremia (Randhawa et al., 2004). In case of high levels of viruria, DNA screening in 

plasma should be performed monthly, and in patients with prolonged viremia higher 

than 104 cp/mL, a diagnosis of “presumptive BKPyVAN'' can be made. However, only 

histological diagnosis through biopsy can validate the assumption of BKPyVAN 

(Hirsch et al., 2013b). 

BKPyV reactivation can also be assessed by detection of urinary decoy cells which 

are large basophilic cells containing enlarged nuclei with ground glass appearance 

and a central inclusion body (Hirsch et al., 2013b). The “Polyomavirus-haufen” test 

can be used to predict BKPyVAN by identifying aggregates (= “haufen” in German) of 

BKPyV particles in urine samples due to high viral replication (Singh et al., 2009). 

Despite the high correlation between the “Polyomavirus-haufen” test and biopsy 

results, its reliance on electron microscopy means that this test cannot be routinely 

used in the clinical setting (Nickeleit et al., 2021a). 
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However, renal biopsies must be done to definitively establish a BKPyVAN diagnosis. 

In 2018, the Banff Working Group published a morphological classification scheme for 

BKPyVAN. Through histological analysis of renal biopsies, BKPyVAN severity is 

evaluated and classified in three classes according to the interstitial fibrosis level, 

given by Banff ci score, and the polyomavirus replication level, called pvl. Class 1 

corresponds to the early infection with active viral replication with few infected cells 

and little or no fibrosis. While for class 2 and 3, clear tissue damage, like tubular 

atrophy or fibrosis, can be seen with clear evidence of polyomavirus replication 

(Figure 13). Biopsies are stained with haematoxylin and eosin and an antibody  

targeting SV40 LTAg, known to cross-react with BKPyV and JCPyV LTAg, is used for 

polyomavirus detection (Nickeleit et al., 2018; 2021b). 

 
Figure 13 - Different classes of BKPyVAN. Table presenting the different BKPyVAN 
classes. Histology of polyomavirus nephropathy (BKPyVAN) disease classes. Class 1 
(A/D): Renal cortex with no significant changes with evidence of polyomavirus 
replication (arrows in D). Biopsy scores: pvl = 1 & ci = 0. Class 2 (B/E): Tubules with 
nuclear viral inclusion bodies (arrows in B). Biospy scores: pvl: 3 & ci: 1. Class 3 (C/F): 
Evidence of diffuse fibrosis and tubular atrophy and polyomavirus replication. Biospy 
score: pvl: 3, ci: 3. (Nickeleit et al., 2021b) 
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5.6.2. Diagnosis of JCPyV infection 

The gold standard for PML diagnosis used to be brain biopsy with histological 

identification of PML lesions (Koralnik, 2006). However, brain biopsies are associated 

with significant risks, leading to the diagnosis of PML currently depending on both 

imaging (MRI or CT) and detection of JCPyV DNA in the CSF by PCR. Cerebral 

imaging of PML patients can be variable but most have multifocal lesions with frontal 

or parieto-occipital localizations (Adang & Berger, 2015). Like for PML, GCN is also 

diagnosed through both imaging and JCPyV DNA detection. However, cerebral images 

show atrophic areas with no lesions in the white matter (Koralnik et al., 2005). For the 

few reported cases of meningitis and encephalopathy associated with JCPyV, the 

diagnosis was based on clinical symptoms and detection of JCPyV DNA in CSF 

(Hirsch et al., 2013a). Finally, JCPyVAN is diagnosed usually by the presence of high 

viruria and through kidney biopsy. Both techniques are used to confirm the diagnosis 

since antibodies used for histology cross-react with both BKPyV and JCPyV LTAg, 

whereas qPCR is species-specific. Thus, JCPyVAN can be one cause of PyVAN 

without BKPyVAN viremia (Drachenberg et al., 2004). 

5.7. Therapeutic strategies 

Modulation of the immunosuppressive treatments is the standard therapeutic 

strategy and is applied as a curative treatment when BKPyVAN is histologically 

diagnosed or as pre-emptive treatment when viremia is higher than 104 cp/ml without 

biopsy confirmation. Immunosuppressive treatments after kidney graft are usually 

composed of three drugs: inhibitor of lymphocyte proliferation (mycophenolic acid), 

corticosteroids and a calcineurin inhibitor (tacrolimus or cyclosporine). In most cases, 

corticosteroids are either reduced or discontinued and one of the other drugs is 

reduced by 50%. If infection persists, the other drug is reduced or a remaining one is 

stopped. In more severe cases, some drugs can be replaced by another as well as 

decreasing doses (Hirsch et al., 2013b). Similar strategy is applied for JCPyVAN 

(Drachenberg et al., 2007). In case of PML, for HIV-positive patients, combination 

antiretroviral therapy (cART) improves the outcome of PML but still half of patients 

suffer from disability caused by PML or die from it (Hirsch et al., 2013a). For PML 

patients under monoclonal antibody therapy, withdrawal of the treatment allows 
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clearance of the virus but can trigger IRIS in patients (Tan & Koralnik, 2010). 

Corticosteroids, by their ability to control excessive immune response, are used in 

PML-IRIS patients with clear neurologic degradation. Finally, for JCPyV associated- 

GCN, meningitis or encephalitis, the therapeutic strategies are similar to those used 

for PML, that is reduction of immunosuppressive treatment or using cART in HIV- 

positive patients (Tan & Koralnik, 2010). 

Many other therapeutic strategies have been tested against BKPyV and JCPyV or are 

in the process of being developed. A summary of them and their efficiency can be 

found in the following table.  

 

Table 3 - Therapeutic strategies against BKPyV and JCPyV 

(Aksamit, 2001; Ambalathingal et al., 2017; Bernard-Valnet et al., 2021; Brickelmaier et al., 2009; Cettomai & 
McArthur, 2009; Chan et al., 2020; Clifford et al., 2013; De Luca et al., 1999, 2001, 2008; Gasnault et al., 2001; 
Hall et al., 1998; Hou & Major, 1998; Kable et al., 2017; Knoll et al., 2014; B. T. Lee et al., 2014; Lindner et al., 

2019; A. S. Nelson et al., 2021; Sospedra et al., 2014; Verma et al., 2007; Vu et al., 2015)
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Research objectives 

My work essentially focuses on studying interactions of BKPyV and JCPyV with 

their receptors, on a functional and structural level. By combining both approaches, I 

was able to characterise and understand more about host-virus interactions. 

 

Three projects will be developed in this manuscript. My first project focuses on 

characterising the tropism and structure of different patient-derived variants of BKPyV. 

The second has similar objectives but focuses on the four BKPyV genotypes. Finally, 

my third project aimed to characterise the interaction of the JCPyV capsid with its 

protein receptor: the serotonin receptor 5HT2RB. 
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Project A: patient derived BKPyV variants tropism and 

structure 

 

In kidney transplant recipients BKPyV poses a particular problem, as latent or 

low-level infection in the graft can reactivate after the transplant and lead to 

nephropathy and in extreme cases to loss of the graft. In Nantes University Hospital, 

we have a cohort of kidney graft recipients that have shown the accumulation of 

mutations in the VP1 protein of BKPyV in the context of persistent high viruria and 

viremia. These mutations are mostly localised in the BC-loop region of VP1, and the 

most frequent virus genotypes in the cohort are Ib2 and IVc2. Previous work done in 

the Nantes’ team sequenced the different variants found in patients and preliminary 

analysis showed diverse infection profiles on two renal cell lines compared to the wild- 

type (WT) BKPyV (McIlroy et al., 2020), suggesting that the VP1 variants observed in 

patients could impact virus tropism. Thus, the primary aim of my doctoral thesis was 

to understand how the mutations in the VP1 protein could influence interactions 

between the virus capsid and ganglioside receptors and resolve the crystal structure 

of selected VP1 variants. 

 

Project B: BKPyV genotypes tropism and structure 

 

BKPyV can be divided in four genotypes with gI being the most prevalent in the 

European population followed by gIV, while gII and III are found sporadically. Most 

differences between genotypes are found in the BC-loop, and one previous study 

suggested that tropism of the genotypes could be different, based on the 

hemagglutinating properties of BKPyV VLPs of different genotypes (Pastrana et al., 

2013). Thus, similarly to my first project, our aim was to characterise the structures of 

the different genotypes and find out if tropism was different between them. As part of 

a collaboration, my work in this project was to solve the structure of gIVc2 BKPyV VP1 

pentamer and perform functional studies to clarify the sialic acid-dependency of the 

different genotypes. 
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Project C: Characterisation of JCPyV interaction with 

5HT2RB 

 

JCPyV is also an opportunistic virus and in immunocompromised patients can 

lead to progressive multifocal leukoencephalopathy. JCPyV is known to infect 

oligodendrocytes through the lacto-series c oligosaccharides which serves as 

attachment receptors (Neu et al., 2010). The serotonin receptors: the 5- 

hydroxytryptamine receptors (HT) of the 2nd family A, B and C have been identified 

as entry receptors for JCPyV (Assetta et al., 2019; Elphick, 2004). However, no clear 

characterisation of this interaction has been yet published. Thus, the aim of this project 

was to characterise the interaction of JCPyV with 5-HT2RB through binding assays 

and structural methods. Characterisation of this interaction would be a first for a 

polyomavirus and a protein receptor. 
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Before starting to present the results of the different projects, I want to clarify 

the implication of the different collaborators. The different glycan array studies were 

done by the Glycoscience Laboratory at Imperial College in London. I provided the 

different His-tag VP1 pentamers and there, the team made the binding assays and 

analysis. This work involved Dr. Antonio Di Maio, Dr. Lisete M. Silva, Dr. Ten Feizi, Dr. 

Wengang Chai and Dr. Yan Liu from the Glycoscience laboratory. For mass 

spectrometry, we collaborated with Clément Delannoy and Dr. Yann Guerardel of 

Université de Lilles. They performed the study on the two renal cell lines to 

characterise the ganglioside composition of the cell membranes which appears in the 

pre-print. The different patient biopsy results, also presented in the pre-print, were 

provided by Karine Renaudin-Autin from the “Service d'Anatomie et Cytologie 

Pathologique” of Nantes University Hospital. During his internship, Domenic Ebert 

performed N-Q variant VP1 pentamer purification and helped in solving the structure 

of this variant. Ngoc-Khanh Nguyen helped by producing and purifying some of the 

PSVs and VLPs used in this project. Franck Halary was involved in the different 

discussion and building of this project as well as Céline Bressollette-Bodin who is also 

responsible for the kidney recipient cohort from where the BKPyV variants were found 

and studied. 

JCPyV VP1 encoding baculovirus was kindly provided by Prof. Antoine Touzé of 

Université de Tours. 5HT2RB encoding pFastbac and baculovirus as well as detailed 

purification protocol was kindly provided by Dr. Daniel Wacker of Icahn School of 

Medicine at Mount Sinai. The SPR measurements were done at the platform IMPACT 

by Mike Maillasson. 

The rest of the data presented were the result of my work. I performed protein 

expression and purification (Pentamers, VLPs, PSVs, receptors), X-ray crystallisation, 

data processing and model building of the different structures presented in this 

manuscript. For the functional studies, I did all in cell binding and infectivity assays 

and ELISA. Concerning the pre-print that will be presented in the next pages, I initially 

wrote the first draft of this publication which was then corrected by Dorian McIlroy and 

Thilo Stehle. Collaborators involved in this project for glycan array screening and mass 

spectrometry wrote their own part in material and methods and generate some figures 

(Figure 1B, Figure 2A, B and C, Suppl. Figure 2 and 3). 
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The different structures obtained through x-ray crystallography are listed in the 

following table: 

VP1 pentamers Submission 

gI BKPyV E73Q Submitted. PDB ID: 8AGO 

gI BKPyV VQQ Submitted. PDB ID: 8AH0 

gI BKPyV E73A Submitted. PDB ID: 8AGH 

gI BKPyV N-Q Submitted. PDB ID: 8AH1 

gIV BKPyV WT Not submitted yet 

gIV BKPyV E73K Not submitted yet 

gIV BKPyV D77N Not submitted yet 

gIV BKPyV K-N Not submitted yet 

Table 4 - Solved VP1 pentamer structures 
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Project A: patient derived BKPyV variants tropism and 

structure 

 

The aim of this project is to understand how the mutations found in patients’ 

BKPyV can influence the tropism and the structure of the virus. I studied different 

variants and part of those results led to the following publication. 

1. Paper: Structural and functional analysis of natural capsid 

variants reveals sialic-acid independent entry of BK 

polyomavirus 
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Structural and functional analysis of natural 

capsid variants reveals sialic-acid independent 

entry of BK polyomavirus 

 
Authors: M.N. Sorin1,2, A. Di Maio3, L.M. Silva3, D. Ebert2, C. Delannoy4, N.-K. 
Nguyen1, Y. Guerardel4,5, W. Chai3, F. Halary1, K. Renaudin-Autain6, Y. Liu3, C. 
Bressollette-Bodin1,7,8, T. Stehle2, D. McIlroy1,9

 

1. Nantes Université, CHU Nantes, INSERM, Center for Research in Transplantation 
and Translational Immunology, UMR 1064, F-44000 Nantes, France 
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Structurale et Fonctionnelle, F-59000 Lille, France 
5. Institute for Glyco-core Research (iGCORE), Gifu University, Gifu, Japan 
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8. Faculté de Médecine, Nantes Université, Nantes, France 9. Faculté des Sciences 
et des Techniques, Nantes Université, Nantes, France 
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1.1. Abstract 

 

BK Polyomavirus (BKPyV) is an opportunistic pathogen that causes nephropathy 

in kidney transplant recipients. The BKPyV major capsid protein, VP1, engages 

gangliosides, lipid-linked sialylated glycans at the cell surface, to gain entry into cells. 

Here, we characterise the influence of VP1 mutations observed in patients with 

persistent post-transplant BKPyV replication on ganglioside binding, VP1 protein 

structure, and the tropism of the virus in two renal cell lines: 293TT and immortalised 

renal tubular epithelial (RS) cells. Infectious entry of single mutants E73Q, E73A and 

the triple mutant A72V-E73Q-E82Q (VQQ) remained sialic acid-dependent. These 

three variants acquired binding to a-series gangliosides, including GD1a, although 

only E73Q was able to infect GD1a-supplemented LNCaP or GM95 cells. Crystal 

structures of the three mutants showed a clear shift of the BC2 loop in mutants E73A 

and VQQ that correlated with the inability of these VP1 variants to infect ganglioside 

complemented cells. On the other hand, the double mutant K69N-E82Q lost the ability 

to bind sialic acid, with the K69N mutation leading to a steric clash which precludes 

sialic acid binding. Nevertheless, this mutant retained significant infectivity in 293TT 

cells that was not dependent on heparan sulphate proteoglycans, implying that an 

unknown sialic acid-independent entry receptor for BKPyV exists. 
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1.2. Introduction 

 

BK Polyomavirus (BKPyV) is a small non-enveloped double stranded DNA virus 

with an icosahedral capsid formed by 72 capsomers, where a capsomer is an 

association of a pentamer of the VP1 protein linked internally to a single copy of either 

the VP2 or the VP3 proteins. BKPyV is known to interact with the urothelium and 

kidney epithelium through the gangliosides GT1b and GD1b but also via other b-series 

gangliosides (Shinohara et al., 1993; Low et al., 2006; Neu et al., 2013), which are 

glycosphingolipids carrying one or multiple sialic acids. The crystal structure of a 

BKPyV VP1 pentamer in interaction with GD3, shows that multiple loops at the surface 

of the VP1 form a pocket that directly interacts with the α2,8-disialic acid motif of the 

b-series gangliosides (Neu et al., 2013). 

BKPyV is an opportunistic virus with a prevalence of 80% in the worldwide 

population (Knowles et al., 2003; Egli et al., 2009). Usually, infections occur 

asymptomatically during childhood and then lead to latency in kidneys. Active viral 

replication appears to be suppressed by the host, because in immunosuppressive 

contexts like solid organ or hematopoietic stem cell transplants, BKPyV can reactivate 

(Hirsch and Steiger, 2003; Hirsch, 2005). This is a particular issue in the case of kidney 

transplant, where replication in the engrafted kidney results in the secretion of BKPyV 

in urine (viruria) and the presence of BKPyV DNA in the blood (DNAemia). These 

parameters are followed clinically as non-invasive markers to evaluate the state of the 

infection in the graft. Viruria higher than 107 cp/mL and DNAemia greater than 104 

cp/mL are associated with BKPyV-associated nephropathy (BKPyVAN), that must be 

confirmed through biopsy (Hirsch et al., 2013; Nickeleit et al., 1999). Persistent and 

uncontrolled BKPyV replication can lead to kidney graft dysfunction and ultimately loss 

of the graft (Ramos et al., 2002; Drachenberg et al., 2007; Viscount et al., 2007). 

Usually, the therapeutic strategy is to re-establish the host immune response against 

BKPyV by modulating the immunosuppressive treatments without endangering the 

graft (Babel et al, 2011). However, for approximately 25% of BKPyVAN patients, high- 

level BKPyV replication persists (Nickeleit et al., 2018) despite immunosuppressive 

treatment modulation, and these are the patients with the highest risk of subsequent 

graft loss (Nickeleit et al., 2021). Persistent high-level BKPyVAN (Randhawa et al., 

2002) or DNAemia is accompanied by the accumulation of mutations in the VP1 capsid 

protein which cluster around the sialic-acid binding pocket (McIlroy et al., 2020). 
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These mutations appear to be caused by viral genome editing by host APOBEC3 

enzymes and lead to neutralisation escape (Peretti et al., 2018), a model in which host 

innate immune responses supply the mutations that are then selected by the adaptive 

response. In previous work, we found that VP1 mutations also modified the infectivity 

of pseudotyped particles, suggesting that neutralisation escape mutations could also 

modify BKPyV tropism (McIlroy et al., 2020). 

In this study, we focus on four variant forms of the VP1 protein coming from three 

kidney recipients who experienced persistent BKPyV replication after graft despite 

immunosuppressive treatment modulation. Viruses sampled sequentially from these 

patients accumulated multiple mutations in the BC-loop region of the VP1 protein, 

which is involved in the direct interaction of the virus with sialic acids. The BC-loop can 

be divided in two parts: BC1 and BC2 loops where each part faces in different 

directions (Neu et al., 2013). Through both functional assays and structural studies, 

we investigated how these mutations influence both the tropism and the structure of 

BKPyV and were able to reveal the involvement of a sialic-acid independent receptor 

in BKPyV infection. 



Research results: Project A 

54 

1.3. Materials & Methods 

 

Patients and clinical samples 

Patients in the present study were transplanted between 2011 and 2014 and 

had previously been included in a prospective observational study approved by the 

local ethics committee and declared to the French Commission Nationale de 

l’Informatique et des Libertés (CNIL, n°1600141). All patients gave informed consent 

authorising the use of archived urine samples, blood samples and biopsies for research 

protocols. Anonymised clinical and biological data for these patients were extracted 

from the hospital databases. BKPyV VP1 mutations occurring in these patients have 

been previously described (McIlroy et al., 2020). PyVAN was documented by 

immunohistochemical staining with mouse monoclonal anti-SV40 T Antigen (clone 

PAb416, Sigma Aldrich - Saint-Quentin-Fallavier France) diluted 1: 50  with polymer-

based EnVision FLEX detection system (Dako K8021, les Ulis - France) utilising 

onboard Dako Omnisautomate OMNIS (Dako, Les Ulis - France). 

 

Protein expression and purification 

VP1 pentamer were produced using plasmid pET15b expression vector 

encoding BKPyV VP1 mutant amino acid sequences from positions 30-300 with an N- 

terminal hexahistidine tag (His-tag) and a thrombin cleavage site (BioCat Gmbh). The 

protein was expressed in E.coli BL21 DE3 by IPTG induction. Proteins were purified 

first by nickel affinity chromatography using a 5 mL HisTrap FF crude column (Cytiva). 

After protein sample loading, the column was washed with 20 mM Tris pH 7.5, 250 

mM NaCl, 10 mM imidazole and 10% glycerol, and proteins were eluted by applying a 

gradient of elution buffer composed of 20 mM Tris pH 7.5, 250 mM NaCl, 500 mM 

imidazole and 10% glycerol. For glycan array analysis, the His-tag was retained while 

for crystallisation this tag was cleaved with 10 U/mg of thrombin protease (Cytiva) for 

24h at 20°C with agitation. Cleaved and uncleaved pentamers were finally purified by 

size-exclusion chromatography on a Superdex 200 16/600 column (Cytiva) by eluting 

protein with 20 mM HEPES pH 7.5 and 150 mM NaCl. 
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Crystallisation and structure determination 

BKPyV VP1 pentamers were concentrated to 3-4 mg/mL and crystallised at 

20°C by hanging drop vapour diffusion against reservoir solutions of 10-18 % PEG 

3.350, 0.1 M HEPES pH 7.5, 0.1- 0.3 M LiCl (drop size 1 µL of protein/1 µL of reservoir). 

Crystals were harvested and cryoprotected in reservoir solution supplemented with 20 

to 25 % of glycerol for several seconds before flash-freezing them in liquid nitrogen. 

Diffraction data were collected at the PXIII beamline of the Swiss Light Source of the 

Paul Scherrer Institut (Villigen, CH) and processed with XDS (Kabsch, 2010). 

Structures were solved using molecular replacement with Phaser (CCP4) (Winn et al., 

2011) using the wild-type (WT) BKPyV VP1 structure (PDB: 4MJ1) as a model. 

Refinement was done using Phenix (Liebschner et al., 2019) and the model was built 

and adjusted in Coot (Emsley et al., 2010). 

 

Cell culture 

HEK 293TT cells, purchased from the National Cancer Institute’s 

Developmental Therapeutics Program (Frederick, Maryland, USA), were grown in 

complete DMEM (ThermoFisher) containing 10% FBS (Gibco), 100 U/mL penicillin, 

100 μg/mL streptomycin (Dutscher), 1x Glutamax-I (ThermoFisher) and 250 µg/mL 

Hygromycin B (Sigma). RS cells (Evercyte, Vienna, Austria) were grown in Optipro 

(ThermoFisher) containing 100 U/mL penicillin, 100 μg/mL streptomycin (Dutscher), 

1x Glutamax-I (ThermoFisher). GM95 cells purchased from the RIKEN BRC cell bank 

were cultured in DMEM with 10% FBS (Gibco), 100 U/mL penicillin, 100 μg/mL 

streptomycin, and 1x Glutamax-I (ThermoFisher), and LNCaP cells were grown in 

RPMI medium supplemented with 10% FBS (Gibco) 100 U/mL penicillin, 100 μg/mL 

streptomycin (Dutscher), and 1x Glutamax-I (ThermoFisher). Cells were maintained at 

37°C in a humidified 5% CO2 incubator and passaged at confluence by trypsinisation 

for 10 minutes with 1x TrypLE Express (ThermoFisher). 

 

VLP production 

BKPyV virus-like particles (VLPs) were prepared following the protocols 

developed by the Buck lab with slight modifications (Pastrana et al., 2012). Briefly, 

1.107 HEK 293TT cells were seeded in a 75 cm2  flask in DMEM 10% FBS without 

antibiotics, then transfected using Lipofectamine 2000 reagent (ThermoFisher) 
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according to manufacturer’s instructions. A total of 36 µg VP1 plasmid DNA was mixed 

with 1.5 mL of Opti-MEM I (ThermoFisher). 72 µL of Lipofectamine 2000 was diluted 

in 1.5 mL of Opti-MEM I and incubated for 5 min at room temperature prior to mixing 

with the diluted plasmid DNA. After 20 min at room temperature, 3 mL of DNA- 

Lipofectamine complexes were added to each flask containing pre-prepared 293TT 

cells. 

Cells were harvested 48h post transfection by trypsinisation and washed once 

in PBS then resuspended in one pellet volume (“v” µL) of PBS, then mixed with 0.4v 

µL of 25 U/mL type V Neuraminidase (Sigma). After 15 min at 37°C, 0.125v µL of 10% 

Triton X-100 (Sigma) was added to lyse cells for 15 min at 37°C. The pH of the lysate 

was adjusted by addition of 0.075v µL of 1M ammonium sulphate, or sodium 

bicarbonate if VLPs were to be fluorescence-labelled before ultracentrifugation, then 

1 µL of 250 U/µL Pierce Nuclease (Pierce) was added to degrade free DNA. After 3h 

at 37°C, lysates were adjusted to 0.8M NaCl, incubated on ice for 10 min and 

centrifuged at 5000g for 5 min at 4°C. Supernatant was transferred to a new tube and 

pellet was resuspended in 2 pellet volumes of PBS 0.8M NaCl, then centrifuged. The 

second supernatant was combined with the first, then pooled supernatant was re- 

clarified by centrifuging. Cleared lysate from a T75 flask was labelled with 50 µg Alexa 

Fluor 647 succinimidyl ester (ThermoFisher Ref A20006) for 1 hour at room 

temperature. Labelled or unlabelled lysate was layered onto an Optiprep 

27%/33%/39% gradient (Sigma) prepared in DPBS/0.8M NaCl, then centrifuged at 

175 000 g at 4°Covernight in a Sw55TI rotor (Beckman). For labelled VLPs, visible 

bands were harvested directly, while for unlabelled VLPs, tubes were punctured with 

a 25G syringe needle, and ten fractions of each gradient were collected into 1.5 mL 

microcentrifuge tubes. 6.5 µL of each fraction was kept for SDS-PAGE to verify VP1 

purity and determine peak fractions for pooling, then PBS 5% bovine serum albumin 

(BSA) was added to each fraction to a final concentration of 0.1% BSA as a stabilising 

agent. Peak VP1 fractions were pooled, then the VP1 concentration of each VLP stock 

was quantified by migrating 5µL on SDS-PAGE, then quantifying the VP1 band by 

densitometry using a standard curve constructed from a series of 5-fold dilutions of 

BSA starting at 5 µg/well. 
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Pseudovirus production 

BKPyV and HPV16 pseudovirus (PSV) particles were prepared following the 

protocols developed by the Buck lab with slight modifications (Pastrana et al., 2012). 

Briefly, cell preparation and transfection were performed similarly to BKPyV VLP 

production. However, instead of transfecting only VP1 plasmid, a total of 36 µg plasmid 

DNA consisting of 16 µg VP1 plasmid, 4 µg ph2b, 8 µg ph3b and 8 µg pEGFP-N1 was 

transfected into 293TT cells. 48h after transfection, producer cells were collected by 

trypsinisation. The pellet was washed once in cold PBS then resuspended in 800 µL 

hypotonic lysis buffer containing 25 mM Sodium Citrate pH 6.0, 1 mM CaCl2, 1 mM 

MgCl2 and 5mM KCl. Cells were subjected to sonication in a Bioruptor Plus device 

(Diagenode) for 10 minutes at 4°C with 5 cycles of 1 min ON / 1 min OFF. Type V 

neuraminidase (Sigma) was added to a final concentration of 1 U/mL and incubated 

for 30 min at 37°C. 100 µL of 1M HEPES buffer pH 7.4 (ThermoFisher) was added to 

neutralise the pH, then 1 µL of 250 U/µL Pierce Nuclease (Pierce) was added before 

incubation for 2 hours at 37°C. The lysate was clarified by centrifuging twice at 5000 

g for 5 min at 4°C and PSV was purified in an Optiprep gradient as described for VLP 

production. After ultracentrifugation and fraction collection, 8 µL of each fraction was 

removed for qPCR and the peak fractions were pooled, aliquoted and stored at -80°C 

for use in neutralisation assays. 

For quantification of pEGFP-N1 plasmid, 5 µL of each fraction was mixed with 

5 µL of proteinase K (stock of 2 mg/mL) and 40 µL of sterile water. This solution was 

incubated at 55°C for 60 min followed by 95°C for 10 min. Then, 1 µL of the solution 

was used for qPCR using Applied Biosystems 2x SYBR Green Mix (Applied 

Biosystems). Primers were CMV-F 5’-CGC AAA TGG GCG GTA GGC GTG-3’ and 

pEGFP-N1-R 5’-GTC CAG CTC GAC CAG GAT G-3’. Thermal cycling was initiated 

with a first denaturation step at 95°C for 10 min, followed by 35 cycles of 95°C for 15 

sec and 55°C for 40 sec. Standard curves were constructed using serial dilutions from 

107 to 102 copies of the pEGFP-N1 plasmid per tube. 

AAV2-GFP vector was prepared by the Nantes Université CPV core facility 

(https://sfrsante.univ-nantes.fr/en/technological-facilities/biotherapies/cpv-core-facility). 
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Ganglioside supplementation 

LNCaP cells were seeded at 4.105 cells/well in a 12-well Falcon plate for binding 

experiments and at 104 cells/well in 96-well Falcon plate for infectivity experiments. 

Gangliosides GM1, GT1b, GD1b, GD1a, GT1a and GD3 (Matreya) were 

dissolved in chloroform/methanol/water (2:1:0.1) at 1 mg/mL and stored at -20°C. For 

supplementation, gangliosides in their storage solution were diluted to desired 

concentration in RPMI containing 20 mM HEPES, 100 U/mL of penicillin, 100 µg/mL 

of streptomycin and 1x Glutamax-I. Then, ganglioside solutions were sonicated 4*30s 

and put in open Eppendorf tubes for 3h at 37°C to allow evaporation of chloroform and 

methanol. Ganglioside solution was then added to cells at a final concentration of 5 µM 

and incubated at 37°C for 18h. Culture medium contained 1% FBS during 

supplementation. 

For VLP binding, after ganglioside incorporation, cells were detached with 

trypsin/EDTA for 15 min at 37°C. Cells were seeded at 25 µL per well in a 96-well V- 

bottom plate and incubated for 30 min at 4°C with the different BKPyV VLPs coupled 

with Alexa Fluor 647. After staining, cells were washed with PBS containing 0.5% FBS 

by centrifuging at 2 000 rpm for 1 min, 3 times. Fluorescence was measured with a 

Canto II flow cytometer (Becton Dickinson). 

For infectivity assays, after ganglioside supplementation, cells were washed 

twice with complete medium, then PSVs were inoculated. Infection was observed after 

5 days by measuring GFP fluorescence with a Cellomics ArrayScan HCS reader 

(Thermo Scientific). The percentage of GFP+ cells was calculated using Cellomics 

Scan software with identical settings for all wells analysed in a single experiment. For 

visualisation, GFP and Hoechst fluorescence contrast was enhanced across all wells 

in a plate in Cellomics View software, then images of representative fields exported as 

.png files. 

Enzymatic removal of sialic acid and glycosaminoglycans 

293TT cells were seeded at 4.105 cells/well in a 12-well Falcon plate for binding 

experiments and at 104 cells/well in 96-well Falcon plate for infectivity experiments. 

293TT cells were treated for 1h at 37°C, with 0.5U/mL of Neuraminidase V from 

Clostridium perfringens (Sigma N2876) in DMEM + 20 mM HEPES + 0.1% BSA or 

without Neuraminidase V for control conditions. The VLP binding protocol was the 
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same as previously described. For infectivity, cells were inoculated with different PSVs 

for 3 hours and then washed 3 times with complete medium before incubation for 72- 

96 hours at 37°C. 

For glycosaminoglycan (GAG) removal, heparinase I/III (H2519-H8891, Merck) 

or chondroitinase ABC (C2905, Merck) were applied to 293TT cells for 2h in digestion 

medium (20 mM HEPES, pH 7.5, 150 mM NaCl, 4 mM CaCl2 and 0.1% BSA) at 37°C. 

Cells were then used for infectivity assays as described for neuraminidase infectivity 

experiments. 

 

Inhibition assays with GAGs 

293TT cells were incubated with 100 µg/mL of heparin (H4784, Merck) or 

chondroitin sulphate A/C (C4384, Merk), followed by inoculation with PSVs. Infection 

was observed after 48h by measuring GFP fluorescence with Cellomics ArrayScan 

HCS reader (Micropicell, SFR Bonamy). HPV 16 and AVV 2 PSVs carrying eGFP 

plasmid were used as positive controls. 

Glycan array screening 

The binding specificities of the his-tagged recombinant BKPyV VP1s were 

analysed in the neoglycolipid (NGL)-based microarray system (Liu et al., 2012). Two 

versions of microarrays were used: (1) ganglioside-focused arrays featuring 26 

glycolipid and NGL probes (Fig 2A-C), and (2) broad spectrum screening microarrays 

of 672 sequence-defined lipid-linked glycan probes, of mammalian and non- 

mammalian type essentially as previously described (McAllister et al., 2020). The 

glycan probes included in the screening arrays and their sequences are given in 

Supplemental Table 2. Details of the preparation of the glycan probes and the 

generation of the microarrays are in Supplementary Glycan Microarray Document 

(Supplemental Table 3) in accordance with the MIRAGE (Minimum Information 

Required for A Glycomics Experiment) guidelines for reporting of glycan microarray- 

based data (Liu et al., 2017). The microarray analyses were performed essentially as 

described (Khan et al., 2014; Neu et al., 2013). In brief, after blocking the slides for 1h 

with HBS buffer (10 mM HEPES, pH 7.4, 150 mM NaCl) containing 0.33% (w/v) 

blocker Casein (Pierce), 0.3% (w/v) BSA (Sigma) and 5 mM CaCl2, the microarrays 

were overlaid with the VP1 proteins for 90 minutes as protein-antibody complexes that 
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were prepared by preincubating VP1 with mouse monoclonal anti-polyhistidine and 

biotinylated anti-mouse IgG antibodies (both from Sigma) at a ratio of 4:2:1 (by weight) 

and diluted in the blocking solution to provide a final VP1 concentration of 150 µg/mL. 

Binding was detected with Alexa Fluor-647-labelled streptavidin (Molecular Probes) at 

1 µg/mL for 30 minutes. Unless otherwise specified, all steps were carried out at 

ambient temperature. Imaging and data analysis are described in the Supplementary 

MIRAGE document (Supplemental Table 3). 

Glycolipid extraction and purification 

HEK-293-TT and RS cells were detached from T75 flasks and washed twice 

with PBS. 5.106 cells were lyophilized and extracted twice with CHCl3/CH3OH (2:1, 

v/v) and once with CHCl3/CH3OH (1:2, v/v) using intermediary centrifugations at 2500g 

for 20 min. The combined supernatants were dried under a nitrogen stream, subjected 

to mild saponification in 0.1 M NaOH in CHCl3/CH3OH (1:1, v/v) at 37 °C for 2 h and 

evaporated to dryness. The samples were reconstituted in CH3OH/0.1% TFA in water 

(1:1, v/v) and applied to a reverse phase C18 cartridge (Waters, Milford, MA, USA) on 

a Interchim® SPE 6.25ws WorkStation. Reverse phase cartridge was equilibrated in 

the same solvent. After washing with CH3OH/0.1% TFA in water (1:1, v/v), GSL were 

eluted with CH3OH, CHCl3/CH3OH (1:1, v/v) and CHCl3/CH3OH (2:1, v/v). The elution 

fraction was dried under a nitrogen stream prior to structural analysis. 

Mass spectrometry analysis of GSL 

Isolated glycosphingolipids were permethylated by the sodium 

hydroxide/DMSO slurry methods (Khoo and Yu, 2010) at room temperature for 2h 

under agitation. The derivatization was stopped by addition of water and the 

permethylated glycans were extracted in CHCl3 and washed at least seven times with 

water. Permethylated glycosphingolipids were analysed by a MALDI-QIT-TOF 

Shimadzu AXIMA Resonance mass spectrometer (Shimadzu Europe, Manchester, 

UK) in the positive mode. Samples were prepared by mixing directly on the target 1 µL 

of glycosphingolipid sample, solubilized in CHCl3, with superDHB matrix solution (10 

mg/mL dissolved in CHCl3/CH3OH (1:1, v/v)) and spotted on the MALDI target. The 

“mid mode” for a mass range of m/z 1000–3000 was used for scanning and laser 
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power was set to 100, with 2 shots at each of the 200 locations within the circular 

sample spot. 

Statistics 

Significant differences seen in the different experiments were calculated through one- 

way ANOVA followed by Dunnet’s test where one condition per experiment was used 

as a control group; **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05. All tests were 

performed using GraphPad Prism 8. 
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1.4. Results 

 

VP1 variants show differing infectious profiles compared to the wild-type 

strain 

To investigate the effect of VP1 mutations on BKPyV tropism, we selected BC- 

loop mutations previously identified in three patients from the Nantes University 

Hospital KTx cohort with persistent DNAemia caused by subtype Ib2 BKPyV 

(Supplemental Figure 1). Pseudoviruses carrying the following VP1 variant proteins 

were generated: the double mutant K69N E82Q (N-Q) from patient 3.4; the E73Q 

mutant and the triple mutant A72V E73Q E82Q (VQQ) from patient 3.5; and the E73A 

mutant observed in patient 3.9. Cell lines 293TT and RS were used to test the 

infectivity of all variant pseudoviruses as well as wild-type subtype Ib2 pseudovirus. 

These cell lines were chosen for their kidney origin and their expression of SV40 TAg 

for amplification of reporter gene expression. In 293TT cells, the E73Q variant was as 

infectious as the WT while E73A and N-Q variants showed 3-fold lower infectivity and 

VQQ variant was barely infectious (Fig 1A). In RS cells, the VQQ variant had 

equivalent, or slightly higher infectivity than WT, depending on the experiment, while 

infectivity of the E73A variant was slightly lower than WT. The strongest differences 

were observed for the N-Q variant, which was almost non-infectious in this cell line, 

and the E73Q variant, which showed five to ten-fold higher infectivity compared to the 

WT (Fig 1B). 

To gain insights into the basis of the different infectious profiles that we 

observed of WT and variant pseudoviruses we characterised the ganglioside profiles 

of the 293TT and RS cell lines by mass spectrometry following organic extraction of 

cell membrane components. Analysis was performed by a combination of MALDI-QIT- 

TOF-MS and MS/MS of permethylated glycosphingolipids to establish the cellular 

profiles and the sequence of individual components. Both cell lines were shown to 

contain monosialylated GM2 and GM3 a-series gangliosides along with neutral 

globosides. In addition, RS cells, but not 293TT cells, specifically expressed b-series 

disialylated gangliosides GD2 and GD3 carrying Sia-Sia epitopes as well as lower 

proportions of the a-series ganglioside GD1a substituted by a single sialic acid on both 

internal and external Gal residues (Fig 1C). Finally, RS cells exhibited the uncommon 

disialylated Globo-series ganglioside DSGb5. 
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From these observations and knowing that the mutations are found in the BC- 

loop, which is directly involved in ganglioside binding, we sought to characterise their 

effects on glycan binding specificity. 

N-Q variant infection is sialic acid-independent 

Since polyomaviruses are known to interact with sialylated glycans, we tested 

whether the infectivity of mutant pseudoviruses was also sialic-acid dependent by 

infecting cells treated with type-V neuraminidase, which removes terminal α-2,3- α- 

2,6- and α-2,8-linked sialic acid residues (Fig 1D & E). VQQ variant infection was only 

performed in RS cells while N-Q variant only in 293TT because of the weak infectious 

capacity of each variant for the other cell line. However, E73Q and E73A variant 

infectivity was tested in both cell lines. In RS cells, WT, E73Q, VQQ and E73A BKPyV 

infectivity was significantly decreased by the removal of sialic acid, leading to a 

remaining infection of around 15% for WT and E73A PSVs, 50% for VQQ and 40% for 

E73Q PSVs. In 293TT cells, the ability of WT BKPyV to infect was also impacted by 

the lack of sialic acid on the cell surface with only around 10% of remaining infection 

for WT and E73A, and around 20% for the E73Q variant. However, the N-Q variant 

maintained its ability to infect 293TT cells after sialic acid removal, indicating that its 

infection occurs in a sialic acid-independent manner. Indeed, its infectious ability was 

even enhanced by sialic acid removal. Thus, another receptor must be involved to 

support N-Q variant infection in 293TT cells. 

 
Variants have distinct glycan binding profiles compared to WT 

BKPyV is known to use the gangliosides GD1b and GT1b as entry receptors 

(Low et al, 2006) but is also able to infect cells through other b-series gangliosides 

(Neu et al, 2013). Gangliosides of the b-series are characterised by their two sialic 

acids (with an α2-8-linkage) attached to the first galactose of the carbohydrate chain 

via α2-3-sialyl linkage as in GD3 and GD1b. This disialyl moiety interacts directly with 

the BKPyV capsid. To assess the binding profile of the BKPyV variants, purified variant 

and WT genotype I VP1 pentamers were used for glycan array screening with a 

ganglioside-focused array comprising 26 ganglioside-related probes, glycolipids and 

ganglio-oligosaccharide NGLs (Fig 2A-C). The microarray analysis revealed different 

binding profiles for theVP1 variants compared to WT VP1 pentamers. The WT BKPyV 
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binding was consistent with previously published data where signal was detected for 

GT1b and GD1b probes (Neu et al, 2013). A broader profile was observed for the 

E73A, E73Q, and VQQ variants, comprising binding signals for GD1a, GT1a, and 

GQ1b, as well as NGL probes GM1b-DH and GD1a-DH in addition to GT1b and GD1b. 

The structural difference for a-series compared to b-series gangliosides is that they 

carry a single sialic acid α2-3-linked to the on the first galactose from the reducing end 

of the carbohydrate chain (Fig 2C). These data indicate that mutations at the E73 

residue of the VP1 protein led to less specific and broader binding, including 

gangliosides of both band a-series. The overall binding intensities for the two variants 

with E to Q mutation at position 73, E73Q and VQQ, were higher compared to the 

E73A and the WT VP1s. For the double N-Q mutant, negligible or no significant binding 

was observed to any of the probes included in the glycan array indicating the loss of 

ability to bind to sialylated glycan moieties of gangliosides for the N-Q mutant. 

The five VP1 proteins were further analysed in a broad-spectrum glycan 

screening array encompassing 672 sequence-defined lipid-linked oligosaccharide 

probes, representing the major types of mammalian glycans found on glycoproteins 

(N-linked and O-linked), glycolipids, and proteoglycans, as well as those derived from 

polysaccharides of bacteria, fungi, and plant origins (Supplemental Fig 2 and 

Supplemental Table 2). In overall agreement with findings in the ganglioside-focused 

arrays, the WT, the single and the triple mutant VP1s (E73A, E73Q, and VQQ) showed 

binding to sialyl glycans but not to the over 400 neutral and sulphated glycan probes 

that do not contain sialic acids. With the repertoire of sialyl glycans included in the 

screening array it is clear that the E73Q and VQQ variants acquired the ability to bind 

to a broader range of sialyl glycans, beyond ganglioside sequences, with enhanced 

signal intensities compared to the WT VP1 (Supplemental Table 2). The E73A showed 

a binding pattern similar to that of the WT VP1 except for the additional binding to the 

a-series ganglioside GD1a and the NGL probe GM1b-DH observed in the focused 

array. Binding was not detected with the N-Q double mutant VP1 to any sialylated or 

non-sialylated glycans included in the screening arrays. It remains possible that 

carbohydrate ligands for the N-Q mutant exist but were not included in the arrayed 

probe library. 

To corroborate the glycan array results, cellular binding assays were performed 

on LNCaP cells supplemented with a panel of gangliosides (GM1, GD3, GD1b, GT1b, 

GD1a and GT1a) with fluorescent WT, VQQ and N-Q VLPs (Fig 2D-E). WT VLPs 
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bound to cells supplemented with GD1b and GT1b, consistent with the known role of 

these gangliosides as BKPyV receptors. VQQ VLPs were able to bind all gangliosides 

tested except GM1, confirming the glycan array data. Stronger binding was seen for 

both GD1b and GT1b followed by GD1a and GT1a and then weak binding to cells 

supplemented with GD3 (Fig 2D-E). Also consistent with the glycan array results, N- 

Q VLPs did not bind any of the tested gangliosides (Fig 2D-E). 

 

Gangliosides are not sufficient to support VQQ variant infection 

To determine whether binding of the different gangliosides by WT, VQQ, E73Q 

and E73A variant VP1 can lead to infection, we performed infectivity assays on LNCaP 

and GM95 cells supplemented with gangliosides. As expected, infection was seen for 

WT in cells supplemented with GD1b, but also for E73Q and E73A PSVs under the 

same condition, and infection was also seen for E73Q when cells were supplemented 

with GD1a in both LNCaP and GM95 cells (Fig 2F). The ability of the E73Q variant to 

infect cells supplemented with GD1a was consistent with its increased infectivity in RS 

cells, which carried GD1a gangliosides. Surprisingly, no infection was observed for 

VQQ in any supplementation condition, despite its ability to bind GD1b, GD1a, and 

other gangliosides on the surface of cells. Hence, ganglioside binding was not 

sufficient for infection with VQQ variant PSV. Finally, as predicted, no infection was 

seen in any supplementation condition for the N-Q variant, confirming that 

gangliosides are not used by this variant for infectious entry (Fig 2G). 

 

Mutations at VP1 positions 72 and 73 can lead to BC-loop flipping 

To understand the impact of the mutations on the VP1 protein structure, variant 

structures were solved through X-ray crystallography. The single mutants E73Q, 

E73A, and triple mutant VQQ VP1 pentamer structures were solved at 1.85, 1.89 and 

1.8 Å	(Table 1). All variant VP1 pentamer structures were globally similar to the WT 

VP1 pentamer with a doughnut-shaped ring composed of a central pore surrounded 

by five VP1 monomers in five-fold symmetry. Like the WT structure, the monomers 

have a β-sandwich fold with jelly-roll topology. The eight β-strands (B, I, D, G and C, H, 

E, F) are linked by extensive loops, exposed at the surface of the protein (Fig 3A- B). 
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The E73Q pentamer structure was almost identical to that of the WT (r.m.s.d. 

of 0.5 Å), whereas the E73A mutant presenting an alanine in the same position, 

showed some structural changes (r.m.s.d of 1.3 Å). Indeed, a shift of the BC2-loop, 

which includes the E73A mutation, was clearly seen for two monomers out of the five 

(Fig 3C). However, two monomers retained the WT loop conformation while the last 

monomer seemed to have a state where both conformations are superimposed. Thus, 

this mutation to alanine induces a more flexible conformation for the loop compared to 

the WT and the E73Q single mutant. Interestingly, while the E73Q mutation on its own 

did not induce any structural changes, when combined with A72V, as seen in the VQQ 

variant, the second part of the BC-loop was switched (r.m.s.d of 1.5Å) in a similar 

manner to that seen in the E73A variant (Fig 3C). However, in the case of the VQQ 

variant, the modified orientation of the BC-loop was observed in all five VP1 

monomers, not just in the two monomers seen in E73A. This suggests that mutations 

at position 73 on their own may not be enough to induce a clear structural change in 

the loop orientation, which only occurs if mutations in this position are combined with 

the A72V mutation at the neighbouring amino acid. 

However, structural changes seen in the VQQ variant are not directly involved 

in the ganglioside interaction. As previously described, the double sialic part of the b- 

series gangliosides interacts with the BC1-loop, not the BC2-loop, as well as HI- and 

DE-loops (Neu et al, 2013). Thus, the structure of the VQQ variant is consistent with 

its ability to bind gangliosides. 

 

K69N mutation in N-Q variant induces loss of interaction with sialic acids. 

The structure of the N-Q variant VP1 pentamer was also solved at 2.01 Å	(Table 

1). Like the other variants, the N-Q VP1 pentamer structure was very similar to the WT 

VP1 pentamer (Fig 4A-B). Although no major change was observed in the backbone 

orientation of the BC-loop that carried the K69N and E82Q mutations, the mutation 

from lysine to asparagine at position 69 induced significant changes (Fig 4C). Lysine 

69 is involved directly with the double sialic acid part of the b-series gangliosides by 

making van der Waals, salt bridge and hydrogen bond interactions through its side 

chain, and its replacement by asparagine leads to loss of those interactions (Fig 4D). 

Moreover, if gangliosides were to bind the pentamer in the same way, the asparagine 
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side chain would be orientated too close (1.3 Å) to the hydroxyl group on C8 of the 

second sialic acid, leading to a steric clash between the sialic acid and the asparagine. 

WT and N-Q BKPyV do not interact with GAGs 

Despite losing its ability to bind sialic acid, the N-Q variant remains infectious in 

the 293TT cell line, indicating that another receptor is used by this variant to enter 

these cells. Merkel Cell Polyomavirus (MCPyV) is known to interact with both 

sialylated and non-sialylated glycans for infection. Like BKPyV, MCPyV can interact 

with gangliosides as attachment receptors, but also heparan sulphate (HS) or 

chondroitin sulphate (CS) glycosaminoglycans (GAGs), as entry receptors 

(Schowalter et al., 2011). To test whether the BKPyV N-Q variant could interact with 

GAGs as an alternative entry receptor, heparin and chondroitin sulphate A/C were 

added to 293TT cells before and during the infection experiments. Pre-incubation with 

heparin effectively blocked infectious entry of HPV16 and AAV2, which are both known 

to use GAGs as entry receptors, whereas pre-incubation with chondroitin sulphate 

significantly reduced infectious entry of HPV16 (Fig 5A). In contrast, neither heparin, 

nor chondroitin sulphate had any effect on WT or N-Q BKPyV infectivity (Fig 5). To 

further confirm that GAGs are not receptors for N-Q variant capsids, 293TT cells were 

treated with heparinase I/III or chondroitinase ABC to remove heparan sulphate or 

chondroitin sulphate from the cell surface. Infection by both WT and N-Q PSVs was 

not inhibited by the enzyme treatment (Fig 5B). 
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1.5. Discussion 

 

In this functional and structural study, we show that mutations in the BC-loop of 

the VP1 protein that occur in KTx recipients impact the ganglioside binding specificity 

of the BKPyV capsid, and we describe two very different functional patterns, illustrated 

by the VQQ and N-Q variants. 

The N-Q variant has lost the ability to interact with sialic acids due to the mutation 

of lysine 69 to asparagine. In a previous study, mutation of the same lysine to serine 

induced a change of tropism from b-series gangliosides to GM1, known to be an SV40 

receptor (Neu et al., 2013). This emphasises the essential role that amino acid 69 

seems to play in the interaction with gangliosides. Pseudotypes carrying N-Q VP1 had 

reduced infectivity in both RS and 293TT cells, but the remaining infectivity in 293TT 

cells was entirely sialic-acid independent, and in fact increased after neuraminidase 

treatment, suggesting that an alternative receptor is involved in infectious entry of the 

N-Q variant. Our first candidates were the heparan sulphate and chondroitin sulphate 

GAGs, since it has been reported that MCPyV (Schowalter et al, 2011) and mutant 

JCPyV and BKPyV pseudotypes can use GAGs for infectious entry (Geoghagan et al. 

2017). However, neither the addition of excess heparin or chondroitin sulphate nor the 

removal of HS or CS GAGs from 293TT cells had any effect on the infectivity of WT or 

N-Q BKPyV. Furthermore, none of the BKPyV VP1 variants bound to any of the 

glycosaminoglycan oligosaccharides presented on the broad spectrum glycan array. 

We therefore tentatively conclude that an as yet uncharacterized receptor is involved 

in the infectious entry of the N-Q BKPyV variant. 

Mutations at VP1 residue 73 had two distinct effects on VP1 structure: first, loss 

of charge at the capsid surface on the lip of the sialic acid binding site, seen in the 

E73A, E73Q and VQQ variants; and secondly, a conformational flip of the BC2-loop 

with the orientation of amino acids 73 and 74 significantly shifted. Mutation of the initial 

glutamic acid at position 73 to glutamine in the E73Q variant did not modify the 

orientation of the BC-loop, while its mutation to alanine, in E73A, revealed the flexibility 

of this part of the BC loop. In the E73A variant crystal structure, two VP1 monomers 

kept their initial BC-loop conformation, two monomers had an alternative orientation of 

the loop, and the last monomer appeared to have both conformational states of the 

BC2-loop superposed. In the crystal structure of the VQQ variant, all five monomers 

showed the alternative, “flipped” conformation. Thus, we concluded that on its own, 
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mutation of amino acid 73 does not induce a stable conformational change of the loop, 

which requires a second mutation at position 72. The requirement for the A72V 

mutation in order to stabilise the alternative orientation of BC-loop region 73-75 

explains the previously reported statistical association of the A72V mutation with E73 

mutations in patient samples (McIlroy et al., 2020), and is consistent with the 

sequential appearance of VP1 mutations, first at position 73, then followed by A72V, 

that were seen in patients 3.5 and 3.9 (Figure S1). 

Variants E73A, E73Q and VQQ all showed broader ganglioside binding (Figure 

2A), indicating that negative charge at residue 73 may restrict WT BKPyV VP1 binding 

to b-series gangliosides, and that removing this charge is sufficient to allow binding to 

a-series gangliosides. On the other hand, only variant E73Q showed strongly 

enhanced infectivity in RS cells which, as shown by mass spectrometry, carried the 

GD1a ganglioside, and only variant E73Q was able to infect LNCaP and GM95 cells 

supplemented with GD1a. Similarly, in 293TT cells, E73Q retained infectivity 

equivalent to that of WT VP1, whereas both VQQ and E73A showed significantly 

reduced infectivity. Therefore, flipping of the BC2-loop, and not loss of negative charge 

at position 73, was correlated with loss of infectivity in 293TT cells. This led us to a 

model in which the two different structural effects of VP1 mutations at position 73 have 

opposite effects on infectivity: loss of charge increases infectivity, by broadening 

ganglioside binding, whereas BC-loop flipping reduces infectivity. These two effects 

explain the infectivity patterns that were observed for the different VP1 variants. In RS 

cells, the ability to use GD1a as an entry receptor results in the strongly increased 

infectivity of the E73Q variant, whereas for E73A and VQQ, enhanced ganglioside 

binding was balanced by a loss of infectivity due to BC-loop flipping, leading to near- 

WT infectivity for both variants. In 293TT cells, although the infectivity of WT, E73Q 

and E73A variants was sialic acid dependent, this was not due to gangliosides, since 

neither a- nor b-series gangliosides were present on 293TT cells (Figure 1C). 

Therefore, the infectivity of E73Q was not increased relative to wild type, and the 

negative impact of BC-loop flipping on the infectivity of E73A and VQQ variants was 

not compensated by increased ganglioside binding. One previous report described 

sialic acid dependent infection by BKPyV that was strongly impacted by tunicamycin, 

an inhibitor of N-linked protein glycosylation, leading the authors to conclude that an 

N-linked glycoprotein, rather than a ganglioside, was an entry receptor for BKPyV 

(Dugan et al., 2005). A receptor of this type could be involved in infectious entry in 
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293TT cells. In the broad-spectrum glycan screening arrays, indeed there was binding 

with various intensities to sialyl glycans beyond ganglioside sequences (Supplemental 

Table 2). These could be followed up further in future structural and functional studies. 

Overall, the N-Q and VQQ variants appeared to be almost mirror images of each other. 

The N-Q variant lost all ganglioside-binding activity but retained infectivity in 293TT 

cells through a sialic-acid independent pathway, whereas VQQ showed enhanced 

ganglioside binding, but almost completely lost infectivity in 293TT cells. One plausible 

explanation of these observations is that the VQQ variant may have lost the ability to 

interact with the unknown entry receptor employed by the N-Q variant to  infect 293TT 

cells, and that this interaction is required, in addition to sialic acid binding, for infectious 

entry (Figure 6). This would explain why binding and infectivity were uncoupled for 

the VQQ variant in both 293TT cells and ganglioside-supplemented LNCaP and GM95 

cells. If this is correct, then the WT orientation of the BC-loop  residues 73-74 must 

be critical for the interaction of the BKPyV capsid with this putative receptor. 

What are the mutational and selective pressures that drive the emergence of 

these mutations in patients? As previously noted, the E73Q and E82Q mutations we 

analysed occur at optimal APOBEC3A/B editing sites (Peretti et al., 2018), however, 

although both the A72V and K69N mutations involve cytosine deamination, they are 

located in the trinucleotide context GCT, which is not an APOBEC3A/B target site. In 

addition, the E73A mutation involved a T>G transversion. These observations imply 

that additional mutagenic processes, independent of APOBEC3A/B, occur in KTx 

recipients. Once they arise, BC-loop mutations conferring neutralisation escape 

appear to be selected by the host humoral response, (Peretti et al., 2018; McIlroy et 

al., 2020), which explains why variants with reduced infectivity relative to WT can rise 

to dominance in a given individual’s viral population. In terms of tissue tropism, 

although patient 3.4 underwent transplantectomy, due to deteriorating graft function, 

at 49 months post-transplant, BKPyV-infected cells could not be clearly identified in 

kidney tissue at this time (Supplemental Figure 1A). In contrast, PyVAN was clearly 

diagnosed in patient 3.9 at a time when the viral population was predominantly WT 

(Supplemental Figure 1C), whereas graft function was stable, with no biopsies taken, 

after the patient’s second graft, when the E73A mutation dominated the viral 

population. Biopsies were not available for patient 3.5 at time points when the VQQ 

variant was documented, although the graft was still functional, without PyVAN at 70 
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months post-graft. These observations are consistent with the reduced in vitro 

infectivity of the VQQ and N-Q variants and suggest that BKPyV carrying the K69N 

mutation had an attenuated phenotype in vivo. 

Our study has some important limitations, in particular the description of the 

structural and functional impact of BKPyV VP1 mutations remains incomplete because 

additional VP1 mutations accumulated in patients 3.4, 3.5 and 3.9 over time. In patient 

3.5, K69M and D75N were added to the VQQ variant, and in patient 3.4 D60N and 

A72V were added to N-Q. However, we were unable to express the M69 V72 Q73 N75 

Q82 and the N60 N69 V72 Q82 mutants as either crystallisable VP1 pentamers, VLPs 

or high-titre pseudotypes. It was therefore not possible to determine whether 

subsequent mutations induced more radical changes in virus tropism, or on the 

contrary, compensated for the deleterious effects on infectivity that we document in 

the VQQ and N-Q variants. Moreover, we were not able to generate structural data 

from crystals of the VQQ variant complexed with GD1a ganglioside, so the details of 

this molecular interaction remain to be determined. Nevertheless, the identification of 

a naturally occurring “sialic acid blind” VP1 variant does allow us to conclude that a 

sialic acid independent entry receptor for BKPyV, relevant for in vivo infection, must 

exist. 
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1.8. Figures 

Figure 1 – Patient-derived variant of BKPyV have distinct infectious profiles 
(A), (B) Infectivity assays in 293TT and RS cells. Cells were inoculated with different 
variants or WT PSVs. Infection was characterised by quantification of GFP+ cells. 
Significant differences were tested through one-way ANOVA followed by Dunnett’s 
test with “WT” condition used as the control group **** p<0.0001, *** p<0.001, ** 
p<0.01, * p<0.05. 
Representative images of cells infected by each PSV in both cell lines are associated 
with each panel. 
(C) Comparison of MALDI-TOF-MS profiles of permethylated glycosphingolipids from 
HEK-293-TT and RS cells. GSL are present as d18:1/C16:0 (Cer*) and d18:1/C24:0 
(Cer**) isomers. yellow circles, galactose; blue circles, glucose; yellow squares, N- 
acetylgalactosamine; purple diamonds, N-acetylneuraminic acid. 
(D), (E) Percentage of remaining infection by PSVs after neuraminidase treatment in 
293TT and RS cells. Representative images of cells with and without neuraminidase 
infected with different PSVs are associated with each panel. 
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Figure 2 – BKPyV variants have distinct glycan binding profiles 
(A) Ganglioside-focused glycan microarray results shown as histogram charts of 
showing fluorescence intensities of binding of His-tagged BKPyV VP1s as means of 
duplicate spots at 5 fmol/spot. Error bars represent half of the difference between the 
two values. 
(B) Heat maps of relative intensities and fluorescence binding scores of BKPyV VP1s 
(means of duplicate spots at 5 fmol/spot); 100%, the highest binding intensity in the 
five experiments. 
(C) Sequences of oligosaccharide probes variously bound by BKPyV VP1s given as 
symbolic representations. Symbols used for individual monosaccharides are indicated 
in the key at the bottom of the panel. The full list of the 26 probes with sequences is 
included in Supplemental Table 3. 
(D) Histograms representing fluorescent intensities of Alexa-647 variant or WT VLPs 
during cell-binding assays on ganglioside supplemented LNCaP cells. LNCaPs cells 
alone are shown in a filled grey histogram for negative control, other conditions with 
VLPs are represented by coloured histograms. 
(E) Median fluorescence intensity comparison for binding of each VLP to LNCaP cells 
supplemented with different gangliosides. Significant differences were tested through 
one-way ANOVA followed by Dunnett’s test with “no gg” condition used as the control 
group **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05. 
(F)(G) Infectivity assays on ganglioside supplemented LNCaP or GM95 cells with 
different PSVs. Infection was characterised through quantification of GFP+ cell. 
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Figure 3 – Mutations of amino acids 72 and 73 lead to structural changes in the 
BC-loop conformation 
(A) Superposition of variant E73Q, E73A and VQQ VP1 pentamer structures. One 
monomer for each structure is highlighted in yellow for E73Q, green for E73A and blue 
for VQQ. 
(B) Superposition to variant VP1 pentamers with BKPyV WT VP1 pentamer in 
association with GD3 oligosaccharides (PD ID: 4MJ0). WT VP1 monomer is 
highlighted in pink and GD3 molecules are represented by yellow sticks. 
(C) Zoom on the BC-loops of highlighted VP1 monomers. Amino acids 72, 73 and 82 
are represented as sticks. 
Figure was made with Pymol. 
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Figure 4 – Structure of N-Q VP1 pentamer 
(A) Structure of N-Q VP1 pentamer. VP1 monomer is highlighted in purple. 
(B) Superposition of N-Q VP1 pentamer onto WT VP1 pentamers associated with GD3 
oligosaccharides (PD ID: 4MJ0). WT VP1 monomer is highlighted in pink and GD3 
molecules are represented by yellow sticks. 
(C) Zoom on the BC-loops of highlighted VP1 monomers. Amino acids 69 and 82 are 
represented as sticks. 
(D) Focus on amino acids in position 69 and their interaction with Neu5Ac. Hydrogen 
bonds represented by black dashed lines between K69 and hydroxyl groups of 
Neu5Ac. 
Figure was made with Pymol. 
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Figure 5 – N-Q does not interact with GAGs 
(A) Infectivity assays in presence or not of 100 µg/ml of heparin or chondroitin sulphate 
A/C with BKPyV WT and N-Q PSVs. HPV 16 and AAV 2 PSVs serve as positive 
control. Error bars correspond to standard deviations. NT - Not tested. 
(B) Infectivity assays treated or not with heparinase I/III or chondroitinase ABC with 
BKPyV WT and N-Q PSVs. HPV 16 and AAV 2 PSVs serve as positive control. Error 
bars correspond to standard deviations. NT - Not tested. 

Figure 6 – Putative entry mechanisms of N-Q and VQQ variants 
Figure was made with Biorender 
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Table 1 - Data processing and refinement 
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Supplemental Table 1 – Clinical data for each patients. 

Patient code 3.4 3.5 3.9 

Age at KTx 64 27 56 

Sex M M M 

Graft type Kidney 1st graph Kidney 1st graph Kidney 2nd graft* 

Donor Deceased Deceased Living familial donor 

HLA mismatches 3 4 4 

Immunosuppressive 

drug regimen 
MMF Tacrolimus 

MMF Tacrolimus 
Corticoids 

Azathioprine 
Tacrolimus 

Log10 BKPyV gIb2 

neutralising titre at 

KTx 

2.7 3.3 
4.6 (before KTx 2) 
Serum at KTx1 not 

available 

Log10 BKPyV gIb2 

neutralising titre at 

M12 post-KTx 

4.1 5.1 4.4 (after KTx2) 

*The first graft was kidney and pancreas, but the first graft ended with PyVAN. 

Supplemental Table 2 - List of glycan probes in the broad spectrum glycan screening 
arrays, their fluorescence binding scores and relative binding intensities ('matrix') 
elicited with BKPyV VP1s 
(Excel file: https://uncloud.univ-nantes.fr/index.php/s/GtbB9i37KSnqx7C ) 

Supplemental Table 3 - Supplementary glycan microarray document based on 
MIRAGE Glycan Microarray guidelines 
(PDF file: https://uncloud.univ-nantes.fr/index.php/s/cdqfr9Ac8qyPyZd) 
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Supplemental Figure 1 - Left panels: Viruria, DNAemia and VP1 mutation % of NGS 
reads as a function of time after graft for the three kidney recipients whose VP1 
variants were studied. (A) Patient 3.4; (B) Patient 3.5; (C) Patient 3.9. Right panels: 
SV40 TAg staining of biopsies from patients 3.4 - no significant staining; 3.5 - no 
significant staining; and 3.9 - focal nuclear positivity of epithelial tubular cells. Graphs 
were made with GraphPad Prism 8. 

 



Research results: Project A 

86 

Supplemental Figure 2 - Glycan microarray screening analyses of His-tagged 
pentameric BKPyV VP1 proteins, WT (A), E73A mutant (B), E73Q mutant (C), VQQ 
mutant (D) and N-Q mutant (E). The results are the means of fluorescence intensities 
of duplicate spots, printed at 5 fmol per spot. The error bars represent half of the 
difference between the two values. In the glycan array the 672 lipid-linked probes are 
grouped according to sialyl linkages as annotated by the coloured panels. The list of 
glycan probes, their sequences and binding scores are in Supplemental Table 2. 
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The broad glycan array screening, presented in the previous publication, also showed 

an interesting hit for a non-ganglioside glycan: LSTa (NeuAcα-3Galβ-3GlcNAcβ- 

3Galβ-4Glc) for BKPyV WT, VQQ, E73A and E73Q VP1 pentamers (Table 5) 

 

Table 5 – Glycan array screening results on a broad array for WT, E73A, E73Q, VQQ 
and N-Q BKPyV VP1 pentamers. Focused on LSTa probe. 
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2. Structural and functional analysis of other gI & gIV BKPyV  

variants 

 

Other patient derived variants of gIb2 BKPyV were studied as well as variants of 

gIVc2 BKPyV. 

 

Figure 14 - Neuro-glycan and β-galactosylated glycan (BGG) array results for gI VP1 
pentamer variants. (A) Diagram, for each VP1 pentamer, with average high and low 
fluorescent intensities for each probe. (B) Table summarising the relative binding 
intensity for each VP1 pentamers focusing on gangliosides. 
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The gIb2 K69M A72V E73Q D75N E82Q (MVQNQ) variant comes from patient 3.5 

and appears at 28 months post-transplantation. In another patient (3.19) who also 

presented persistent viruria and viremia, a series of gI variant were also found: E73K, 

A72V E73K (VK) and A72V E73K E82K (VKK). As for patient 3.5, the mutations are 

again found at positions 72, 73 and 82. For those variants, I managed to purify stable 

His-tag VP1 pentamers to perform glycan array studies. Glycan array studies were 

again performed by the Glycoscience Laboratory at Imperial College in London. A 

neuro glycan β-galactosylated glycan array containing the different ganglioside 

probes was used. The screening showed a very similar binding profile for MVQNQ, 

VK, and VKK as that previously described for E73Q, E73A and VQQ. Binding to known 

BKPyV  receptors: GT1b and GD1b is maintained and binding to other gangliosides 

can be seen, in particular the a-series GT1a and GD1a, but also o-series GM1b and 

the b- series GQ1b for VK and VKK variants. However, E73K surprisingly only showed 

binding to GT1b (Figure 14). 

Other studies on those remaining variants were not performed for different reasons: 

time and choice to focus on the variant presented in the paper, as well as difficulty in 

producing VKK and MVQNQ as stable digested pentamers for crystallisation or as 

VLP and PSVs for functional assays. 

 

The Nantes University Hospital kidney recipient cohort also has some patients 

with persistent infection presenting mutation in genotype IVc2 BKPyV. We decided to 

work on four variants coming from two patients: patient 2.4 who had gIVc2 E73K and 

gIVc2 A72V E73K (VK) variants as well as patient 3.3 with the gIVc2 D77N and R69K 

D77N (K-N) variants. While patient 3.3 had persistent high viruria and viremia, patient 

2.4 had negative viremia but persistent high viruria over time (Figure 15). 
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Figure 15 - Clinical data of patients presenting mutations of VP1 gIV BKPyV. (A) Clinical 
data for patient 3.3. (B) Viruria over time after graft for patient 2.4. (C) Table summarising 
the mutations found in BKPyV of patient 2.4 through Sanger sequencing. Graphs were 
made with GraphPad Prism 8. 

Like for gIb2 variants, I produced and purified the different gIVc2 variants as well as 

gIVc2 WT His-tag VP1 pentamers for glycan array screening. The gIVc2 WT showed 

very weak binding in general and targeted GT1b and GM1b-DH probes. Again, for this 

genotype, the E73K mutation induces only binding to GT1b. For gIV VK, only GT1b 

was bound among the known BKPyV receptors, and we can also see binding to GM1b- 

DH and GD1a-DH probes. Stronger binding to the array was seen for gIVc2 D77N by 

targeting GD1b, GT1b and GT1a as well as weaker binding seen for GQ1b and GM1b- 

DH. Finally, gIVc2 K-N was found to bind the known receptors: GT1b and GD1b 

(Figure 16). 
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Figure 16 - Neuro-glycan glycan array results for gIVc2 VP1 pentamer variants. (A) 
Diagram, for each VP1 pentamer, with fluorescent intensity for each probe. (B) Table 
summarising the relative binding intensity for each VP1 pentamers focusing on 
gangliosides. 

I also performed cellular binding assays with labelled gIVc2 WT and K-N VLPs on 

supplemented LNCaP cells to confirm the glycan array results. Cells were 

supplemented with gangliosides GM1, GD1b, GD1a, GT1a and GD3. Only duplicates 

were done during this experiment. Both gIV and K-N have a similar binding pattern 
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(Figure 17). GD1b and GT1a seem to be bound preferentially followed by GD1a and 

GD3. These results differ from the glycan array screening. Indeed, binding of gIVc2 

WT was very weak and no binding for any of the gangliosides tested here in this assay 

was found. While for gIVc2 K-N, glycan array results only showed GD1b and GT1b 

binding. Unfortunately, GT1b was not tested in this experiment as I encountered a 

problem of stability of the compound after long term storage. 

 
 

Figure 17 - Cellular binding assays with WT and K-N labelled VLPs on supplemented 
LNCaP cells. (A) Histograms representing fluorescent intensities of Alexa-647 WT or 
K-N VLPs during cell-binding assays on ganglioside supplemented LNCaP cells. 
LNCaP cells alone are shown in a filled grey histogram for negative control, other 
conditions with VLPs are represented by coloured histograms. (B) Median 
fluorescence intensity comparison for binding of each VLP to LNCaP cells 
supplemented with different gangliosides. Histograms were made with FlowJo VX and 
graphs with GraphPad Prism 8. 

Infectivity assays were performed with gIVc2 WT and K-N PSVs in LNCaP and GM95 

supplemented with either GM1, GD1b or GD1a. The same infection pattern is seen in 

both cell lines but GM95 cells show stronger infection. Both PSVs infect cells 

supplemented with GD1b and GD1a with higher infection for GD1b, which is consistent 

with the previous binding results. We can also see that infection is stronger with K-N 

PSVs (Figure 18). 
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Figure 18 - Infectivity assays with WT and K-N PSVs on supplemented cell lines. 
Percentage of eGFP positive supplemented LNCaP (A) or GM95 (B) cells when 
infected with WT or K-N PSVs. Graphs were made with GraphPad Prism 8. 

I also performed neuraminidase treatment on 293TT cells to confirm the sialic acid 

dependency of gIVc2 WT and K-N BKPyV. Binding assays showed less than 20% of 

remaining binding after neuraminidase treatment. For infectivity assays on 

neuraminidase treated 293TT cells, gIVc2 WT has a remaining infection of around 

50% while K-N is at less than 30%. These results show that K-N is more dependent 

on sialic acid than gIVc2 WT BKPyV for infection of 293TT cells (Figure 19). 

 
 

Figure 19 - Binding and infectivity assays with WT and K-N BKPyV on neuraminidase 
treated 293TT cells. (A) Histograms representing fluorescence intensities of Alexa- 647 
WT or K-N VLPs during cell-binding assays on neuraminidase treated 293TT cells. (B) 
Percentage of remaining VLPs binding to cells after neuraminidase treatment. (C) 
Percentage of remaining infectivity with PSVs after neuraminidase treatment of 293TT 
cells. Histograms were made with FlowJo VX and graphs with GraphPad Prism 8. 
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For structural studies, I was able to express, purify and crystallise gIVc2 WT, D77N, 

E73K and K-N VP1 pentamers (Table 6). 

 

Table 6 - Data collection and refinement 

Overall structures were similar. For the BC-loop, where the mutations are found, only 

gIVc2 E73K presents a conformational change of the backbone structure with a switch 

of the loop from amino acid 72 to 74 for what it seems to be 4 out 5 monomers in the 

pentamer. Otherwise, the two other mutants have the same backbone structure with 

slight side chain differences (Figure 20B). If we compare the lysine 69 of gI WT and 

gIVc2 K-N, we can see that the lysine in the gIVc2 variant is not in the same orientation 

as the lysine in gI WT, with an orientation toward the sialic acid binding site (Figure 

20C). However, out of 10 chains, I was able to build only 2 lysines in this orientation. 

On another chain, density seemed to show an orientation for a lysine closer to that 

seen in the gI WT structure. And for other chains, I was not able to build the entire side 

chain. Thus, it could be that the side chain orientation is quite flexible. Both gIVc2 WT 

and the gI N-Q variant do not have lysine in position 69 and instead have arginine or 
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asparagine, respectively. Compared to the asparagine orientation, the arginine side 

chain is not oriented toward the sialic acids and thus does not create any steric clash 

with them (Figure 20D). 

 

Figure 20 - Structures of gIVc2 WT and variant VP1 pentamers. (A) Superposition of 
gIV variant VP1 pentamer onto WT VP1 pentamers. gIV WT VP1 monomer is 
highlighted in blue, E73K in yellow, D77N in orange and K-N in red. (B) Zoom on the 
BC-loops of highlighted VP1 monomers. Amino acids 69, 73 and 77 are represented 
as sticks. (C) Superposition of IVc2 K-N (red) structure to gI WT (pink) structure 
focusing on the sialic acid (yellow) binding site (PDB ID: 4MJ0). Lysine 69 are 
represented as sticks. (D) Superposition of IVc2 WT (blue) structure to gI N-Q (purple) 
structure focusing on the sialic acid (yellow) binding site (PDB ID: 4MJ0). Amino acids 
69 are represented as sticks. Figures were made with Pymol. 
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3. Structure quality 

 

All structures were solved with a resolution ranging from 1.72 to 2.7Å. The variants 

crystallised either in a P212121 symmetry with only one pentamer per asymmetric unit 

(ASU), or in P21 symmetry with one or two pentamers/ASU. 

For all structures the N and C-terminal regions were not built entirely due to no or poor 

electron density. Close to the N-terminus, the region from amino acids 35 to 45 is not 

well resolved in general and was not entirely built in most structures. Only a few 

monomers had enough density to allow building of this region, however, side chains of 

the different amino acids were rarely built due to poor electron density. The last poorly 

resolved region in most structures is the CD loop from amino acids 99 to 106. Once 

again, this region was built only in a few monomers and side chains were usually not 

built due to poor density.  

The E73Q variant structure presents a well resolved BC loop where the mutation can 

be found for the glutamine side chain as well as the backbone. For the VQQ variant 

structure, a loop switch can be seen in the BC loop where mutations A72V and E73Q 

are found. This region is also well resolved in this structure, except for the side chain 

of asparagine 74, which only had sufficient electron density to build the side chain in 

one of the five monomers. In this monomer, the glutamine 73 side chain is oriented 

differently compared to the WT glutamate side chain, as the loop backbone switches 

orientation. For the E82Q mutation, density for the side chain was clear enough to build 

it in each pentamer. 

The E73A variant structure displays a loop orientation similar to that seen in the WT 

structure for monomers 1 and 2, while monomers 3 and 4 present the loop switch 

described for the VQQ variant structure, and monomer 5 appears to harbour both 

backbone conformations. For monomers 1 to 3, the backbone is quite well resolved 

and while side chains can be built, they are not as well resolved as they are in other 

parts of the structure. Monomer 4 also presents a quite well resolved backbone in this 

region, except for asparagine 74 where Cα does not clearly sit in electron density. 

Moreover, not enough density was present to build the side chains. Finally, in monomer 

5, enough density was present in order to build the loop in both orientations. However, 

despite many refinement runs, those parts remained less well resolved compared to 

the other monomers, and side chains, like for asparagine 74 in monomer 4, were not 

built.   

 

A 
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The BC loop of the gIV WT structure, where most mutations can be found, is well 

resolved and all side chains, except two arginines, were built. However, it is important 

to note that the orientation of the asparagine 61 in monomer 1 and of arginine 69 in 

monomer 2 are influenced by crystal contacts. 

Regarding the gIV variants, the region with the D77N mutation is well resolved in both 

the single mutant D77N and the K-N double mutant. For the latter structure, the region 

where the K69N mutation is found is well resolved for the backbone but over 10 

monomers, only two lysines were built entirely, due to lack of clear electron density for 

the other monomers. Finally, the single variant E73K structure has four out of five 

monomers showing a loop switch similar to that seen in the VQQ variant structure. The 

region is sufficiently well resolved to build the backbone of the protein, but density was 

present for the side chain in only one monomer. 

 

 

A 
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Project B: BKPyV genotypes tropism and structure 

 
For this collaborative project, the main objectives were to study the tropism of 

the four different BKPyV genotypes as well as their structures. I solved the structure 

of genotype IVc2 WT VP1 pentamer which I already presented in the previous section 

to compare it with the gIVc2 variant structures. However, here, if we compare it to the 

gI WT VP1 pentamer structure, we can see that both pentamers have the same overall 

structure. By looking at the BC-loop, where most sequence differences are found 

between genotypes, there are no conformational changes in the backbone structure. 

So, despite sequence polymorphism, the BC-loop structure is highly conserved 

between gI and gIV. However, the nature of the side chains is different, and this could 

have an impact on tropism (Figure 21). 

Figure 21 - Superposition of gI (pink) (PDB ID: 4MJ1) and gIVc2 (blue) WT VP1 
pentamers. (A) Top-view. (B) Side-view. (C) Zoom into the BC-loop with the different 
amino acids shown in sticks. Figures were made with Pymol. 
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To test the tropism of different BKPyV genotypes, we first wanted to check if all 

genotypes remained sialic acid dependent for binding and infection. For that, I treated 

293TT cells with neuraminidase and tested binding with labelled VLPs and infection 

with PSVs. For all genotypes, we were able to see that less than 15 % of VLPs can 

bind after neuraminidase treatment (Figure 22A & B). For infection, we can see that 

gI, gII and gIII have only around 10 % of remaining infection after neuraminidase 

treatment while gIV maintains around 50% of infection (Figure 22C). Thus, despite 

being highly dependent on sialic acid for binding the cells, gIVc2 still retains around 

50% of its infectivity after neuraminidase treatment of target cells, indicating that 

another receptor could be involved in infectious entry for this genotype. The other three 

genotypes, however, are sialic-acid dependent for binding and infection. 

 

 
 
 

Figure 22 - Binding and infectivity assays with the different BKPyV genotypes on 
neuraminidase treated 293TT cells. (A) Histograms representing fluorescence 
intensities of Alexa-647 coupled VLPs of the four WT BKPyV genotypes in cell-binding 
assays on neuraminidase treated 293TT cells. (B) Percentage of remaining VLPs 
binding to cells after neuraminidase treatments. (C) Percentage of remaining infectivity 
with PSVs after neuraminidase treatment of 293TT cells. Histograms were made with 
FlowJo VX and graphs with GraphPad Prism 8. 
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Project C: Characterisation of JCPyV interaction with 

5HT2RB 

 

For this project, the aim was to characterise the interaction between JCPyV and 

5HT2RB receptors. As an initial step, we aimed to test whether the interaction requires 

the entire capsid, meaning that the receptor interacts at the interface of multiple 

pentamers of VP1, or if only a pentamer would be enough. To answer this, JCPyV 

VP1 pentamers and VLPs were expressed and purified to test their binding to 

5HT2RB. As transmembrane receptors are challenging to express and purify, I also 

tried to perform binding assays through ELISA with peptides representing the external 

loops of the 5HT2RB receptors. Ultimately, I was also able to express and purify this 

receptor to perform surface plasmon resonance (SPR) measurements. 

 

1. Material & Methods 

 

JCPyV VP1 pentamer production and purification 

As for BKPyV VP1 pentamer production and purification, a pET15B expression 

vector was used containing the JCPyV VP1 sequence from amino acids 30 to 300 with 

an N-terminal hexahistidine tag and a thrombin cleavage site (BioCat Gmbh). Proteins 

were expressed in BL21 DE3 E.coli with IPTG induction. Purification was done first by 

nickel affinity chromatography using a 5 mL HisTrap FF crude column (Cytiva) with 

buffer A (50 mM Tris pH 7.5, 250 mM NaCl, 10 mM imidazole and 10 % glycerol) for 

wash and buffer B (20 mM Tris pH 7.5, 250 mM NaCl, 500 mM imidazole and 10% 

glycerol) for elution. His tags were also digested with 10U of thrombin protease 

(Cytiva) by mg of protein after 24 hours at 20°C with rotation. Cleaved pentamers were 

again purified on nickel affinity chromatography and finally by size-exclusion 

chromatography (SEC) with an elution buffer (20 mM HEPES pH 7.5 and 150 mM 

NaCl). 

 

Cell culture 

SF9 cells were grown in SF900 II medium (Gibco) with 100 U/mL of penicillin 

and 100 µg/mL of streptomycin (Dutscher). Cells were maintained at 27°C in a 

humidified incubator. Cells were either grown as suspension or adherent culture. For  
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adherent culture, passaging was done at confluence by using a cell scraper to detach 

cells. 

 

JCPyV VLPs production and purification 

Baculoviruses, kindly provided by Prof. A.Touzé (Universite de Tours), were 

used to produce JCPyV VLPs. Adherent SF9 cell cultures were inoculated with JCPyV 

VP1 baculovirus at MOI 0.01 for 5 days. Cells were harvested and resuspended in 

PBS with 1% of Triton-X100 and 1X of protease inhibitor cocktail at 100 µL per 107 

cells. Then, cells were incubated 30 minutes on ice before 15 minutes of centrifugation 

at 10 000g and 4°C. The pellet was resuspended in PBS containing CaCl2, MgCl2 and 

1X of proteinase inhibitor cocktail. Cells were lysed by sonication (five times with 1 min 

ON/ 1 min OFF). Lysate was treated with benzonase (Merck) and incubated at least 2 

hours at 37°C. After centrifugation of the lysate, the supernatant was kept and 

transferred to Optiprep (Sigma) gradient for ultracentrifugation, as described 

previously for BKPyV VLP purification. Gradient tubes were punctured with a 25G 

syringe needle, and ten fractions were collected. SDS-PAGE was performed for each 

fraction to determine the peak fraction for pooling. Peak fractions were pooled, and 

another SDS-PAGE was performed with the BSA standard to determine the 

concentration of VLPs. 

 

Production of recombinant bacmid 

The sequence taken from Wacker et al., 2017 (Figure 23) was used to generate 

a pFastBac vector (BioCat Gmbh) (Wacker et al., 2017). 

Figure 23 - 5HT2RB sequences used (Wacker et al., 2017). Figure was made with 
Biorender. 

E.coli DH10Bac were transformed with pFastBac-5HT2RB plasmid to generate a 

recombinant bacmid expressing 5HT2RB. Serial dilutions of transformed bacteria 

were grown on selective LB-agar plates containing 50 µg/mL of kanamycin (Sigma), 7  
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µg/mL of gentamicin (Sigma), 10 µg/mL of tetracycline (Roth), 100 µg/mL of X-β-gal 

(Sigma) and 40 µg/mL of IPTG (PeqLab VWR) for 48 hours at 37°C. White colonies, 

containing recombinant bacmid, were picked, and streaked on selective LB-agar 

plates overnight at 37°C. After confirming the white phenotype of a colony, this colony 

was inoculated in liquid LB containing 50 ug/mL of kanamycin, 7 µg/mL of gentamicin 

and 10 µg/mL of tetracycline. Recombinant bacmid was extracted from bacteria by 

using PureLink HiPure Plasmid MaxiPrep Kit (ThermoFischer). 

 

Production of recombinant baculovirus expressing 5HT2RB 

SF9 cells were first grown without antibiotics. When cells were in log phase with 

a viability greater than 95%, 8.105 SF9 cells were seeded in each well in a 6-well plate 

with fresh medium without antibiotics. For transfection, Cellfectin II (ThermoFischer) 

was diluted in medium without antibiotics and then mixed with 1 µg of recombinant 

bacmid. The mixture was left for 20 minutes at room temperature and then added to 

cells drop by drop. Cells were incubated with bacmid for 3 to 5 hours before replacing 

medium with fresh medium without antibiotics. Cells were left 72 hours in culture 

before medium was collected. Centrifugation was applied on the medium to get rid of 

cells and large debris, and the cleared supernatant constituted the P0 stock of 

baculovirus which was stored at 4°C. This stock was amplified to P1 by infecting cells 

at an estimated MOI of 0.1, considering that the infectious titre of P0 is usually around 

106 to 107 pfu/mL. The P1 stock was estimated at 107 to 108 pfu/mL. 

 

Production and purification of 5HT2RB 

A detailed protocol for 5HT2RB was kindly communicated by Dr Daniel Wacker 

(Icahn School of Medicine at Mount Sinai) (Wacker et al., 2017). 5HT2RB was 

expressed by infecting SF9 cells with P1 stock of recombinant baculovirus at MOI 5 

for 3 days. Cells were harvested and resuspended in Low Salt Lysis Buffer (LSLB) (10 

mM HEPES pH 7.5, 10 mM MgCl2 and 20 mM KCl) with 1 mM phenylmethylsulfonyl 

fluoride (PMSF) and transferred to a dounce homogenizer for lysis. Cells were lysed 

with 30 to 40 strokes, then centrifuged in a Ti70 rotor at 45 000 rpm for 30 minutes at 

4°C. The pellet was resuspended in 10 mL of High Salt Lysis Buffer (HSLB) (10 mM 

HEPES pH 7.5, 10 mM MgCl2, 20 mM KCl and 1 M of NaCl) with 1 mM PMSF and 

transferred to the douncer. After 20 strokes to homogenise the membrane pellets, they 

were transferred again to a Ti70 rotor for 30 minutes at 45 000 rpm at 4°C. The last  
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two steps were repeated with HSLB without PMSF. Then, the pellet was flash frozen 

and stored at -80°C. 

The next day, resuspension buffer (100 mM HEPES pH 7.5, 150 mM NaCl, 10 mM 

MgCl2 and 20 mM KCl) was added to the frozen membrane pellet for thawing. 

Iodoacetamide was added to the resuspended membrane pellet at final concentration 

of 2 mg/mL and the solution was placed at 4°C under agitation for 20 minutes. Then 

2X solubilization buffer (100 mM HEPES pH7.5, 150 mM, 2/0.4 % n-dodecyl-β-D- 

maltoside (DDM)/cholesteryl hemisuccinate (CHS)) was added to a final concentration 

of 1X and incubated 2 hours at 4°C with agitation. Membrane pellets were centrifuged 

with a Ti70 rotor at 65 000 rpm for 20 minutes at 4°C. Supernatant was recovered, 

mixed with 20 mM of imidazole and 500 µl of pre-washed Talon resin (Cytiva) and 

incubated overnight at 4°C under agitation. 

The Talon resin was then spun down and transferred to a gravity flow column. Resin 

was washed with two buffers: Wash buffer I (50 mM HEPES pH 7.5, 800 mM NaCl, 

0.1/0.02% DDM/CHS, 20 mM imidazole and 10% glycerol) and Wash buffer II (25 mM 

HEPES pH 7.5, 500 mM NaCl, 0.05/0.01% DDM/CHS and 10% glycerol), and protein 

was eluted with elution buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 0.05/0.1% 

DDM/CHS, 250 mM imidazole and 10% glycerol). The elution fraction was then loaded 

on an SD200 increase column (Cytiva) for SEC, and protein was eluted with Wash 

Buffer II. 

 

ELISA with 5HT2RB peptides 

Peptides corresponding to the external loops 2, 3 and 4 of 5HT2RB were 

purchased with biotinylated N-terminus from GeneCust (Figure 24). The sequences 

used for each peptide were based on the human 5HT2RB protein sequence found on 

Uniprot. 

 

Figure 24 - Peptides sequences corresponding to external loop of 5HT2RB receptor. 
Figures was made with Biorender. 
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100 ng of VLPs/well were coated in 96-well plates and then washed three times with 

PBS with 0.05% of Tween-20. After that, wells were blocked with PBS, 0.05% Tween- 

20 and 5% of powdered milk for 1 hour at 37°C. After washes, serial dilutions of 

peptides in blocking solution were added to wells and incubated 1 hour at 4°C. 

Streptavidin-Horseradish Peroxidase (HPR) was then added to wells for 30 minutes 

after washes. To reveal binding, 3,3′,5,5′- Tetramethylbenzidine (TMB) was added to 

each well after washes and revealing was stopped by adding H2SO4. Then, 

absorbance of wells was read with a Tecan plate reader at 450 nm. 

 

Surface Plasmon Resonance 

Measurements were performed on Bioacore T2000 with a CM5 sensor Chip 

equilibrated with Wash buffer II, at 25°C. In a first attempt, amine-coupled anti-His was 

immobilised on the chip in order to capture his-tag 5HT2RB. In a second trial, amine 

coupled 5HT2RB was immobilised directly on the chip. JCPyV and BKPyV VLPs or 

VP1 pentamers were used at many concentrations to detect binding to the receptor 

with a flow rate of 40 µL/min. 

2. Results 

 

To determine which part of the 5HT2RB external domain interacts with JCPyV 

capsids, I used peptides corresponding to the three external loops of the receptors in 

an ELISA assay. BSA, BKPyV VLPs and MuPyV VLPs were used for coating as 

control. Each condition was performed in triplicate (Figure 25). 

Results were not conclusive. Peptides 1 and 2 seem to strongly bind JCPyV VLPs 

compared to peptide 3 but the same pattern was seen for BKPyV VLPs despite the 

lack of evidence that BKPyV interacts with this receptor. We can also see strong 

binding of peptide 1 to MuPyV which again is not known to interact with 5HT2RB. 

Moreover, the BSA and non-coating conditions are also showing binding by peptides 

1 and 2 indicating that unspecific binding can be seen in the VLP conditions. Testing 

several different binding conditions and peptide concentrations did not improve the 

results, which remained inconclusive. 
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Figure 25 - Binding of HT2RB derived peptides to JCPyV VLPs. Graph was made 
with GraphPad Prism 8. 

I initially used recombinant bacmid, kindly sent by Dr. Wacker of Icahn School 

of Medicine at Mount Sinai, to express the entire 5HT2RB. However, after several 

expression tests with SF9 cells, no receptor was expressed. Thus, I performed a PCR 

to check if the bacmid carried the insert gene for 5HT2RB expression by using primers 

for pUC/M13, flanking the insert. As suspected, PCR results showed that no insert was 

found in the bacmid sample (Figure 26A). I then decided to generate a new 

recombinant bacmid with the pFastbac that was also sent by Dr. Wacker. Before that, 

I checked the sequence by sending the plasmid for sequencing. Unfortunately, a 

deletion of 3 bp, initially encoding for a valine, was found toward the end of the receptor 

sequence (Figure 26B). Thus, I decided to order a new pFastBac with the correct 

sequence for 5HT2RB with a 10xHis Tag. From this new plasmid I was able to 

generate recombinant bacmid and then baculovirus stock expressing the 5HT2RB 

receptor. 
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Figure 26 - Verification of baculovirus stock and pFastbac sequences. (A) Agarose gel 
with different baculovirus stock for 5HT2RB expression and with baculovirus encoding 
for JCPyV VP1 protein as positive control. (B) Alignment of 5HT2RB (top) protein 
sequence as reference and pFastBac plasmid sequence. 

Then, I expressed and purified the entire 5HT2RB receptor to perform SPR 

measurements. It proved difficult to obtain a high quantity of pure, stable, solubilised 

5HT2RB receptors. After several purification attempts, at the size exclusion 

chromatography step, I always saw a main peak eluting at around 11 mL 

corresponding to 450 kDa, which is above the molecular weight of a single 5HT2RB 

receptor (MW = 45 kDa) (Figure 27). However, the receptor is surrounded by 

detergent molecules, which makes the entire structure heavier than expected. 

Unfortunately, due to time constraints, I was not able to better characterise this peak 

and assumed that it was 5HT2RB in detergent micelle. I still was able to estimate the 

overall protein concentration of the SEC peak with nanodrop. Thus, I used this for SPR 

measurement. 
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Figure 27 - Purification of 5HT2RB. (A) Size-exclusion chromatogram where 1st peak 
was pooled and loaded on the analytical SEC. (B) Analytical size-exclusion 
chromatogram. Graphs were made with GraphPad Prism 8. 

Our goal was to get dissociation constant measurements between the receptor and 

either VLPs or VP1 pentamers of JCPyV. For that, we performed SPR measurements, 

with the aim to immobilise the His-tag receptor to the chip with an antibody targeting 

the His-tag. Unfortunately, this strategy was not successful, so the receptor was 

directly immobilised on the chip (Figure 28). 

 
Figure 28 - Capture of 5HT2RB with immobilised anti-His. (A) immobilisation of amide 
anti-His with response in Response Unit (RU) according to time. (B) Capture of 
5HT2RB with response in RU according to time.
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After immobilisation of the receptor on the chip, JCPyV VLP and VP1 pentamer 

binding were tested, as well as BKPyV VLPs and VP1 pentamers as negative control. 

Different concentrations were tested but unfortunately no interpretable signal was 

obtained by the different tests (Figure 29). Thus, we can not conclude here on the 

interaction between JCPyV and 5HT2RB. 

 

Figure 29 - Binding of different VLPs or VP1 to immobilised 5HT2RB. (A) 5HT2RB 
immobilisation with response in RU according to time. JCPyV VLPs (B), VP1 (C), 
BKPyV VLPs (D) and VP1 (E) signal with response in RU according to time. 
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Project A: Patient-derived BKPyV variants 
 

With this functional and structural study, we were able to show that mutations 

in the BC-loop of the VP1 protein impact ganglioside specificity of the BKPyV capsid. 

We were able to identify two functional entry patterns through two natural variants of 

BKPyV. We showed that infection of 293TT cells by the N-Q variant is not dependent 

on sialic acid, indicating the presence of an unknown co-receptor. The crystal structure 

of the N-Q variant showed that the K69N mutation was responsible for the loss of sialic 

acid binding. On the other hand, the VQQ variant, despite having a broader 

ganglioside binding spectrum than WT, loses the capacity to infect ganglioside- 

supplemented cells. In structural terms, the VQQ VP1 pentamer has a loop switch 

from amino acids 73-74, and this same structural feature was present in the E73A VP1 

mutant. The BC2 loop switch correlated with the loss of infection in 293TT cells, which 

raises the intriguing possibility that amino acids 73-74 may be involved in the 

interaction with the unknown receptor used by the N-Q variant. 

 

We tried to check if heparan sulphate or chondroitin sulphate GAGs could be involved 

in BKPyV entry since these GAGs, especially heparan sulphate, are found to be 

involved in the infectious entry of many non-enveloped viruses such as MCPyV, 

Human Papillomavirus (HPV), Adeno-associated Virus (AAV), enterovirus or 

adenovirus (Dechecchi et al., 2000; Giroglou et al., 2001; Goodfellow et al., 2001; Tuve 

et al., 2008; Schowalter et al., 2011; Richards et al., 2013; Huang et al., 2014; Rajan 

et al., 2021). Moreover, a study described by Geoghegan et al., 2017, showed that a 

mutant of BKPyV designed to lose binding to sialic acid required heparan sulphate for 

infection. However, through infectivity assays we saw that both WT and N-Q BKPyV 

do not seem to interact with these GAGs for infection. 

Other targets we wanted to check were the AAV Receptor (AAVR), known to interact 

with AAV, as well as β1 integrins which, associated to different α chains, are also 

described as entry receptors for different non-enveloped viruses like human parvovirus 

B19, some rotaviruses and adenoviruses as well as MPyV (E. Li et al., 2001; Caruso 

et al., 2003; Weigel-Kelley et al., 2003; Arias et al., 2015; Pillay et al., 2016). Moreover, 

293TT cells express both receptors at their surface (Bodary & McLean, 1990; Pillay et 

al., 2016). Initial infectivity assays using antibodies targeting those receptors to block  
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their potential interaction with BKPyV PSVs did not give clear results (Figure 30). 

To further test this hypothesis, we could also generate knock-out 293TT cells for each 

receptor and try to infect these cells with BKPyV N-Q variant PSVs. 

 

Figure 30 - Infectivity assays with blocking antibodies against AAVR or β1 integrin. 
Infection done with BKPyV WT and N-Q PSVs on 293TT cells. AAV2 and AdV were 
used as positive controls to test AAVR & β1 integrin, respectively. Graph was made 
with GraphPad Prism 8. 

To broadly screen for the unknown receptor, we could also use a similar method to 

that which led to the discovery of AAVR by doing a genome-wide screening with 

mutagenesis in 293TT cells (Pillay et al., 2016). A library of mutant 293TT cells would 

have to be built by knocking-out a different non-essential gene per mutant cell, 

probably by CRISPR-Cas9 editing. Infection with BKPyV PSVs then would have to be 

performed to identify mutant cells that are not infected. After sorting these infection- 

resistant mutant cells, one or multiple genes important for infection can be identified 

with, among them, the potential new receptor. It could be that among all the different 

hits, genes involved in the viral internalisation and trafficking are also identified. Once 

a potential receptor is identified, to further confirm its involvement in BKPyV infection, 

reestablishment and perhaps also, overexpression of this gene in the knock-out cells 

could be done to check if infection by BKPyV is rescued. 

Regarding the other gIb2 variants, glycan array results showed that the MVQNQ 

variant binds to the known receptors: GD1b and GT1b but also has weak binding to a- 

series GD1a and GT1a. Somehow, it seems that MVQNQ shows similar binding as  
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the VQQ variant but with weaker signal, which is interesting because MVQNQ 

replaces VQQ as the dominant variant in patient 3.5. However, we saw for VQQ that, 

although it had a broader binding profile, it was not able to infect cells supplemented 

with those same gangliosides. Thus, it would have been interesting to check if MVQNQ 

PSVs could infect ganglioside-supplemented cells, as we did for the VQQ variant. 

Moreover, on a structural level, it would have been interesting to see if the BC2 loop 

shift is still present. Both amino acids 69 and 75 are involved in direct interactions with 

the double sialic acids in the WT structure, so we could have expected a more drastic 

change in tropism for this variant compared to VQQ. However, we did not see many 

differences in binding of MVQNQ VP1 pentamers on the glycan array. Thus, K69M 

does not appear to induce any drastic changes in ganglioside specificity, as we 

described for K69N, or as was previously reported for the K69S mutation (Neu et al., 

2013). Unfortunately, we were not able to express stable, crystallisable MVQNQ VP1 

pentamers, VLPs or PSVs to confirm these suppositions. 

 

The last three gIb2 variants, E73K, VK, and VKK all come from the patient 3.19 and 

became dominant variants one after the other. While VK and VKK variants harbour 

broader ganglioside binding profiles, including again both known receptors, but also 

a-series receptors like GD1a and GT1a, the single variant E73K seems to be specific 

for only GT1b, according to the glycan array screening results. 

When we compared the binding profile of this single variant to the two others, E73Q 

and E73A (coming from two different patients) we saw that both showed broader 

binding profiles by targeting a- and b-series gangliosides. E73Q and E73A both lost 

the negative charge initially carried by E73, however for the E73K variant, the negative 

charge is replaced by a positive one. While we previously suggested that loss of 

charge was responsible for broadening the ganglioside binding, in the case of E73K, 

the change from negative to positive charge could have the opposite effect and may 

restrict the binding of this variant to only GT1b. Moreover, for gIVc2 E73K, glycan array 

screening results also showed specific binding to only GT1b. The crystal structure of 

this gIVc2 mutant revealed also that the mutation in 73 to lysine led to a loop switch 

similar to that seen for gIb2 E73A and VQQ (Figure 31). 
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Figure 31 - Superposition of gI E73A (green), VQQ (blue) and IVc2 E73K (yellow) 
focusing on the BC-loop where the mutations are found. Mutated residues are 
represented as sticks. Figure was made with Pymol. 

Thus, it further supports the view that position 73 is the main determinant of BC2 loop 

orientation. Moreover, this loop switch could have a similar impact on gIVc2 E73K 

variant infectivity to that seen for the gIb2 VQQ and E73A variants, which had strongly 

reduced infectivity in 293TT cells, possibly due to loss of interaction with the unknown 

co-receptor found on these cells. Unpublished data previously obtained at the CR2TI 

concerning the gIVc2 E73K variant showed that this was indeed the case (Figure 32).  

 

 
 

Figure 32 - Infectivity assay with IVc2 WT and E73K PSVs on 293TT cells. The graph 
was made with GraphPad Prism 8. 
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To better characterise the impact of the E73K mutation in the context of BKPyV 

genotypes Ib2 and IVc2, it would be interesting to perform cellular binding assays, and 

further infection assays as well as a structural study of gIb2 E73K to see if the same 

loop switch as that seen in the gIVc2 E73K structure is observed. 

Another mutant VK can be found for both gIb2 and gIVc2 BKPyV. The mutations are 

found at position 72 and 73 which are amino acids frequently found mutated in 

patients. While gI VK harbours broad binding profile including a- and b-series 

gangliosides, gIVc2 VK show strong binding to GT1b and weaker binding to GD1a and 

GM1b, indicating that somehow here the genotype of BKPyV influences the 

gangliosides specificity. 

 

Similarly, we can compare gIb2 and gIVc2 WT BKPyV binding profiles. For gIVc2 WT, 

glycan array screening shows very weak binding results while preliminary cellular 

binding assays highlight a broader binding profile than gIb2 WT with binding to a-series 

GT1a and GD1a in addition to b-series gangliosides. However, infection seemed not 

to be supported by GD1a but by GD1b, while infection induced through GT1b and 

GT1a remain to be tested. Thus, gIVc2 WT seems to bind a- and b-series gangliosides 

but infect only through b-series gangliosides. 

 

Finally, the last two variants: D77N and K-N come from the same patient. Glycan array 

results show that the D77N variant can interact with b-series gangliosides but also a-

series GT1a. While for K-N, binding is only seen for BKPyV described receptors: GT1b 

and GD1b. However, for this variant, preliminary cellular binding assays also showed 

that additional binding to GD3 and a-series GD1a and GT1a was seen. Thus, it seems 

that the broader binding profile seen for the D77N variant is conserved for this K-N 

variant, which appears later in the patient. Interestingly, we were also able to see that 

the K-N variant can infect through a- and b-series gangliosides: GD1a and GD1b. We 

could have expected a binding and infectious profile closer to that of gI WT BKPyV 

since the mutation 69 re-establishes the lysine found in gIb2 WT sequence, but here, 

the D77N mutation is also present and might be enough to broaden the binding and 

infectious profile of this mutant.  

 

No co-crystallisation, soaking or docking were performed with ganglioside ligands. 

Superposition of the WT structure in interaction with GD3 (PD ID: 4MJ1, Neu et al.,  
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2013) to the different variants was done by aligning the structures in Pymol. It was 

performed to observe if the di-sialic motif in its conformation in the WT structure could 

also bind in the same conformation the variant structure. By doing this, we are 

assuming that the ligand would bind in the exact same conformation as when it binds 

the WT pentamer. However, we can not guarantee that the ligand could not bind in 

another conformation to the VP1 pentamers. Furthermore, all structures were 

compared to the structure of the gI WT VP1 pentamer in interaction with GD3 

published by Neu et al, 2013. However, Hurdiss et al., 2018 also published a structure 

of gI WT BKPyV capsid in interaction with GT1b. For this structure, while the di-sialic 

acid motif binds in the same binding pocket as described in the structure of Neu et al, 

2013, density can also be seen in between amino acids D60 and K84 where the other 

part of GT1b terminated by a single sialic acid interacts. None of the studied variants 

present mutations in this area, thus no comparison was made with this structure. But 

we could speculate that mutations of these amino acids would probably influence the 

interactions with GT1b and similarly structured gangliosides. 

 

Even if further functional and structural studies are required on the last batch of 

variants, we were able to see that mutations occurring in the BC-loop can impact the 

tropism and structure of the virus. Indeed, while most mutations seemed to influence 

the ganglioside-specificity of BKPyV by broadening or restricting it, the gI N-Q variant 

stuck out by totally losing its interaction with gangliosides. Structural studies also 

allowed us to pinpoint the structural modifications that correlated with the variants’ 

phenotype in terms of receptor specificity and infectivity. But mostly, with the N-Q 

variant, we were able to highlight the use of a sialic acid-independent pathway for 

infection, indicating the presence of an unknown receptor. We also suspect that WT 

BKPyV could interact with this unknown receptor, which would mean that BKPyV is 

also able to use a two-receptor entry mechanism, as is seen for some other 

polyomaviruses and many non-enveloped viruses. 
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Project B: BKPyV genotypes tropism and structure 

 

The four BKPyV genotypes are characterised by sequence differences mostly 

in the BC-loop region of VP1 which, as we saw in the previous project, are important 

regarding sialic acid interactions. Thus, by having inter-genotype differences 

concentrated in this part of the VP1, it seemed logical to hypothesise that tropism could 

be different between the four BKPyV genotypes. 

Pastrana et al., 2013, reported infection in GM95 by genotype IVc2 BKPyV 

independently of the presence of gangliosides GD1b and GT1b (Pastrana et al., 2013). 

However, we were not able to confirm this observation, as no infection was seen for 

gIVc2 WT PSVs in GM95 cells without ganglioside supplementation (Figure 18). 

Functional assays showed that binding of all genotypes to 293TT cells is sialic acid 

dependent. However, for infection, while gI, II and III lose almost all infectivity in these 

cells after neuraminidase treatment, gIV retains around 50% of its infectious capacity. 

Thus, this could indicate that a distinct entry pathway is used by this genotype - 

perhaps related to that utilised by the gIb2 N-Q variant. Functional assays on the other 

renal cell line: the RS cells could also be interesting to see if again gIV maintains a 

significant infection capacity when sialic acids are removed and if the other genotypes, 

especially gII and gIII, are still dependent on sialic acid for infection. 

Despite this observation, gIV, like gI BKPyV can still use gangliosides for infection. 

Indeed, glycan array and cell binding assay results showed binding to several 

gangliosides including GT1b and GD1b. Infection was confirmed when LNCaP or 

GM95 cells were supplemented with GD1b. Thus, this indicates that gIV BKPyV 

remains able to use the known receptors GT1b and GD1b for infection. 

For gI BKPyV, we confirmed that it can bind and infect cells via GT1b and GD1b as 

well as other b-series gangliosides. However, as discussed above, no such 

gangliosides are found on 293TT cells, indicating that another compound carrying 

sialic acid must be used to enter those cells. It was already suggested that an N-linked 

glycoprotein carrying α2-3 sialic acid was used by BKPyV to infect 293TT rather than 

gangliosides (Dugan et al., 2005). Moreover, results on a broad glycan array revealed 

binding to LSTa, which also carries α2-3 sialic acid. Thus, it could be that a glycan 

structure close to LSTa is present on 293TT cells and be the sialic acid compound 

used by gI WT for entry into these cells. More functional and structural assays should  
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be done to confirm this hypothesis. Moreover, this could highlight a similarity between 

BKPyV and JCPyV because JCPyV was shown to interact with LSTc, a lacto-series 

oligosaccharide similar to LSTa. 

 

For gII and gIII, binding and infection also remain dependent on sialic acid, however it 

is currently not known which different sialylated glycans or glycoproteins are targeted. 

The structure of both gI and gIVc2 VP1 pentamers show no drastic structural changes, 

despite the extensive sequence variation in the BC-loop between genotypes. Binding 

to the double sialic acid part of the gangliosides involves BC-loop residues including 

amino acids at positions 62, 66, 68, 69 and 75 which can differ between genotypes 

(Figure 33). In the gI VP1 pentamer structure in interaction with GD3, amino acids 66 

and 68 have van der Waals interaction with the double sialic acid part of the 

gangliosides, while amino acids at positions 62 and 75 of the neighbouring monomer 

have water-mediated hydrogen bonds. Finally, amino acid 69 makes a direct hydrogen 

bond with the glycerol chain of the first sialic acid and a salt bridge the carboxyl group 

of the second sialic acid, through its side chain.  

We know that amino acid 69 is critical in the interaction of VP1 with sialic acid because 

a change of this amino acid can lead to loss of interaction with sialylated compounds, 

as seen with the gIb2 N-Q variant, or change the ganglioside specificity, as done in 

the Neu et al., 2013 study where mutation of lysine to serine altered ganglioside 

specificity to GM1 only. We saw that mutation of lysine to arginine for gIV does not 

seem to impact greatly the ganglioside specificity, probably due to the similar structure 

of both side chains as well as both being positively charged. Genotype II also carries 

a lysine however gIII has a histidine at this position. While histidine is also a basic 

amino acid like arginine and lysine, the overall structure is quite different with a shorter 

cyclic side chain. So, we could hypothesise that gIII may have a different ganglioside 

specificity compared to gI, II and IV. Mutations of the other amino acids at positions 

62, 66, 68 and 75 could also potentially influence the overall binding. 
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Figure 33 - Binding pocket of four genotypes of BKPyV. Structures of gI (pink) (PDB 
ID: 4MJ0) and IV (blue) genotypes were used while genotype II (yellow) and III (brown) 
were modelled in Pymol. Di-sialic acid motif is represented in pink sticks. Amino acids 
62, 66, 68, 69 and 75 are shown as sticks. gI: N62, F66, L68, K69, D75; gII: D62, Y66, 
L68, K69, A75; gIII: H62, Y66, Q68, H69, A75 & gIV: D62, Y66, L68, R69, A75. 
Figure was made with Pymol. 

 

Interestingly, genotype III BKPyV is rarely found in the population. Thus, we could 

hypothesise that this genotype might be interacting with a different subset of sialylated 

receptors less represented at the renal cell surface making it less prevalent in the 

worldwide population. On the other hand, its relative rarity could be simply due to the 

fact that it is found mainly in Africa. Most studies of BKPyV genetic polymorphism 

involve cohorts recruited in North America, Europe, or East Asia, and this sampling 

bias automatically reduces the number of gIII viruses that are reported. 

 

To answer the receptor specificity question, glycan array screening experiments with 

ganglioside and broad glycan arrays are planned with gII and gIII VP1 pentamers. 

Thus, after a clearer definition of the binding spectrum of those genotypes, cellular  
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binding assays and infection assays should be done to confirm the glycan array 

screening results as presented here. 

Similarly, as described before, all genotypes should be tested for their interactions with 

the putative co-receptor. This is particularly true for gIV, which retains partial infectivity 

after sialic acid removal in 293TT cells. 
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Project C: Characterisation of JCPyV interaction with 

5HT2RB 

A first study made on glial cells by Elphick et al, 2004, revealed that JCPyV 

could use G-coupled receptor: 5-HT2A receptor, a serotonin receptor, for infection. 

Further studies highlighted that JCPyV initially binds to the plasma membrane through 

glycan receptor: LSTc and confirmed that afterwards, through transient interactions, 

the virus interacts with 5HT2RA but also isoforms 5HT2RB and C (Assetta et al., 2013, 

2019). Those receptors are used by the virus for internalisation though clathrin-

dependent endocytosis. This endocytosis is thought to mainly occur by interaction of 

β-arrestin with intracellular loops and C-terminus of the 5HT2Rs (Assetta et al., 2019; 

Mayberry et al., 2019, 2021). This triggers recruitment of other proteins for endocytosis 

like AP-2 or clathrin, as well as activation of signalling pathways like MAPK pathway 

which was shown to be essential for JCPyV infection in glial cells (DuShane et al., 

2018; Mayberry et al., 2019). While many studies focus on how the virus triggers 

internalisation through the 5HT2Rs, no studies clearly investigate how the virus 

interacts with the receptor. Only a study by Assetta et al., 2019, proposed that 5HT2R-

dependent infection can occur without the 2nd and 3rd extracellular loop (Assetta et 

al., 2019). So, it could be that the virus interacts only with the first external loop, or the 

N-terminal domain of the receptor. Thus, our aim with this project was to further 

characterise the interaction of JCPyV with the serotonin receptor: 5HT2RB. 

To approach these different questions, we first tried to perform binding assays through 

ELISA by using peptides representing the external loop sequences. 

However, despite multiple trials, we encountered a lot of background unspecific 

binding for all experiments, and no real specific binding to VLPs was identified. No 

clear result was seen either because the free peptides did not adopt their native 

conformation, or because multiple regions of HTR2B participate in the interaction. 

Either of these two possibilities would explain the absence of real binding to the VLP 

target. We therefore abandoned this approach and commenced work on the full 

receptor. 

Expression and purification of transmembrane receptors are notoriously challenging, 

but I based my work on the sequence and the purification protocol of Wacker et al., 

2017. This group managed to design, express, purify and even crystallise 5HT2RB. 

Thus, I used the same construct as them but without the N-terminal FLAG tag and  
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then generated a recombinant baculovirus expressing the receptor successfully. I 

initially followed their protocol too, for purification but decided to add a size-exclusion 

step to have a purer sample. I did manage to express the receptor, however in small 

quantities. After multiple purifications, I always ended up with a chromatogram peak 

around the same molecular weight of around 450 kDa so I assumed it was the receptor 

associated with detergent. However, I did not have time to further characterise this 

compound. As I kept the His-tag, it could be multiple receptors associated together 

through multiple His-tag interactions. Even so, I have no possibility to affirm that the 

receptor, even in detergent, is in its correct conformation. Despite these doubts, I still 

tried to perform SPR measurements which ended up not being successful. First, we 

were not able to capture the receptor by the His-tag which could indicate that the tag is 

not accessible and thus, that the receptor might not be in the correct conformation. 

Therefore, I do think the problem is the receptor, its quantity and probably its 

conformation and stability. 

 

Thus, purification of the receptor needs to be improved for this project to progress. 

Instead of using detergents, polymers are also sometimes used to capture the receptor 

in the lipid bilayer creating a more stable environment for the receptor which should 

stay in its initial conformation (Jamshad et al., 2015). We could also purify the receptor 

in a form of receptor-enriched membrane vesicle (Minic et al., 2005; Silin et al., 2006). 

 

Characterising an affinity constant between the virus and the receptor as well as 

identifying whether pentamers or full capsids are required for the interaction would 

have been done by SPR measurement. However, characterisation of the different 

amino acids involved on the receptor and the virus in the interaction was planned to 

be done through structural studies: either with X-ray crystallography after co- 

crystallisation of pentamer-HTR2B complexes or cryo-EM of capsid-HTR2B 

complexes. 

Indeed, if only one pentamer interacts with the receptor, crystallisation of VP1 

pentamers of JCPyV with purified 5HT2RB receptor in lipid cubic phase could be 

attempted. However, if the receptor requires multiple pentamers for interaction, cryo- 

EM might be more suitable to get a complex of the viral particle in interaction with the 

receptor. 

Since the attachment receptor, the lacto-series c oligosaccharide, seems to interact  
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on the top of the pentamer, it could be that the interaction with the external loop of 

5HT2RB requires multiple pentamers interface and thus more on the side of the 

pentamer rather than on top. To show that, we could have also performed binding 

assays with labelled JCPyV VP1 pentamers or VLPs on SF9 insect cells expression 

5HT2RB. 

The structural basis of the interaction between HTR2B and the JCPyV capsid therefore 

remains to be resolved. 
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Les polyomavirus BK (BKPyV) et JC (JCPyV) sont des virus infectant l’Homme, 

d’un diamètre de 40-45 nm et composés d’un génome circulaire d’ADN double brin. 

Leur capside est composée de 72 pentamères de protéines VP1 associés à des 

protéines VP2 ou VP3 en interne. Ce sont, via les protéines VP1, que les polyomavirus 

interagissent avec leur hôte. Cette protéine possède de nombreuses boucles en 

surface, dont la boucle BC, qui permettent l’interaction avec les récepteurs de type 

glycanes sialylés. En effet, le BKPyV interagit avec les gangliosides de la série b, 

notamment GT1b et GD1b alors que le JCPyV interagit avec l’oligosaccharide de la 

lacto-série c, LSTc. Les interactions se font au niveau de la partie sialylée : le motif di- 

sialylé des gangliosides de la série b pour le BKPyV et l’acide sialique en α2-6 pour 

de LSTc pour le JCPyV. Ce dernier a aussi été décrit pour interagir avec les récepteurs 

de la sérotonine 5-HT2 pour entrer dans les cellules, utilisant ainsi LSTc comme 

récepteur d’attachement. 

Ces virus sont des virus opportunistes dont l’infection se produit de façon 

asymptomatique durant l’enfance. Plus de 80% de la population mondiale est 

séropositive pour le BKPyV et entre 30-70% pour le JCPyV. Malgré une infection 

asymptomatique, ces virus restent latents dans les individus sains, surtout au niveau 

de l’appareil urinaire et rénal mais aussi au niveau du cerveau et des tissus 

lymphoïdes pour le JCPyV. Ce sont dans des contextes d’immunosuppression que la 

réactivation de ces virus peut avoir lieu causant différentes pathologies. La 

réactivation du BKPyV est fréquente pour les patients transplantés du rein dûe à la 

prise d’immunosuppresseurs, causant ainsi des néphropathies ou plus rarement des 

sténoses urétérales. Les néphropathies associées au BKPyV (BKPyVAN) sont 

initialement soupçonnées par la présence d’une virurie et virémie élevée et 

uniquement le diagnostic par biopsie permet un diagnostic définitif. Dans certains cas, 

la réactivation du BKPyV peut aller jusqu’à un dysfonctionnement sérieux du greffon 

voire la perte de celui-ci. La stratégie thérapeutique est de rétablir l’immunité en 

modulant le traitement immunosuppresseur du patient. Dans un contexte de 

transplantation de cellules hématopoïétiques, la réactivation du BKPyV a aussi été 

associée au développement de cystite hémorragique. Dans un contexte du syndrome 

d’immunodéficience acquise (SIDA), de thérapies immunomodulatrices impliquant des 

anticorps monoclonaux, de troubles lymphoprolifératifs ou encore de transplantation 

rénale, le JCPyV peut causer plusieurs pathologies, dont principalement la leuco-

encéphalopathie multifocale progressive (LMP). Cette pathologie affecte le cerveau 
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en induisant la démyélinisation de la substance blanche et peut induire de sérieuses 

séquelles ou même être fatale. D’autres pathologies affectant le cerveau comme la 

neuronopathie des cellules granulaires, des encéphalites ou des méningites ont 

également été associées à la réactivation du JCPyV. Dans de plus rares cas, le JCPyV 

peut induire lui aussi des néphropathies. 

L’objectif principal de cette thèse est d’étudier les interactions entre les virus BKPyV 

et JCPyV et leurs récepteurs en combinant des études fonctionnelles et structurales. 

Trois projets ont été réalisés au cours de cette thèse : le premier se concentre sur 

l’étude du tropisme et de la structure de variants du BKPyV observés chez des patients 

transplantés rénaux ayant des infections persistantes, le deuxième consiste en l’étude 

encore une fois du tropisme et de la structure des quatre génotypes du BKPyV, et 

pour finir, le troisième projet a pour objectif de caractériser l’interaction entre le JCPyV 

et le récepteur de la sérotonine 5HT2RB. 

 

Projet A : Étude du tropisme et de la structure de variant du BKPyV provenant 

de patients transplantés rénaux. 

 

Au CHU de Nantes, nous disposons d’une cohorte de patients transplantés 

rénaux. Certains de ces patients ont des réactivations du BKPyV et parmi ceux-ci 

certains présentent des infections persistantes malgré la modulation du traitement 

immunosuppresseur. Chez ces patients, il a été observé une accumulation de 

mutations dans la protéine de capside VP1, en particulier au niveau de la boucle BC 

impliquée dans l’interaction avec les récepteurs. Des études préliminaires sur ces 

variants ont montré qu’ils avaient des profils infectieux divers sur deux lignées 

cellulaires rénales : les cellules rénales embryonnaires 293TT, et les cellules 

épithéliales rénales du tubule proximal immortalisées de la lignée RS. L’objectif de ce 

projet était donc de comprendre comment les mutations dans la protéine VP1 

pouvaient influencer les interactions entre la capside et les gangliosides ainsi que 

d’observer au niveau moléculaire l’influence des mutations sur la structure de la 

protéine VP1. 

Plusieurs variants ont été étudiés, en particulier les variants : E73Q, E73A, 

VQQ et N-Q du sous-type Ib2. Leurs profils infectieux ont révélé que les pseudovirus 

E73Q infecte autant que le WT les cellules 293TT alors que dans les cellules RS, ce 

variant infecte environ 10 fois mieux. En revanche pour N-Q, on observe une  
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diminution de l’infection dans les 293TT et une quasi-absence d’infection des cellules 

RS. Pour VQQ, on observe aussi une quasi-absence d’infection mais dans les cellules 

293TT et une infection similaire à celle du WT est observée dans les RS. Pour E73A, 

l’infection est plus faible dans les 293TT et similaire au WT dans les RS. Afin de mieux 

comprendre les différents profils infectieux observés, nous avons effectué de la 

spectrométrie de masse sur les membranes des deux lignées cellulaires afin de 

connaître leur composition en gangliosides. Cette expérience, effectuée en 

collaboration avec l’Université de Lilles par Dr. Delannoy et Prof. Guerardel, a montré 

que les 293TT sont composés des gangliosides de la série a : GM2 et GM3 alors que 

les cellules RS ont en plus, le GD1a et des gangliosides de la série b : GD2 et GD3. 

De plus, ces différents profils infectieux nous ont amené(s) à tester si ces différents 

variants maintenaient leur capacité à interagir avec les acides sialiques, partie avec 

laquelle le virus WT interagit sur les gangliosides de la série b. Pour cela, j’ai effectué 

des expériences d’infections avec des pseudovirus sur les cellules 293TT ou RS 

traitées ou non avec la neuraminidase. Alors que les variants E73A, E73Q et VQQ se 

sont montrés assez dépendant de la présence d’acides sialiques pour une infection 

efficace, le variant N-Q semble ne pas avoir besoin d’acide sialique, en infectant 

correctement voire mieux les cellules 293TT en leur absence. Ceci indique donc la 

présence d’un autre récepteur sur ces cellules capable de supporter l’infection par le 

variant N-Q. Suite à ce résultat, nous avons quand tout de même étudié les 

interactions de ces variants avec les glycanes en particulier les gangliosides. Pour 

cela, nous avons étudié la fixation à ces composés de deux façons : par glycan array 

screening et expérience de fixation avec des Virus-like Particles (VLPs). Pour le glycan 

array screening, j’ai exprimé et purifié les différents pentamères de VP1 variants et 

WT avec leur histidine tag. Ensuite, j’ai envoyé ces pentamères au Glycoscience 

laboratory de Imperial Collège à Londres où une équipe dirigée par le Dr. Liu et le 

Prof. Feizi, ont analysé la fixation des différents pentamères de VP1 sur un array 

composé de plusieurs sondes représentant les différents gangliosides. Chaque variant 

a été incubé avec cet array et la fixation a été quantifiée via la fluorescence des 

anticorps ciblant les His tag des pentamères. Les résultats ont montré un profil attendu 

pour le WT avec fixation aux gangliosides GT1b et GD1b. En revanche pour les 

variants E73Q, E73A et VQQ, un profil de fixation plus large a été observé avec 

toujours une fixation aux gangliosides de la série b dont GT1b et GD1b mais aussi la 

fixation à des gangliosides de la série a : GD1a et GT1a. Pour le variant N-Q, aucune 
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fixation a aucun ganglioside n'a été observée confirmant ainsi nos observations faites 

via l’expérience d’infection en présence de neuraminidase. Cette technique étant 

assez artificielle, j’ai fait des expériences de fixation complémentaire afin de confirmer 

ces résultats. J’ai utilisé la lignée cellulaire LNCaP, dépourvue de gangliosides, à 

laquelle j’ai supplémenté différents gangliosides (GM1, GD3, GD1b, GT1b, GD1a ou 

GT1a). Ensuite, j’ai testé la fixation de VLPs fluorescentes via cytométrie en flux. Cette 

expérience faite avec des VLPs WT, VQQ et N-Q a permis de confirmer les résultats 

du glycan array screening. L’attachement d’un virus à un récepteur ne veut pas 

nécessairement dire que ce récepteur induit l’entrée du virus dans la cellule, c’est donc 

pour cela que j’ai aussi effectué des expériences d’infection, avec des PSVs, en utilisant 

le même principe du supplémentation de gangliosides sur deux lignées cellulaires : 

LNCaP et GM95 qui sont des cellules dépourvues de glycosphingolipides. Les 

résultats sont identiques dans les deux lignées cellulaires avec une meilleure infection 

dans les cellules GM95. Nous avons pu voir que le WT, E73Q et E73A sont capables 

d’infecter les cellules via GD1b. De plus, parmi les trois variants capables d’interagir 

avec les gangliosides de la série a, seule E73Q semble infecter les cellules via GD1a, 

ce qui expliquerait donc sa capacité plus élevée à infecter les cellules RS exprimant à 

leur surface ce ganglioside. Le variant VQQ, malgré sa capacité à fixer multiples 

gangliosides de la série a et b, ne semble pas pouvoir infecter les cellules via ceux-ci. 

Pour le variant N-Q, nous avons pu confirmer encore une fois qu’aucune infection n’est 

induite via les gangliosides. 

Après ces résultats fonctionnels, nous nous sommes intéressés à la structure de ces 

différents variants. Pour cela, j’ai résolu la structure des pentamères de VP1 par 

cristallographie à rayon X. La structure du variant E73Q ne présente aucune 

modification structurale comparée à celle du WT. En revanche, pour le variant E73A 

deux monomères de VP1 sur cinq présentent une conformation différente de la 

deuxième partie de la boucle BC là où la mutation est présente. Cette conformation 

est aussi observée pour tous les monomères de VP1 du variant VQQ, indiquant que 

l’acide aminé 73 est assez déterminant de l’orientation de la boucle BC, surtout si une 

mutation en position 72 est associée à la mutation de l’acide aminé 73. Cependant, 

ces changements structuraux sont situés assez loin du site de fixation des acides 

sialiques ce qui reste cohérent avec nos observations puisque ces variants 

maintiennent leur capacité de fixation aux gangliosides. Pour la structure du variant 

N-Q, aucun changement de conformation majeur n’est observable. Cependant, la 
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mutation de l’acide aminé 69 de la lysine à l’asparagine semble induire un 

encombrement stérique pouvant expliquer la perte d’interaction avec les acides 

sialiques observée chez le variant N-Q. 

Cette étude nous a permis d’observer que les mutations dans la boucle BC peuvent 

avoir différents impacts sur le virus. Le variant N-Q a perdu la capacité d’interagir avec 

les acides sialiques à cause de la mutation de l’acide aminé 69 en asparagine. 

Cependant ce variant est toujours capable d’infecter les cellules 293TT indiquant donc 

qu’un autre récepteur est utilisé par ce variant. Pour ce qui est des autres variants, 

nous avons observé que E73A et VQQ avaient un changement de conformation de la 

boucle BC suite aux mutations et que ses deux variants étaient moins infectieux dans 

les cellules 293TT alors que le variant E73Q, qui n’a pas ce changement de 

conformation, infecte bien ces cellules. Donc, nous en avons déduit que le 

changement de conformation pourrait avoir un impact sur l’interaction des deux 

variants avec le potentiel récepteur inconnu ciblé par le variant N-Q, réduisant ainsi 

leur capacité d’infection dans les 293TT. En revanche pour E73Q, la mutation apporte 

une perte de charge qui semble induire un profil de fixation et d’infection plus large et 

nous avons donc pu conclure que la capacité d’infection de ce mutant supérieure à 

celle du WT dans les cellules RS est dû à son interaction avec le ganglioside GD1a 

présent sur ces cellules. Pour le variant VQQ, nous avons aussi pu observer qu’il 

garde sa capacité d’interagir avec les acides sialiques et nous avons même vu qu’il a 

un profil de fixation plus large que la WT. En revanche, ce variant ne semble pas 

pouvoir infecter les cellules via une interaction seulement avec les gangliosides. 

J’ai aussi étudié, mais moins en détail, d’autres variants du gIb2 du virus ainsi que du 

gIVc2. Dans ces cas-là aussi, les mutations influencent le profil de fixation aux 

gangliosides avec des profils plus larges pour la plupart ou pour le cas de la mutation 

E73K que l’on trouve dans le gI et gIVc2. Ce variant présente un profil de fixation 

restreint au ganglioside GT1b ce qui pourrait être expliqué par le remplacement de la 

charge négative par une charge positive qui ainsi réduirait la spécificité de fixation de 

ce variant. 

 

Projet B : Étude de tropisme et de la structure des différents génotypes du BKPyV 

Le BKPyV est divisé en quatre génotypes : I, II, III et IV. Le génotype I étant, 

suivi du génotype IV, le plus représenté dans la population mondiale, alors que les 
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génotypes II et III sont retrouvés plus rarement. Ces génotypes se différencient surtout 

au niveau de leurs séquences au niveau de la boucle BC. Pour ce projet, que je réalise 

en collaboration avec Jasmine Freytag (IFIB, Tübingen), les objectifs étaient de voir si 

les différents génotypes ont un tropisme différent ainsi que de résoudre leur structure. 

Pour cela j’ai effectué des expériences similaires à celle du projet précédent, 

notamment, en utilisant la neuraminidase pour déterminer si les différents génotypes 

étaient dépendant ou non de la présence d’acide sialique pour l’infection. Alors que 

les génotypes I, II et III se sont révélés très dépendant de la présence d’acides 

sialiques à la surface des 293TT pour la fixation et l’infection, le génotype IV maintient 

50% d’infection en l’absence d’acides sialiques, indiquant donc l’utilisation d’un autre 

récepteur pour induire supporter l’infection. J’ai aussi pu résoudre la structure de la 

protéine VP1 du génotype IV qui, en comparaison à la structure du génotype I, reste 

très similaire. L’ensemble du projet est encore en cours avec pour objectif d’effectuer 

aussi des analyses de la fixation au gangliosides via glycan array screening et 

d’obtenir les structures des deux autres génotypes. 

 

Projet C : Caractérisation de l’interaction entre JCPyV et le récepteur de la 

sérotonine 5HT2RB. 

 

Le JCPyV infecte les oligodendrocytes via la LSTc qui sert de récepteur 

d’attachement, et via les récepteurs de la sérotonine : 5HT2RA, B ou C, qui servent 

de récepteur d’entrée. L’objectif de ce projet était de caractériser l’interaction entre le 

virus et le récepteur 5HT2RB au travers d’expériences de fixation et d’études 

structurales. Afin de caractériser si le virus interagit via le pentamère de VP1 

uniquement ou si l’interaction avec le récepteur nécessite l’interface de plusieurs 

pentamères, j’ai d’abord exprimé et purifié des pentamères de VP1 et des VLPs du 

JCPyV. Dans un premier temps, j’ai effectué des expériences d’ELISA afin de tester 

la fixation des pentamères et VLPs à des peptides synthétisés pour représenter les 

boucles extracellulaires du récepteur 5HTR2RB. Cependant, ces expériences n’ont 

pas été concluantes, sûrement parce que les peptides n’adoptent pas la même 

conformation que les boucles dans le récepteur et aussi peut-être parce que 

l’interaction requièrent plusieurs boucles. J’ai donc ensuite travaillé sur le récepteur 

entier. J’ai exprimé et purifié ce récepteur membranaire en faible quantité, cependant, 

je n’ai pas eu le temps de bien caractériser sa conformation et sa stabilité. Malgré 
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cela, des expériences de résonance plasmon de surface ont été tentées afin de 

quantifier une constante de dissociation entre le récepteur et le virus, soit sous forme 

de pentamère ou sous forme de VLPs. Cependant, ces expériences n’ont pas 

fonctionné sûrement à cause la qualité du récepteur. Ce projet avait pour but, après 

avoir montré comment le virus interagissait avec le récepteur, d’aboutir à une étude 

structurale afin de caractériser les acides aminés impliqués dans l’interaction. Si le 

pentamère était suffisant pour l’interaction avec le récepteur, nous aurions pu tenter 

de cristalliser le récepteur en phase lipidique cubique en interaction avec le pentamère 

de VP1. En revanche, si l’intégralité de la capside était nécessaire à l’interaction, nous 

aurions tenté de résoudre la structure du complexe par cryo-microscopie électronique. 
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The following abstract was written with the help of Anne Beschorner. 
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BK- und JC-Polyomaviren sind doppelsträngig, zirkuläre DNA-Viren mit einem 

ikosaedrischen Kapsid, das hauptsächlich aus Pentameren des VP1-Proteins besteht. 

Diese opportunistischen Viren können unter immunsuppressiven Bedingungen 

reaktiviert werden und verursachen hauptsächlich BKPyV-assoziierte Nephropathie 

bei Nierentransplantationen oder progressive multifokale Leukoenzephalopathie im 

Falle einer JCPyV-Reaktivierung. Diese Arbeit konzentriert sich auf die Untersuchung 

der Interaktionen zwischen dem Virus und seinen Wirtsrezeptoren. Das erste Projekt 

zielt darauf ab, zu verstehen, wie Mutationen im VP1-Protein, die bei Empfängern von 

Nierentransplantaten während einer persistierenden BKPyV-Infektion häufig 

auftreten, die Struktur und den Tropismus des Virus beeinflussen. Durch funktionelle 

und strukturelle Studien konnten wir zwei unterschiedliche Funktionsmuster 

aufzeigen. Die N-Q-Variante verliert durch die Mutation der Aminosäure 69 die 

Fähigkeit, mit Sialinsäure zu interagieren, was darauf hindeutet, dass ein anderer 

Rezeptor verwendet wird, um die Infektion dieser Variante in 293TT-Zellen zu 

unterstützen. Andererseits weist die VQQ-Variante einen Loop-Switch auf, der durch 

Mutationen der Aminosäuren 72 und 73 verursacht wird, was uns zu der Annahme 

veranlasst, dass diese Variante die Interaktion mit dem unbekannten Rezeptor verliert 

und somit ihre schwache Infektiosität in 293TT-Zellen erklärt. Obwohl diese Variante 

ein breiteres Gangliosid-Bindungsprofil aufweist, infiziert sie nicht über die 

Ganglioside. Es wurden weitere Varianten untersucht, die ebenfalls unterschiedliche 

Gangliosid-Bindungsprofile und strukturelle Veränderungen aufweisen. Das zweite 

Projekt dieser Arbeit zielt ebenfalls auf die Untersuchung des Tropismus und der 

Struktur ab, in diesem Fall jedoch der verschiedenen Genotypen von BKPyV. 

Funktionelle Tests haben gezeigt, dass gI, II und III für die Infektion stark von 

Sialinsäuren abhängig sind, während 50 % der Infektion bei gIV verbleiben, was auch 

in diesem Fall darauf hindeutet, dass ein anderer Rezeptor für die Infektion verwendet 

wird. Die Strukturstudie des gIV-VP1-Pentamers ergab keine wesentlichen 

strukturellen Unterschiede im Vergleich zur gI-Struktur. Das dritte Projekt 

konzentrierte sich auf die Charakterisierung der Interaktion zwischen JCPyV und 

einem seiner Eintrittsrezeptoren: dem Serotoninrezeptor 5HTRB. JCPyV VP1- 

Pentamere und VLPs wurden exprimiert und gereinigt, ebenso wie 5HT2RB. Ziel war 

es, durch SPR-Messungen herauszufinden, ob das Virus nur über ein Pentamer mit 

dem Rezeptor interagiert oder die Schnittstelle mehrerer Pentamere benötigt. Die 

SPR-Messungen waren jedoch nicht schlüssig. 
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