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1. Abbreviations 
 
 
AGN Agnoprotein 
Agn25D39E Agnoprotein mutant, amphipathic helix 
ATCagn Start codon deletion of agnoprotein mutant BKPyV Dunlop virus 
ASC  Apoptosis-associated speck-like protein containing a CARD 
ww-NCCR Archetype non-coding control region 
BKPyV BK polyomavirus 
BMDCs  Bone marrow derived dendritic cells 
bp Base pairs  
c-di-AMP C-di-adenosine monophosphate 
c-di-GMP Cyclic diguanylate monophosphate 
cGAS Cyclic GMP-AMP synthase 
cART Combination antiretroviral therapy 

CCCP Carbonyl cyanide m-chlorophenyl hydrazone (CCCP), is a chemical inhibitor of 
oxidative phosphorylation 

CMV Cytomegalovirus 
DAI DNA-dependent activator of IRFs 
DAMPs Danger-associated molecular patterns 
DC Dendritic cells 
DNA Deoxyribonucleic acid 
DRP1 Dynamin-1-like protein 
EBV Epstein-Barr virus 
ER Endoplasmic reticulum 
EVGR Early viral gene region 
HBV Hepatitis B virus  
HC Hemorrhagic cystitis 
HIV Human immunodeficiency virus 
HPyV Human polyomavirus 
HSCT Hematopoietic stem cell transplantation 
HSV-1 Herpes simplex virus-1 
IFN Interferon 
IRF-3 Interferon regulatory factor 3 
IFI16 Gamma-interferon-inducible protein 
ISG IFN-I-stimulated genes 
ISRE IFN-stimulated regulatory elements 
JC-1 Cationic carbocyanine, marker for an intact mitochondrial membrane potential 
JCPyV JC polyomavirus 
kDa Kilo Dalton 
KIR(s) Killer-cell immunoglobulin-like receptor(s) 
KTR Kidney transplant recipient 
LD Lipid droplet 
LTag Large T-antigen 
LVGR Late viral gene region 
MAVS Mitochondrial antiviral-signaling protein 
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MCMV Murine cytomegalovirus  
MCPyV Merkel cell polyomavirus 
mDCs  Myeloid dendritic cells  
MEFs Mouse embryonic fibroblasts 
MHC Major histocompatibility complex 
mRNA Messenger ribonucleic acid 

mTOR 
mechanistic target of rapamycin, also known as the mammalian target of 
rapamycin and FK506-binding protein 12-rapamycin-associated protein 1 
(FRAP1) 

NCCR Non-coding control region 
NK cells Natural killer cells 
NLR(s) (NOD)-like receptor(s) 
NLS Nuclear localization signal 
NOD Nucleotide-binding oligomerization domain  
ORF Open reading frame 
P62 Ubiquitin-binding protein p62, also Sequestosome-1 (SQSTM1) 
PAMPs Pathogen-associated molecular patterns 
PBMCs Peripheral blood mononuclear cells 
PDI Protein disulfide isomerase 
PCNA Proliferating cell nuclear antigen 
pDCs Plasmacytoid dendritic cells 
PML Progressive multifocal leukoencephalopathy 
pRb Retinoblastoma protein 
PRR Pattern recognition receptors 
PYD Pyrin domain 
PyVAN Polyomavirus associated nephropathy 
PyVHC Polyomavirus associated hemorrhagic cystitis 
PyV Polyomavirus 
RIG-I Retinoic acid-inducible gene I  
RLR(s) (RIG-I)-like receptor(s)  
RNA Ribonucleic acid 
rr-NCCR Rearranged non-coding control region 
STING Stimulator of interferon genes 
sTag Small T antigen 
STLPyV Saint Louis polyomavirus 
SV40 Simian vacuolating virus 40 
TANK TRAF family member-associated NF-kappa-B activator 
TAP1/2 Transporters associated with antigen processing-1/2 
TBK1 TANK-binding kinase 1 
TCR T-cell receptor 
tet-off Tetracycline off, agnoprotein is expressed (Tet off system) 
tet-on Tetracycline off, agnoprotein is not expressed (Tet off system) 
TLR(s) Toll-like receptor(s) 
TMRE Tetramethylrhodamine, marker for an intact mitochondrial membrane potential 
TsPyV Trichodysplasia spinulosa polyomavirus 
Vp1 Viral capsid protein 1 
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Vp2 Viral capsid protein 2 
Vp3 Viral capsid protein 3 
VSV Vesicular stomatitis virus 
ww-NCCR Archetype non-coding control region 
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2. Summary 

Today there are at least 13 human polyomaviruses (HPyV) known, among them BK 

polyomavirus (BKPyV). BKPyV infects up to 90% of the general population without known ill 

effects. Following primary infection, BKPyV persists in the renourinary tract as shown by 

occasional urinary shedding in 5%-10% of healthy immunocompetent blood donors. 

In immunocompromised individuals, BKPyV can cause significant diseases such as 

polyomavirus-associated nephropathy (PyVAN) in 1% - 15% of kidney transplants (KT); and 

BKPyV-associated hemorrhagic cystitis (BKPyVHC) in 5% - 20% of hematopoietic stem cell 

transplants (HSCT). Both pathologies are characterized by high urine BKPyV loads of 8-10 

log10 Geq/mL, and detection of BKPyV genomes in blood ranging from to 3 to 6 log10 Geq/mL. 

Beside these similarities, the two pathologies are quite different. BKPyVHC often occurs within 

4 weeks after HSCT, and affects mainly the bladder severe pain, macrohematuria and renal 

obstruction. In contrast, BKPyVAN is commonly diagnosed 3 to 6 months after kidney 

transplantation, and affects primarily the transplanted kidney causing progressive graft failure 

manifests and return to dialysis. There are no BKPyV-specific antivirals available, and current 

treatment consists of screening for BKPyV viremia followed by reduction of immunosuppressive 

therapy to enable mounting of BKPyV-specific T cell control. 

In this thesis, the investigations of three aspects of BKPyV replication and disease are 

described: 

In the first project, the direct effect of different immunosuppressive drugs on BKPyV replication 

was studied in primary human renal proximal epithelial cells. Cyclosporin A (CsA) and tacrolimus 

(TAC) are the major calcineurin inhibitors in use, but following the widespread use of TAC 

replacing CsA, an increase in BKPyVAN was observed in transplant programs throughout the 

world. However, use of the novel class of mTOR inhibitors such as sirolimus (SIR, formerly 

called rapamycin) appear to decrease the rates of BKPyVAN. Two alternative, not mutually 

exclusive hypotheses have been put forward: i) TAC is more potent than CsA, or SIR, and 

causes a more lasting virus-specific T-cell paralysis with corresponding increases of BKPyV 

replication and control: ii) TAC differs from CsA and SIR in their direct effect on BKPyV 

replication in primary human renal tubular epithelial cell replication. The results demonstrated in 

a dose- and time-dependent decrease of BKPyV replication in the presence of SIR, when cells 

were treated directly the first 24 hours post infection. SIR treatment also diminished BKPyV 

protein expression and blocked the mTOR pathway activated by BKPyV infection or viral-like 

particles. Similar results were obtained with Torin-1, a direct enzymatic inhibitor of the mTORC1. 

SIR-mediated inhibition of BKPyV replication was dependent on FKBP12, as silencing FKBP12 
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abrogated the inhibition, which is consistent with the allosteric binding of SIR-FBBP12 complex 

to TORC1. On the other hand, BKPyV replication increased in the presence of TAC, which was 

also FKBP12-dependent, the intracellular binding protein required for calcineurin inhibition. TAC 

reversed SIR inhibition of BKPyV replication, suggesting that TAC and SIR competitively bind 

FKBP-12. Unlike TAC, CsA showed an inhibitory effect on BKPyV replication indicating that, 

unlike the major mechanism in T-lymphocytes, calcineurin inhibition was not underlying the 

BKPyV-activating effect of TAC. Rather, TAC increased host DNA synthesis and thereby also 

facilitated the viral large T-antigen mediated switch to S-phase and corresponding BKPyV 

replication. Taken together, our results suggest that the choice of the immunosuppressive drugs 

directly contributes to the risk of BKPyV replication and nephropathy besides suppressing T-cell 

functions. 

In the second project, transcription regulation mediated by the BKPyV non-coding control region 

(NCCR) was studied by introducing point mutations predicted to inactivating specific 

transcription factor binding sites (TFBS). The study reveals that the basal bidirectional early viral 

gene region (EVGR) and late viral gene region (LVGR) expression is critically controlled by a 

hierarchy of TFBS, which can give rise to at least three phenotypic groups: Group 1 TFBS 

mutations exhibited an increased viral early gene expression similar to natural variants with 

complex NCCR sequence rearrangements and resulted from inactivating one Sp1 or Ets1 TFBS 

near the late transcription start site. Group 2 mutations exhibited intermediate viral early gene 

activation and resulted from inactivating NF1, YY1 and p53 sites between early and late 

transcription start site. Group 3 mutations decreased early and late gene expression and 

resulted from inactivating two other Sp1 sites near the early transcription start site. 

Corresponding recombinant viruses showed increased replication in primary human renal 

proximal epithelial cells, the main host cells of BKPyV for Group 1 mutations, and intermediate 

and no/low replication for Group 2 and Group 3 mutants, respectively. The results demonstrate 

that Sp1 sites are critical determinants of BKPyV gene expression and replication. Thus, 

modulation of Sp1 activity in renal tubular cells may be critical for reactivation and therapy. 

In the third project, the function of the BKPyV agnoprotein was investigated. Agnoprotein is small 

basic protein of 66aa, which is conserved between renotropic polyomaviruses such BKPyV, 

JCPyV, and the monkey SV40. The BKPyV agnoprotein is encoded in the late viral gene region 

and abundantly expressed in the late viral life cycle. Despite multiple studies, proposing a role 

in virion release (viroporin), viral gene expression, encapsidation, the main function of 

agnoprotein is still undefined. Work from our group has demonstrated that BKPyV agnoprotein 

binds to lipid droplets, and requires the amphipathic character of the central helix from amino 

acid (aa)20 to aa42. To investigate the role of agnoprotein of BKPyV, we infected RPTEC with 

different BKPyV agnoprotein mutants and examined them with confocal microscopy. We 

observed that the wildtype agnoprotein of BKPyV Dunlop (BKPyV-AGN) was found in the 
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cytoplasm, but seemed to associated with cytoplasmic substructures. Revisiting the intracellular 

localisation revealed that agnoprotein co-localized with the endoplasmic reticulum using three 

different marker enzymes. In contrast, the agnoprotein point mutant (BKPyV-agn25D39E), 

which no longer binds to lipid droplets, showed a more string-like pattern. Further confocal 

microscopy studies revealed that wildtype and point mutant agnoproteins colocalised with 

mitochondria. However, there was a striking difference in the mitochondrial phenotype. BKPyV-

AGN-infected primary human renal tubular epithelial cells showed short fragmented 

mitochondria, whereas BKPyV-agn25D39E-infected RPTEC showed a network-like 

mitochondrial organization similar to uninfected cells. RPTEC infected with a non-expressing 

agnoprotein mutant due to a start codon-mutation (BKPyV-ATCagn) exhibited an intact 

mitochondrial network indistinguishable from the point mutant. Using a tet-off inducible AGN 

construct in UTA-6 cells demonstrated that expression of wildtype agnoprotein was both 

necessary and sufficient to induce mitochondrial fragmentation. Truncation and fusion to green 

fluorescent protein revealed that the first 20 aa of agnoprotein mediate mitochondrial targeting 

and the amphipathic helix (22 - 39 aa) were needed for mitochondrial fragmentation. 

Agnoprotein-mediated mitochondrial fragmentation was associated with disruption of the 

mitochondrial membrane potential (MMP). Moreover, agnoprotein-expressing cells showed 

impaired IRF-3 nuclear translocation and impaired interferon-b (IFN-b) production compared to 

non-agnoprotein expressing cells. Pre-treatment with IFNb reduced BKPyV infectivity, 

replication and protein expression. BKPyV-AGN showed higher replication capacity compared 

to BKPyV-agn25D39E and BKPyV-ATCagn. Addition of anti-IFN-a/b antibodies or TBK-1 

inhibitor partially rescued BKPyV-agn25D39E replication. Similarly, addition of CoCl2, 

uncoupling the mitochondrial membrane potential was able to partially restore BKPyV-

agn25D39E replication. Transmission electron microscopy studies revealed that the 

mitochondrial network of BKPyV-AGN-infected RPTECs was disrupted and appeared more 

disperse, swollen with disrupted cristae, while elongated mitochondrial structures seen in 

BKPyV-agn25D39E- and mock-infected RPTECs. Electron microscopy studies from patients 

with BKPyV-associated nephropathy similarly demonstrated a similarly disrupted mitochondrial 

network. To investigate the fate of the agnoprotein-fragmented mitochondria, markers of 

autophagy were used demonstrating p62-mediated mitophagy in tissue-culture and in kidney 

transplant biopsy. Extending these observations to the closely related JC HPyV and SV40 

revealed that infection with either of these polyomaviruses also disrupt mitochondria and 

agnoprotein of JCPyV also colocalises with mitochondria suggesting a conserved principle of 

renotropic polyomavirus to subvert innate immune responses during the late phase of viral life 

cycle.  

Together, the results demonstrate three complementing aspects of BKPyV replication can be 

identified in vitro with profound translational implications for BKPyV biology and disease. 
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3. Introduction 

Viruses belong to the smallest yet most abundant biological units on earth that are capable of 

self-replication. Their genetic code is present in deoxy ribonucleic acids (DNA) or ribonucleic 

acids (RNA) of single-stranded, double-stranded, linear, segmented, or circular nature and 

encapsidated in a protein shell, which for some families is surrounded by a lipid envelope with 

embedded viral proteins. Viruses lack a metabolism of their own, and are thus dependent on 

infecting and reprogramming host cells for reproduction. This process involves principle steps 

of attachment, uptake, uncoating, genome replication, and progeny production to ultimately 

enable transmission to new host cells and organisms [1]. This viral high-jacking and exploitation 

of hosts and their cells may be associated with various degrees of cell dysfunction and 

cytopathic loss, which are underlying the development of viral pathology termed pathogenesis 

[2]. If these infectious costs occur at sufficiently high levels and are sensed by the host organism 

locally or systemically, they may cause laboratory and clinical abnormalities commonly termed 

viral infectious disease. Thus, viral infection, replication, and disease are different entities 

reflecting the intrinsic pathogenicity of any infectious agent, and of viruses in particular, and 

which define innate immune responses of the host, and its ability to mount and maintain adaptive 

immunity as functional memory responses [3-6]. Based on phylogenetic evidence, viruses and 

their established natural hosts can be assumed to be the result of a long-standing co-

evolutionary adaption, whereby mutual selection pressures are determinants of co-existence at 

a bearable cost. Both cellular restriction factors, innate, and adaptive immune responses all 

represent key barriers to infectious agents. Given this dynamic interaction, it is not surprising to 

learn that both, infectious agents and their established hosts possess mechanisms that permit 

to transiently or permanently shift the balance to each other’s advantage. Given the fact that 

viruses need to enter host cells for their life cycle, distinction of invaders as “non-self” should 

not only be occurring extracellularly, but to some extent also intracellularly.  

Thus, current evidence suggests that virus – host interactions have been successfully co-

evolved over time selecting for less pathogenic viruses and more resistant hosts to maintain 

virus propagation at acceptable costs. In this regard, persistent virus infections are particular 

interesting, since either immune clearance was disabled in case of active replication, or sites 

and modes of viral persistence and replication are separated in time and location. This thesis 

will review aspects of this fascinating battle between viruses and hosts that is ongoing daily in 

our life, and will investigate virus – host interactions for human polyomaviruses that appear to 

have established a highly successful balance with minimal damage in humans unless perturbed 

in the setting of immunodeficiency. 
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3.1 Polyomaviruses 

Polyomaviruses (PyV) belong to the family of Polyomaviridae [7]. PyV virions are non-enveloped 

capsids containing a circular double-stranded DNA genome of about 5000 base pairs (bp). The 

PyV genome carries a single origin of replication and bidirectional promoter/enhancer elements, 

which are present in the so-called non-coding control region (NCCR) of approximately 500 bp. 

Important PyV characteristics are a highly restricted host range that permits infection, viral 

replication. progeny production, and transmission [8]. Exposure of other species than the natural 

host may lead to non-productive infection and has been linked in experimental animal models 

to oncogenic transformation and cancer. The name “polyoma” was suggested in 1958 because 

of the ability of the mouse PyV (MPyV) isolated in 1953 to induce a variety of tumours when 

brought into new-born rodents [9]. In December 2015, the Polyomaviridae Study Group of the 

International Committee on Taxonomy of Viruses (ICTV) has suggested that family 

Polyomaviridae be split into four genera called Alpha-, Beta-, Gamma- and Delta-Polyomavirus 

with 73 members besides a few non-classified polyomaviruses [10]. The committees’ criteria for 

defining a separate PyV species required firstly a genome organization typical for PyVs, i.e. a 

double stranded DNA genome with the early viral gene region (EVGR) encoding the so-called 

tumour (T) antigens and the late viral gene region (LVGR) coding for the structural viral proteins 

on opposite strands, both of which are separated by the NCCR. Secondly, there must be 

sufficient information about the natural host. In cases where the host cannot be determinedly 

identified, molecular methods should be employed, e.g., mitochondrial cytochrome b typing. 

Thirdly, the observed genetic distance to members of the most closely related species is >15 % 

for the large T antigen (LTAg) coding sequence. Thus, members of the genera Alpha-, Beta-, 

and Delta-Polyomavirus are known to infect only mammals, whereas Gamma-Polyomaviruses 

includes seven PyV-species known to infect birds. An earlier proposal of only three genera 

called Avi-, Wuki-, and Ortho-Polyomavirus [11] has not been adopted by the ICTV because it 

did not account for some polyomavirus recombinants, and the phylogenetic analyses underlying 

the genus definition were built on different genes. Therefore, all new communications dealing 

with PyV should refer to the most recent Update of PyV classification published in 2016 [10].  
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3.1.1 Human Polyomaviruses (HPyV) 

3.1.1.1 Genomic Organisation 

All HPyVs share a similar genome organization and size of about 5000bp. The HPyV DNA 

genome can be divided into three different functional regions denoted as NCCR, EVGR and 

LVGR (Figure 1). 

 

 
Figure 1: HPyV genome organization 
Schematic illustration of the dsDNA HPyV genome showing the early viral gene region (EVGR) in red and 
the late viral gene region (LVGR) in green, separated by the non-coding control region (NCCR). The 
primary transcripts are shown in blue, the mature spliced mRNA derivatives in red or in green as continues 
lines), introns (dashed lines) The positions of the diverse HPyV-encoded micro-RNAs are indicated with 
blue arrows. The transcript translated into the corresponding proteins are indicated: LTag, Large T 
antigen; sTag, small T antigen; TruncTag, truncated T antigen; Vp1, viral capsid protein 1; Vp2, viral 
capsid protein 2; Vp3, viral capsid protein 3 (not found in all HPyVs e.g. MCPyV); (Agno), agnoprotein, 
only found in JCPyV, BKPyV, SV40; NCCR, non-coding control region; miRNA, microRNA. Adapted from 
[12, 13]. 
 

The NCCR harbours the origin of viral DNA replication ori and the transcription start sites for 

EVGR and LVGR expression in opposite outgoing directions (Figure 1; see below for details). 

Although EVGR and LVGR have each their own directional promoter organisation permitting 

separate gene expression, the tight and overlapping organisation of the enhancer and 

specifically a multitude of transcription factor binding sites (TFBS) raises the question whether 

or not the activity of one can be changed without affecting the other. Most TFBS are not unique, 

but occur several times in different locations typically between the ori and the LVGR promoter. 

When comparing, for example the NCCRs of all HPyV (Ajuh et al. submitted), length, 

architecture, sequence, and TFBS composition of the 13 HPyV-NCCRs differ substantially 

suggesting that the NCCR captures specific aspects of the specific HPyV - host cell interaction 

regulating persistence and reactivation, a phenomenon sometimes called secondary host cell 

tropism.  
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The EVGR has two major open reading frames (ORF) encoding the LTag, the small T-antigen 

(sTag) from a differently spliced primary transcript. In addition, various shorter splice derivatives 

have been described in BKPyV, JCPyV, and some other HPyVs, which called alternative or 

truncated Tag, as well as ALTO. All Tags known have a common N-terminal domain, but differ 

in their subsequent C-terminal compositions due to alternative splicing of the major pre-mRNA 

transcript. As indicated above, “T” stands for tumour, because these proteins have been shown 

to confer a transformed phenotype and immortalisation of cells in culture. Moreover, oncogenic 

transformation has been observed in various experimental animal models following infection or 

Tag transgene expression [14, 15]. In the natural host, the rapid replication of these non-

enveloped viruses depends on host cell lysis to effectively release the viral progeny from the 

nucleus. Thus, the normal life cycle of key representatives like BKPyV, JCPyV and SV40 

involves destroying the transformed producer cell, hence being oncolytic. However, if expression 

of the transforming LTag and sTag is uncoupled from lytic LVGR expression of the viral capsid 

proteins, oncogenic transformation may persist and allow selection of further somatic alteration 

with progression to cancer. Uncoupling EVGR- from LVGR-expression can result from functional 

blocks e.g. in an inappropriate cell of another species, or because of structural alterations in 

viral genome due to chromosomal integration, viral genome truncation, or mutations that no 

longer permit switching to LVGR expression, [5]. This occurs more commonly in a non-

permissive host cell and typically requires deficiencies in the adaptive immunity as well [16-18]. 

The LVGR has two ORFs called VP1 and VP2, that code for the major capsid protein Vp1 and 

the minor capsid protein Vp2. For some HPyV, a third ORF has been demonstrated to overlap 

with VP2 and which encodes Vp3 (see details in paragraph below) having the ORF of VP3 in 

the 3’ terminus on the same transcript. The capsid proteins are generated by alternative splicing, 

whereby the expression levels roughly correspond to the ratio of 5:1:1 for Vp1: Vp2: Vp3, 

respectively. The mechanism for the proportional expression is not fully understood, but may 

involve posttranscriptional regulation at the levels of splicing and translations. Moreover, some 

HPyVs such as MCPyV do not seem to express or require a Vp3 for infectious capsid formation 

[19]. Of note, the LVGR of JCPyV, BKPyV and SV40 contains an additional ORF for an 

additional protein called agnoprotein, which ranges from 66aa to 70aa, (approximately 7.5kD) 

[20-24]. The agnoprotein ORF is located in the 5’ end of the VP1 mRNA. 

The DNA strand encoding the LVGR also contains microRNAs (miRNA) that have been detected 

in vitro [25-28] and in vivo. Although aspects of miRNA expression are not entirely resolved, 

current data suggest two alternative mechanisms, namely that the miRNAs are generated either 

from extended LVGR transcripts or by direct transcription at their own coding regions. Based on 

the sequence complementarity, at least two functional roles of PyV miRNA have been proposed, 

which are not mutually exclusive. The first one proposes the downregulation of EVGR transcripts 

and thereby LTag expression, which may allow effective silencing of EVGR expression and 
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escape from adaptive immune control. The other one is stress-induced ligand ULBP3, which is 

a protein recognized by NKG2D, a receptor of natural killer cells-and subset of T. Therefore, 

viral miRNA-mediated ULBP3 downregulation results in reduced NKG2D-mediated killing of 

virus-infected cells by natural killer cells and a subset of T cells. 

 

3.1.1.2 Thirteen Species of HPyV 

In humans, 13 polyomaviruses have been detected consisting of JC polyomavirus (JCPyV) [29], 

BK polyomavirus (BKPyV) [30], KI polyomavirus (KIPyV) [31], WU polyomavirus (WUPyV) [32], 

Merkel cell polyomavirus (MCPyV) [33], human polyomavirus-6 (HPyV-6) [34], human 

polyomavirus-7 (HPyV-7) [34], Trichodysplasia spinulosa-associated polyomavirus (TSPyV) 

[35], human polyomavirus-9 (HPyV9) [36], MW polyomavirus (MWPyV) [37], SLT polyomavirus 

(SLTPyV) [38], human polyomavirus-12 (HPyV-12) [39], New Jersey polyomavirus (NJPyV-

2013) [40]. Recently, a potential 14th HPyV was detected in human specimens and called Lyon 

IARC polyomavirus (LIPyV), but independent confirmation and more specifically the 

documentation of LIPyV-specific IgG antibodies in human blood is still lacking (Table 1). Aspects 

of discovery, epidemiology, infection, and disease are briefly summarized here: 

• JCPyV was first reported in 1965 by electron microscopy in brain lesions of a patient 

suffering from progressive multifocal leukoencephalopathy (PML) [13, 41, 42]. Padgett and 

colleagues then reported the successful isolation of JCPyV from autopsy tissue donated 

post mortem to science from a patient carrying the initials J.C. [29]. PML is a rare and usually 

fatal disease characterized by multiple progressive lesions in the white matter of the brain at 

multiple locations. PML prevalence had dramatically increased to 1% - 8% among HIV/AIDS 

patients in the era before combination antiretroviral therapy (cART) became available [43]. 

Notably, cART has not only reduced the incidence of PML among HIV-AIDS patients, but 

also the mortality including in Switzerland [43]. JCPyV infects up to 70% of general adult 

population in the world [44-47] and in up to 20% to 40% of healthy seropositive individuals 

asymptomatic urinary shedding is observed [45]. After primary infection, JCPyV establishes 

latent/ persistent infection in the renourinary tract [48]. Terminal a-2,6-linked sialic acids in 

a linear organization as in the a-2,6-linked lactoseries tetrasaccharide-c are the key 

attachment structures [49] of the JCPyV virion [50-52]. In addition, serotonin receptors like 

5-hydroxy tryptamin 2A receptor has been described as a secondary JCPyV receptor 

facilitating entry [53] [52, 54-56]. JCPyV-neutralizing antibodies and specific T-cells have 

been described in healthy individuals, and their impairment noted in PML-patients [57-60]. 

The importance of JCPyV-specific cellular immunity at the CNS compartment level is also 

underlined by the increased risk of PML in JCPyV-seropositive patients with relapsing 

multiple sclerosis treated with the  a4b1-integrin (VLA-4) blocking monoclonal antibody 
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natalizumab [61]. Studies in HIV-AIDS patients have documented that JCPyV-specific CD8+ 

as well as CD4+ T-cell responses are correlated with better recovery and survival of PML 

patients [58, 60, 62]. Given the wide prevalence and continued shedding of JCPyV in 

immunocompetent, the rareness of PML is somewhat unexpected and suggests that 

additional risk factors must be required. At the viral level, attention to permissive host and 

host cell-relevant co-factors has been given whereby co-infection of the CNS with HIV might 

activate and enhance JCPyV replication via a conserved tar-element in the EVGR transcript 

as well as NCCR rearrangements selecting faster replicating variants with increased EVGR-

expression in immunocompromised HIV-AIDS patients [55, 63, 64]. There is currently no 

antiviral treatment, but adding serotonin antagonists like mirtazapine, and a lipid-conjugate 

of cidofovir (CMX001 or brincidofovir) having inhibitory activity in vitro [65, 66] has been 

described in individual cases, but are awaiting proper clinical trials. leaving the recovery of 

JCPyV-specific immunity as sole and major therapy goal. This is attempted by discontinuing 

and removal of immunosuppressive drugs, enhancing immune recovery by interleukin-7 [57, 

67], or possibly adoptive T-cell transfer [68].  

• BKPyV has been isolated from a kidney transplant patient with the initials B.K. shedding 

cytopathically altered uroepithelial cells in the urine bearing pronounced intranuclear 

inclusions [13, 30]. Such “decoy cells” have been initially suspected as being cancer cells, 

when electron micrographs revealed that the intranuclear inclusions resulted from packed 

virions of PyV morphology. BKPyV seroprevalence reaches >90% by early adulthood [45-

47, 69, 70]. Whereas JCPyV IgG increases more slowly and persistently during adult life, 

the BKPyV seroprevalence appears to decline towards the fifth decade of life. Thus, JCPyV 

and BKPyV display significant epidemiological differences in the general human population 

suggesting ongoing exposure to JCPyV during adult life, but only little (re-)exposure to 

BKPyV with increasing age leading to waning BKPyV-specific humoral and cellular immunity 

[13, 71]. BKPyV also persists in the renourinary tract, but urinary shedding is typically only 

seen in 5% to 10% of seropositive healthy blood donors. No specific disease or illness has 

been linked to BKPyV in immunocompetent individuals. In immunocompromised persons, 

however, BKPyV causes PyV-associated nephropathy (PyVAN), seen in 1% to 15% of 

patients after kidney transplantation [72-77] or hemorrhagic cystitis (PyVHC) in 5% to 20% 

of patients after allogeneic hematopoietic stem cell transplant (HSCT) recipients [78-82]. As 

for any of the other HPyV, there is no specific antiviral of proven efficacy, and the mainstay 

of therapy is symptomatic and to regain immune control of BKPyV replication, for example 

by reducing immunosuppression. 

• HPyV-3 is named KIPyV after the institution of its discovery at the Karolinska Institute in 

Stockholm, Sweden. Allander and colleagues applied a differential cloning and sequencing 

strategy of nucleic acids prepared from nasopharyngeal aspirates of children with 



18 
 

pneumonia of unidentified infectious origin [31, 83]. KIPyV has a high seroprevalence of 

about 70% for KIPyV in the heathy adult population using an anti Vp1 antibody ELISA [84]. 

KIPyV DNA has been detected by polymerase chain reaction (PCR) in respiratory 

specimens with rates ranging from 0.5% to 8% (reviewed in [83]). So far, KIPyV genomic 

has been found in lung tissue (3.3%-45%), in lymphoid tissue (1.8%-7.1%), in stool (0.5%-

11.6%), in tonsils (12%), and occasionally in plasma of HIV-patients [83]. KIPyV may cause 

respiratory tract infections and disease in allogeneic HSCT patients [85, 86]. KIPyV was 

detected in lung tissue from a bone marrow transplant recipient and in spleen and lung in a 

HIV-positive patient. CD68-positive cells of the macrophage/monocyte lineage [87]. KIPyV 

is phylogenetically closely related to other primate PyVs, when the EVGR is compared, but 

shows little homology (<30% amino acid identity) to other known PyVs in its LVGR 

suggesting little epidemiologically relevant cross-immunity on the antibody levels and 

relative specificity of the ELISA results. 

• HPyV-4 is also called WUPyV following its discovery at Washington University, St. Louis, 

Missouri, USA [32, 83], where Gaynor and colleagues used high-throughput DNA 

sequencing on respiratory specimens from patients with symptoms of acute respiratory tract 

infection. Phylogenetic analysis revealed that the WU virus is divergent from all known 

polyomaviruses. Vp1-based ELISA determined a seropositivity of about 80% in the age 

group of 50–64 years [84]. WUPyV DNA has been detected by PCR in 1% to 16.4% 

respiratory samples [83], in stools (0.5%-8.1%), tonsils (2.2%-4.4%), lymphoid tissue (7.1%), 

and in plasma (1.6-4.6%) from HIV-positive patients, and in serum from HCV patients (2.5%) 

[83, 88].  

• HPyV-5 is better known as MCPyV, which has been identified in 2008 by Feng and 

colleagues [33] using digital transcriptome subtraction when comparing healthy skin 

samples with those of Merkel cell carcinoma (MCC). MCC is a rare, aggressive carcinoma 

of cutaneous neuroendocrine cells, which mostly occurs on sun-exposed areas of the skin 

of elderly people. Five-year overall survival rates for MCC are as low as 52%, and 11% for 

advanced stages showing invasive lymphatic and metastatic presentations [89]. Most if not 

all MCCs carry clonally integrated MCPyV genome in the tumour cell genome. MCCs 

express EVGR transcripts, but truncation and/or point mutations uncouple effective LVGR 

expression. Truncation of the integrated MCPyV genomes suggest that sTag may have a 

major role as oncogenic driver in malignant transformation of MCC [90, 91]. In transgenic 

mice, an important role of the Fbxw7, the substrate-binding component of the 

Skp1/Cullin1/F-box protein ubiquitin ligase complex was revealed rather than the inactivation 

of the protein phosphatase 2A signal transduction (PP2A) [92]. Nevertheless, some MCPyV-

LTag appear to contain MCC tumour-specific mutations that ablate its replication capacity 

but preserve its oncogenic function. The MCPyV seroprevalence ranges from 50 to 95% 
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indicating MCPyV infection per se is not sufficient, but that additional steps are needed in 

the pathogenesis of MCC [89]. Following DNA damage e.g. by chemotherapy and/or UV-

light exposure, integration of the viral genome with corresponding elimination of the viral 

replication capacity. Loss of immune surveillance is an additional thereby fulfilling a basic 

concept of viral and host factors in the pathogenesis of HPyV disease.  

• HPyV-6 was identified by Schowalter and colleagues in 2010 in skin swabs from healthy 

controls using rolling circle amplification and degenerative primers [34]. The seroprevalence 

of HPyV-6 among 95 healthy blood donors (males and females) was 69%. Another study 

investigating HPyV-6 seroprevalence reported 37.5% of 1- to 4-year-old children, increasing 

to 61.8% of 15- to 19-year-old children, and 67.1% for 30- to 39-year-old adults reaching 

98.2% for those aged 80 years and older [93]. Although no disease was associated with 

HPyV6 initially, a potential role in pruritic and dyskeratotic dermatoses was reported recently 

[94].  

• HPyV-7 was identified together with HPyV-6 by Schowalter and colleagues in 2010 in skin 

samples from healthy individuals by rolling circle amplification and degenerative primers [34]. 

HPyV-7 seroprevalence in 95 healthy blood donors was 35% [34]. Another study including 

828 immunocompetent individuals showed that the seroprevalence increases age 

dependent, 10.4% of 1- to 4-year-old children to 85.7% at age 80 and more [93]. HPyV-7 

DNA detection rates among healthy volunteers ranges from 11% to 17% [93]. HPyV-7 was 

associated with pruritic proliferative keratinopathy in two lung transplant recipients [94, 95]. 

Moreover, HPyV-7 presence and LTag expression was detected in 40% thymoma 

specimens suggesting a possible link of HPyV-7 to human thymomagenesis [96]. However, 

further research is required to elucidate these possible associations. 

• HPyV-8 was detected by van der Meijden and colleagues in 2010 in skin tissue from a patient 

with Trichodysplasia spinulosa, hence called TSPyV using rolling circle amplification [35, 97]. 

This rare skin disease was first described in 1995 by Peter Itin and colleagues in Basel, and 

PyV particles were reported in 1999 [98]. Its closest relative in the PyVs is the Bornean 

orangutan PyV and, more distantly, MCPyV. Development of Trichodysplasia spinulosa may 

be caused by pronounced proliferation of TSPyV-infected inner root sheath cells. These cells 

are enlarged, and have dystrophic prominent eosinophilic, perinuclear globules which have 

an accumulation of the trichohyalin protein. TSPyV expresses also middle T antigen (MT) 

and alternative T antigen (ALTO), none of the other HPyV expresses MT, which is 

considered a central viral oncoprotein of rodent polyomaviruses. A screening in 2010 of 

immunosuppressed transplant recipients by PCR determined a 4% DNA-prevalence of 

TSPyV, however these patients had no TSPyV apparent disease [99]. In 2011, a study 

screening for TSPyV Vp1 antibodies in serum of healthy individuals published that there is 

a clear increase of TSPyV seroprevalence with age rising from 41% in children aged 0 – 9 
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years to 75% in adults aged 30 years and older [99]. TSPyV DNA was not detected in blood 

of healthy individuals. However, 26.8% of kidney recipients presented TSPyV-DNA in the 

blood, the copy numbers ranging from 800 to 1.19 x106 copies/mL [100]. Thus, while the 

seroepidemiology and DNA results indicates high subclinical infection rates in 

immunocompetent and –compromised patients, it is clear that TSPyV disease appears to 

require additional, yet undefined factors. 

• HPyV-9 was discovered by Scuda and colleagues in 2011 in the serum of a kidney transplant 

patient using a generic PCR-based PyV genome amplification strategy [36]. Its closest 

relative after phylogenetic analyses appears to be an African green monkey-derived 

lymphotropic polyomavirus (LPV) [101]. The seroprevalence of HPyV-9 has been evaluated 

by several studies using an anti-Vp1 ELISA. A study with 328 healthy individuals showed 

that 20% of children and 47% of the adults exhibited HpyV-9 antibodies in their blood. This 

study included also kidney transplant (KT)- and hematopoietic stem cell transplanted (HCT) 

patients reporting rates of 63% among KT and 69% among HSCT patients, [102]. Nicol and 

colleagues screened 828 immunocompetent individuals and found that seroprevalence 

increased with age throughout life, reaching 70% by the age of 80 years. HPyV-9 DNA rarely 

detected in plasma, urine, throat or skin swabs [36, 103]. These studies support the view 

that this virus frequently infects humans throughout life. Until now no disease could be 

associated with HPyV-9. 

• HPyV-10 was identified by Buck and colleagues in 2012 in genital warts of a patient with a 

rare genetic disorder known as warts, hypo-gammaglobulinemia, infections, and 

myelokathexis (WHIM) syndrome using rolling circle amplification. In the same year two very 

similar HPyVs to HPyV-10 (more than 99% identical) were discovered in Malawi, the MW 

polyomavirus (MWPyV)[37] and in Mexico and in the USA, the MX polyomavirus (MXPyV) 

[104]. MWPyV was identified by shotgun pyrosequencing of DNA purified from virus particle-

enriched stool. MWPyV was discovered in a stool sample from a child from Malawi; the 

sample was collected in 2008 as part of a global gut microbiome survey project [37]. The 

MXPyV was found in stool samples form children suffering from diarrhoea and identified with 

deep sequencing reads bearing homology to polyomaviruses by viral BlastX alignment. [38, 

104]. HPyV-10 shows little overall homology (<46% amino acid identity) to all other known 

PyVs. The seroprevalence of HPyV-10 (isolates MX- and MW-PyV) DNA in two studies with 

514 and 834 children suffering from diarrhoea ranged from 2.2- 3.4% [105]. A Greek study 

described cord blood screening of 650 mothers and followed up their children for 3 

respectively 4 years for determine the seroprevalence of different viruses including HPyV-

10 using HPyV-10 Vp1-ELISA. The seroprevalence for the cord samples was 99.8% and the 

seroprevalence at 3 years of age was 55% and 4 years 82.3%. The results suggest that 

nearly all humans are infected with HPyV-10, but HPyV-10 genomes are only rarely detected.  
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• HPyV-11 is also called STLPyV named after the place of its detection in Saint Louis, Missouri 

(USA) in 2013 by Lim and colleagues in faecal microbiota screen of a child in Malawi [38]. 

Sequencing of STLPyV DNA exhibited a mosaic genome sharing ancestral origins with 

MWPyV. Moreover, STLPyV generates by alternative splicing of the early region a unique 

form of T antigen 229kDa called 229T. The seroprevalence among healthy adults in the USA 

is about 68% - 70% using a capture ELISA using recombinant glutathione S-transferase–

tagged STLPyV VP1 capsomeres [106]. Another study including 514 children with diarrhoea 

detected STLPyV DNA in 1.1% of the stool samples and 0.3% in urine samples. SLTPyV 

was also found in human skin wart specimen [107]. So far, no pathology was linked to 

STLPyV. 

• HPyV-12 has been detected in human resected liver tissue using degenerate nested PCR 

targeting the VP3 sequences by Korup and colleagues in 2013. In this study 242 samples 

from gastrointestinal organs, spleens and lymph nodes of diseased individuals and healthy 

subjects were evaluated and checked for HPyV-12. HPyV12-specific PCR revealed 14 

positive samples of resected liver, one positive sample from cecum, one positive sample 

from rectum tissues and one positive faecal sample [39]. The HPyV-12 seroprevalence was 

determined as 12% in 74 children and 27% in 299 healthy adolescents and adults using a 

HPyV-12 Vp1-ELISA. Older adults had similar rates between 15% and 33% [39]. This 

indicates a lower overall seroprevalence in comparison to the other HPyVs. So far, no 

disease has been associated so far with HPyV-12. 

• HPyV-13 also called New Jersey polyomavirus (NJPyV-2013), has been identified by Mishra 

and colleagues in composite vascular muscle biopsy of a pancreatic transplant recipient in 

2014 [40]. The muscle biopsy was analysed by light and electron microscopy followed by 

high-throughput nucleic acid sequencing. NJPyV-2013 is most closely related to 

chimpanzee PyV among all current reference PyVs. The patient developed weakness, 

retinal blindness, and necrotic plaques on her face, scalp, and hands. So far, no data are 

available describing the HPyV-13 seroprevalence or DNA detection rates in healthy 

individuals. However, in a study conducted in China with stool samples from 508 hospitalized 

children with diarrhoea and 271 healthy children detected not a single sample with DNA of 

NJPyV-2013.  

• LIPyV is the newest PyV detected in human specimens, namely in skin swabs using rolling 

circle amplification by Gheit and colleagues in 2017 [108]. Phylogenetic analyses revealed 

that LIPyV is related to the raccoon PyV, which is found in neuroglial tumours in free-ranging 

raccoons. In a cohort of 445 cancer-free individuals LIPyV’s DNA was found in skin swabs 

(2.0%), 3 oral gargles (2.1%), and one eyebrow hair sample (0.2%) [108]. The is so far, no 

seroprevalence is known.  
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• The simian virus SV40 infecting macaques must be considered as a PyV potentially infecting 

humans since there are several reports of detecting SV40 in human specimens [109-113] 

including in transplant recipients [114]. SV40 was first isolated in 1960 from monkey kidney 

cell lines that had been used for the production of polio- and adenovirus vaccines in the late 

1950’s. Given the tumorigenic potential of PyV infection in non-natural hosts, there were 

extensive investigations to address the questions, whether or not tumours in exposed 

humans were associated with SV40 exposure [111, 115-118]. Despite selected case studies 

and convincing mechanistic insights [119], no undisputed population-based evidence has 

been put forward associating past SV40 exposure to human malignancies [120-122]. 

Notably, SV40 is renotropic in its natural host and phylogenetically closely related to BKPyV, 

and unconfirmed studies report co-detection in KT patients [114]. 

Table 1: Discovery and Epidemiology of Human PyV Infections 

HPyV Year of 
report 

Source of 
detection 

Ref. HPyV DNA prevalence (%) Material analyzed 
 

Ref. HPyV seropre- 
valence (%) 

Ref. 

BKPyV 1971 Urinary 
epithelial 
cells from 
KTR 

[30] 4-9% asymptomatic BKPyV 
viruria (adults),  
4% (children) 

Urine, plasma, 
cerebrospinal fluid, 
blood leucocytes, 
cervical squamous 
epithelial cells, 
prostate glandular 
epithelial cells, 
salivary gland cells 
and urothelial cells 

[45, 
112, 
123] 

87% (aged 20-29 
years) 
71% (aged 50-59 
years) 

[45, 
124] 

JCPyV 1971 Brain tissue [29] 29-33% asymptomatic 
JCPyV viruria (adults), 
0% (children) 

Urine, plasma, 
cerebrospinal fluid, 
lymph knotes, spleen, 
bone and kidney  

[45, 
123] 

50% (aged 20-29 
years) 
68% (aged 50-59 
years) 

[45, 
124] 

KIPyV 2007 Airways 
samples 
from 
patients 
with 
respiratory 
disease 

[31] 1) 0.5%- 8% respiratory 
sample 
2) 0.5%-11.1% stool 
3) 1.8%- 7.1% lymphoid 
tissue 
as well found in plasma, 
whole blood tonsil and lung 
tissue 

Respiratory tract 
sample, tonsil, 
lymphoid tissue, lung 
tissue, stool, plasma, 
whole blood  

[125, 
126] 

80% (healthy 
adults) 

[84, 
124] 

WUPyV 2007 Airways 
samples 
from 
patients 
with 
respiratory 
disease 

[32] 1) 1%-16.4% respiratory 
tract sample 
2) 2.2% -4.4% tonsils 
3) 0.5%-8.1% stool 
as well found in plasma, 
serum and cerebral spinal 
fluid 

Respiratory tract 
sample, tonsil, 
lymphoid tissue, lung 
tissue, stool, plasma, 
whole blood, cerebral 
spinal fluid 

[127, 
128] 

70% (healthy 
adults)  

[84, 
124] 

MCPyV 2008 Merkel cell 
carcinoma 

[32, 
33]  

59-100% in Merkel cell 
carcinoma (MCC),  

Skin samples, anal 
and penile swabs 

[34] 88-100% of MCC [124, 
129, 
130] 

HPyV-6 2010 Skin of 
healthy 
subject 

[34] 1) 14% skin swabs 
(volunteers) 
2) 50% skin swabs (healthy 
adults) 
3) 0.6% swabs/ 1.6% faeces 
(children after 
transplantation) 

Skin swaps, urine, 
faeces, plasma 

[34, 
103, 
131] 

60% (healthy 
adult) 

[34] 
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3.1.2 BK Polyomavirus (BKPyV) 

Much of the current concepts for BKPyV have been derived from PyVs that were initially 

identified by isolation in cell culture such as the mouse MPyV and the monkey SV40. However, 

recent work establishing BKPyV infection in primary human RPTECs as a natural host cell and 

target of pathology has become a pace maker in the understanding of HPyV molecular cell 

biology [26, 135-143]. 

HPyV-7 2010 Skin of 
healthy 
subject 

[34] 1) 11% skin swabs 
(volunteers) 
2) 17% skin swabs (5 
healthy adults/ 1 patient with 
previous MCC) 
3) 0.6% swabs/0.6% faeces 
(children after 
transplantation) 

Skin swaps, urine, 
feces, plasma 

[34, 
103, 
131] 

35% (healthy 
adult) 

[34] 

TSPyV 2010 Skin of 
Trychodysp
lasia 
spinulosa 
patient 

[35] Skin swabs, skin biopsies, 
plucked eyebrows, serum, 
plasma less 5% 
asymptomatic individuals, 
100% TSPyV in TS patients 

Lesional skin, skin 
swaps,  

[35, 
36, 97] 

41% (children 0-9) 
75%( adults >30) 

[99] 

HPyV-9 2011 Serum 
sample 
from KTR 

[36] 1) 1.4% blood, 0.6% urine 
2) 0.9% skin swabs (healthy 
adults), 25% MCC patients 
3) 4% swabs, 2.5% urine, 
2% throat swabs (healthy 
pregnant/ healthy non-
pregnant) 
4) 17% skin swabs 
5) 0.6% urine (children after 
transplantation) 
6) 0% blood (healthy donors) 

Serum, plasma, whole 
blood, urine, stool, 
cerebrospinal fluid, 
Bronchoalveolar 
lavage 

[36, 
132, 
133] 
[131]  

35-50% (healthy 
adult) 

[101] 
[102] 

HPyV-10 
(MWPyV 
MXPyV) 

2012 Papillomavi
rus induced 
anal condy-
lomata  

[134] 1) 2.3% stool (children with 
diarrhoea) 
2) 3.4%stool (children 
with/without diarrhoea) 
3) 2.2% stool (children with 
diarrhoea) 

Stool samples, nasal 
washes, plasma and 
urine samples, 
nasopharyngeal  

[37, 
38, 
104] 

42% (adults)  

STLPyV 2013 Stool from 
diarrhea 
affected 
children 

[38] 1.1% stool (children with 
diarrhoea), 0.3% urine 
(adults with kidney TX), 
0.3% stool (health adults) 

Stool, plasma, 
nasopharyngeal 
swaps, urine,  

[38] 23.8% (children 
1–3), 61.1%-
70.8% (children 
4–20), 68.8% to 
74.2%. 
(adults>21)  

[106] 

HPyV-12 2013 Liver tissue [39] 1.8% stool (patients with 
diarrhoea 

Stool, plasma, serum, 
urine, oral fluid, 
cerebrospinal fluid, 
Bronchoalveolar 
lavage 

[39] 12% (children 2–), 
26% (children 6–
11), 23% (12-20), 
27% (adults 21-
30), 33% (adults 
51-60) 

[39] 

NJPyV 2014 Muscle 
biopsy of a 
pancreatic 
transplant 
recipient 

[40] No data available so far 
 

Stool  No data available 
so far 
 

 

LIPyV 2017 VIRUSCAN 
study; 
HPyV 
Infection in 
Men study 

[108] 2.0% skin swabs, 2.1% oral 
gargles, and 0.2% eyebrow 
hair sample  

Skin swabs, oral 
gargles, and eyebrow 
hair sample 
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3.1.2.1 BKPyV Genome 

After the initial isolation of BKPyV in 1971 further isolations of BKPyV were described from urine, 

but also from brain tumours of patients with immunodeficiencies [144]. In 1979, the complete 

genome sequence was independently determined, once from the MM strain [145] and once from 

the Dunlop strain [146]. Comparison of SV40 and BKPyV revealed that both viruses have a high 

amino acid homology including the ORF of the agnoprotein that is located in the late region as 

a leader sequence [146]. It was soon noted that BKPyV isolates from urine changed to variants 

containing complex rearrangements of the NCCR following in vitro passage [147, 148], which 

was in part dependent on the host cell type [149]. So, characterisation of BKPyV in human 

specimens and attribution to disease requires direct sequencing protocols. 

 

3.1.2.2 BKPyV Entry 

3.1.2.2.1 Receptor Binding 

Sialic acids with a (2,3)-linkage are the primary receptors of BKPyV infection, typically present 

on gangliosides type II disialoganglioside GD1b and trisialoganglioside GT1b [136], and which 

have been detected on kidney and urinary tract [150] (Figure 2).  

 
 

Figure 2: BKPyV receptors 
GD1b and GT1b have a similar structure with the same components: β-D-Glucose (Glc), β-D-Galactose 
(Gal), N-Acetyl-β-D-galactosamine (N-AceGal). These receptors are present on kidney and urinary tract 
cells; consequently, those cells are the main sites of the viral infection and cell entry. Adapted from [151]. 

     

3.1.2.2.2 Internalization, Endocytosis and Nuclear Entry 
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After receptor attachment, BKPyV virions enter the cell via caveolae-mediated endocytosis 

followed by intracellular trafficking to the endoplasmic reticulum (ER) [152]. Disulfide isomerases 

present in ER lead to conformational changes in the Vp1 structure, enabling capsid disassembly, 

and uncoating before genome entry into the nucleus. For BKPyV, it has been reported that 

Derlin-1, a member of the ER-associated degradation (ERAD) pathway, functions as a retro-

translocation channel to transport the virus through to the cytosol, before entry into nucleus [141, 

153]. It has been proposed, that BKPyV might make use of the proteasome to facilitate a more 

efficient disassembly of the capsid in the cytosol [141, 154, 155] and furthermore that nuclear 

entry of the viral DNA involves the exposure of Vp2/Vp3 nuclear localization signal and importin 

recognition [156].  

 

3.1.2.3 Non-coding Control Region 

Following BKPyV genome delivery to the host cell nucleus, the NCCR is probed by the 

regulatory factors, and specifically regulatory DNA-binding proteins and transcription factors. 

The outcome of nuclear PyV genome delivery depends on the host cell species, the cell 

differentiation, and the activation state. In non-permissive hosts, abortive infection ensues due 

the lack of appropriate regulatory factors and/or their composition in that species. Instead, in a 

permissive host cell, the viral genome may enter either a non-replicative state of latent infection 

defined as the absence of EVGR expression, or may enter the replicative mode by starting 

EVGR expression. Both of the latter are viewed largely as the result of host cell differentiation 

and activation state [8, 157-159].  

By definition, the NCCR spans from the ATG start codon of the EVGR on one strand to the ATG 

start codon of the LVGR on the opposite strand. The BKPyV archetype NCCR is 376 bp in length 

and divided arbitrarily into blocks called O142-P68-Q39-R63-S63 (Figure 3), whereby subscripts 

indicate the length in base pairs. Deletions, duplications, or combinations have been detected 

as the result of in vitro passage [149]. Although such NCCR rearrangements have been deemed 

pathognomonic for PML in case of JCPyV, careful work in kidney transplant patients has 

demonstrated that BKPyV variants with rearranged NCCR emerge in vivo in patients in real time, 

and are associated with higher blood BKPyV loads, prolonged viral replication, and more 

advanced stage of kidney allograft disease [138]. These clinical NCCRs increase EVGR 

expression and lead to increased replication capacity. Since BKPyV-associated nephropathy 

can be seen initially without NCCR rearrangement, such changes are not necessary for disease, 

but represent an acquired pathogenicity or virulence determinant. Whereas the viruses carrying 

NCCR rearrangements in the blood represent majority variants, the replacement of the BKPyV 

archetype NCCR as majority species in the urine is delayed suggesting that the selective 
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advantage of NCCR rearrangements may not play out to the same extent in the urothelial 

compartment as compared to the renal tubulus [138, 160].  

The linear BKPyV archetype NCCR sequence is found in the urine of healthy individuals [45, 

148, 161, 162], and is often aligned with, and named after, the first archetype sequence of the 

WW strain [147]. The O-block contains the ori and the EVGR transcription start site. In the 

BKPyV archetype ww-NCCR, more than 20 different TFBS have been predicted and some 

factors like Sp1, Ets1, or NF1 have multiple sites [140]. Rearrangements and mutations have 

been described that lead to loss or gain of one or several TFBS in laboratory as well as in clinical 

strains (Figure 3).  

 
 
Figure 3: Archetype and rearranged variants of the BKPyV NCCR 
The NCCR of the archetype BKPyV ww(1.4) and the rearranged rr-NCCRs found in Dunlop, in natural 
ins(7.3), del(5.3), del(15.10) variants, and in the del(13.8) variant from kidney transplant patients with 
nephropathy are divided into sequence blocks O, P, Q, R, and S (subscript numerals are numbers of base 
pairs; total base pairs are on the right). Adapted from [138, 140]. 

The complexity of the different clinical rearrangements has made it difficult to attribute a specific 

role to individual transcription factors. Despite multiple attempts and comparative accounting 

[163, 164], no overall common pattern could be delineated. However, Gosert, Rinaldo and 

colleagues noted for the first time for BKPyV NCCR rearrangements that duplications occurred 

preferentially in the EVGR-proximal O-, P-, and Q-blocks, whereas deletions affected mostly 

EVGR-distal, hence LVGR-proximal Q-, P-, R-, and S-blocks (Figure 3). A similar pattern was 

also noted for JCPyV NCCR rearrangements found in the cerebrospinal fluid of HIV/AIDS 

patients with PML [55] suggesting that in clinically relevant situations, gain-of-function and loss-

of-function of essential regulatory elements may be determinants of disease and/or disease 

progression [55, 138]. 

To investigate the functional effects of NCCR-mediated EVGR- and LVGR-expression, NCCRs 

were inserted in a bidirectional reporter vector, having the red fluorescent protein (RFP) in the 

position of the EVGR, and the green fluorescent protein (GFP) in the same positions as the 

LVGR. The results demonstrated that archetype ww-NCCR mediated a rather weak EVGR-

signal, whereas the rr-NCCRs showed constitutively increased EVGR-expression by two- to ten-
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fold regardless of insertion or deletion rearrangements. Recombinant BKPyV NCCR viruses 

confirmed the increased EVGR-expression in RPTECs and showed a higher replication capacity 

compared to the archetype ww-NCCR. Thus, the functional analysis of the clinically occurring 

BKPyV NCCR rearrangements arising in kidney transplant patients demonstrated increased 

EVGR-expression, increased viral replication capacity, and cytopathology compared to 

archetype ww-NCCR BKPyV [138]. 

Given the complex alterations of the BKPyV rr-NCCR in length, deletions, duplications, 

combinations affecting a multitude of TFBS, characterization of the most relevant mechanisms 

and factors remained challenging and would benefit from novel approaches.  

 

3.1.2.4 Early Regulatory Viral Proteins: Large T Antigen and Small T Antigen  

EVGR transcription starts from early TATA-box promoter and moves into one direction halfway 

around the circular genome [165]. The primary transcript is spliced and the corresponding 

mRNAs of LTag and sTag are translated on ribosomes in the cytosol [166]. 

LTag and sTag are expressed before the viral genome is copied (replication) and prepared the 

host cell for the biosynthesis of the viral macromolecules. The different domains of LTag and 

sTag depict their role in the viral life cycle. LTag, sTag and also the truncated versions of LTag 

(truncTag) share a common N-terminal region of 82aa residues. This N-terminus exhibits 

homology to DnaJ domains found in molecular chaperon proteins. The J-domain is important 

for multiple viral activities, for stabilisation of Vp1 pentamers during virion assembly, viral DNA 

replication, transformation and transcriptional and specific interaction with heat shock proteins 

(Hsp) of 70 KDa (Hsp70) and 90 kDa Hsp90. Hsp90 is highly conserved among species from 

bacteria to mammals and sustain structural maintenance and regulation of specific target 

proteins involved for instance in cell cycle control and signal transduction. Moreover, binding of 

Hsp90 to target proteins may assist in the nuclear translocation from the cytosol, which also 

applies to LTag [167] 

LTag is a multifunctional protein of 80.5 kDa and has several beside the DNA J domain domains 

which are needed for the proteins correct function (Figure 4). The Rb binding domain of LTag 

mediates the binding to p107, and p130 both members of the retinoblastoma family [168]. An 

important functional motif for LTag is the nuclear localization signal KKKRKVD (residues 127-

133), if this site is mutated the localization of LTag changes from nuclear to cytoplasmic. As a 

nuclear localization is needed for the function of LTag, the virus fails to replicate. The ori binding 

domain mediates the binding of LTag to the ori. The zinc finger region is needed for protein-

protein interactions and necessary for the assembly of stable T-antigen hexamers at the ori. The 

adenosine triphosphate (ATP)-ase domain and helicase domain are important for ATP binding, 
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for hexamer assembly, and helicase activity. This domain is the most highly conserved domain 

of LTag among all PyVs. Finally, the carboxyterminus of LTag has been assigned with a host 

range function. It seems to be required for viral assembly and possesses an adenovirus helper 

function allowing productive infection of adenovirus in cell culture.  

 

Figure 4: Structure LTag 
LTag with the functional domains: J-domain, DnaJ domain; Rb, retinoblastoma protein; NLS, nuclear 
localisation site; ORI, Origin of replication, Zn-finger domain, Zink finger domain; ATP domain, ATPase 
activity domain; host range domain. The numbers indicate the start and the end of each domain. 

 

After being translated LTag undergoes essential post-translational modification steps. For SV40, 

it has been shown that phosphorylation of Ser-120 and Ser-123 inhibits viral replication, while 

phosphorylation of Thr-124 enhances replication by activating the DNA-binding domain [168, 

169]. It is assumed that this also applies to BKPyV LTag, since serines are present in similar 

position 114, 122, and 125, and threonines 125 and 691. 

LTag maintains the survival and activity of the host cell by binding to the retinoblastoma protein 

(pRb) and additionally to its family members p35, p107, p130, leading to their inhibition. In an 

active state, pRbs induces a cell cycle arrest through formation of a complex with histone 

deacetylases (HDACs) and the transcription factor E2F. In contrast, when LTag is expressed, 

LTag binds to pRb resulting in a liberation of E2F. The transcription factor to its promoter and 

induces the transcription of E2F-dependent genes. E2F targets genes that encode proteins 

involved in DNA replication (for example DNA polymerase, thymidine kinase), and chromosomal 

replication. Upregulation of these genes leads to cycle progression into the S-phase, and 

supporting thereby BKPyV replication [166, 170]. In addition, LTag expression has been 

correlated with activation of phosphoinositol-3-kinase (PI3K) and protein kinase B (Akt), two 

signal transduction molecules involved in activation of the mammalian target of rapamycin 

complex 1 (mTORC1). mTORC1 has been identified as a major integration node of intracellular 

signals and induces translation of cap-dependent mRNA, host cell metabolism, and cell cycle 

progression. 

 
Figure 5: Structure sTag 
sTag with the functional domains: J-domain, DnaJ domain; Zn-finger domain, Zink finger domain 
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sTag (20.5kDa) is mostly located in the cytoplasm, and shares the N-terminal J-domain with 

LTag. The C-terminus is unique and contains two cysteine-rich clusters of CxCxxC that can bind 

two zinc ions [171] (Figure 5). These zinc molecules are required for binding the phosphatase 

2A (PP2A) and provide stability to sTag. PP2A is a trimeric complex with two regulatory subunits 

A and B. C harbours the catalytic enzyme activity. Binding of sTag to the subunit A displaces 

subunit B and inactivates the phosphatase activity [172]. In addition, sTag stimulates cyclin D1 

promoter activity up to 7-fold, mainly by activating the transcription factor AP-1 (also known as 

c-Jun) [173]. sTag has been reported to induce de-phosphorylation of the host eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1) leading to the inhibition of cap-

dependent translation. [174].  

 
Figure 6: Structure truncTag 
TruncTag with the functional domains: J-domain, DnaJ domain; Rb, retinoblastoma protein; NLS, nuclear 
localisation site 

The truncTag has a size is 17-22kDa and shares the first 133 aa with LTag, and predominantly 

localizes in the nucleus. TruncTag contains the J domain and the binding region for pRb family 

proteins (Figure 6). The truncTag is expressed in BKPyV-infected cells, but also in 

oncogenically transformed cells [175]. 

3.1.2.5 BKPyV microRNA 

BKPyV encodes one precursor (pre)-miRNA on the late strand with perfect complementarity to 

the 3′ coding end of the LTAG mRNA [25]. The viral miRNA is identical in sequence between 

JCPyV and BKPyV. BKPyV miRNA also matches the transcript of the stress-induced ligand 

ULBP3, which is a protein recognized by the killer receptor NKG2D. The viral miRNA-mediated 

downregulation of ULBP3 could thereby reduce NKG2D-mediated killing of virus-infected cells 

by natural killer (NK) cells [27]. By targeting LTag transcripts, the miRNA may regulate BKPyV 

replication. Mutating the miRNA of BKPyV archetype leads to a 100-fold increase in early 

transcript and a 50-fold higher viral replication. Interestingly, the miRNA expression level seems 

to be determined by activity of the NCCR. A BKPyV with rearranged NCCRs and higher 

replication capacity cannot be regulated by miRNA anymore. BKPyV encoded miRNAs have 

been also found in the blood of infected renal transplant recipients. It was shown that there is a 

strong correlation between a specific encoded BKPyV miRNA (bkpyv-miR-B1-5p) and BKPyV 

DNA in the blood and also increased levels of a specific miRNA namely and the presence of 

biopsy-proven BKPyV nephropathy. For this reason, bkpyv-miR-B1-5p could serve as a 

diagnostic tool for BKPyV nephropathy [176]. 
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3.1.2.6 Genomic Replication  

The viral replication is started when LTag binds to 5′-GAGGC motifs in the NCCR, where it 

assembles into two funnel-like LTag hexamers of opposite orientation. The LTag-hexamers 

have helicase activity. The LTag domain containing the ATPase-dependent helicase activity 

contributes to unwinding the double-stranded DNA genome in both directions from the ori of the 

NCCR. This facilitates the bidirectional DNA replication by host cell provided DNA-dependent 

DNA polymerase α [166, 177].  

Thereby, a new circular genome is generated. In SV40 and possibly also in BKPyV, there are 

certain several host proteins required for successful viral genome replication, such as the 

replication protein A (RPA), DNA polymerase α, DNA polymerase δ, topoisomerase, replication 

factor C (RFC), proliferating cell nuclear antigen (PCNA) all of which are abundantly provided if 

the host cell is shifted to S-phase [166, 178]. 

 

3.1.2.7 Late Viral Structural Proteins: Vp1, Vp2 and Vp3 

The late viral gene transcription is initiated through the interaction of LTag and other cellular 

transcription factors and their binding to the NCCR. LVGR expression levels appear to be 

substantially higher as compared to EVGR levels, and recent work in BKPyV has quantified 2 

to 3 orders of magnitude higher mRNA levels for VP1 transcripts at 48hpi as compared to LTAG 

transcripts. This exponential expression of the viral capsid proteins marks the late phase of the 

viral life cycle to achieve rapid generation of viral progeny. Multiple partly synergizing 

mechanisms might contribute to this including the cumulative effects of the LTag-induced S-

phase state, the LTag-mediated multiplication of the genomic template generating abundant 

templates for transcripts and the switch from EVGR- to LVGR-transcription. The primary LVGR 

transcript gives rise to differently spliced AGN and VP1 mRNA and the VP2/VP3 mRNA that are 

translated in the cytoplasm into proteins Vp1 of 40.1 kDa, Vp2 38.3 kDa and Vp3 27 KDa [166]. 

The capsid proteins undergo posttranslational modifications such as the formation of disulfide 

bridges between the Vp1 [166, 179] and the attachment of a myristoyl group to the N-terminus 

to Vp2. The latter modification is required for the infectivity of BKPyV [155, 166, 180, 181]. Finally, 

phosphorylation of Vp1 at Ser-80 and of Vp2 at Ser-254 appears to be required for BKPyV 

propagation [182]. 

All capsid proteins have a NLS and are translocated into the nucleus, where capsid formation 

occurs. Akin to all PyVs, BKPyV particles consist of 360 Vp1 organized in 72 pentamers. Each 

Vp1 pentamer then associates either with Vp2 or Vp3 yielding the ration of 5:1:1 [183]. The C-
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terminus of Vp1 extends into the neighbouring pentamer and interacts with other Vp1, thereby 

stabilizing the capsid. Vp1, Vp2 and Vp3 assemble via hydrophobic interactions [166]. Vp2 and 

Vp3 have DNA binding capacity but BKPyV viral DNA is also organized by host cell-derived 

histones H2A, H2B, H3, and H4 (Tooze et al., 1981). On average, each genome contains 21 

nucleosomes [166] (Figure 7). 

 

 
 

Figure 7: BKPyV capsid structure  
The viral dsDNA genome is organized in nucleosomes by host cell histones. 
 

Due to the genetic heterogeneity within the VP1 gene, BKPyV can be divided into four major 

genotypes I, II, III, and IV [12]. Neutralization experiments of BKPyV Vp1 indicate that all BKPyV 

are fully distinct serotypes [184, 185]. The most prevalent genotype in all major geographic 

areas is Genotype I with a prevalence range of 46–82% [186]. There are several subgroups 

within the genotype I and seem to have a tendency for specific geographic regions, such as 

subgroup Ia for Africa, Ib-1 for Southeast Asia, Ib-2 for Europe, and Ic for northeast Asia [187]. 

Genotype IV is characteristically the second most prevalent type with an incidence 12–54%. 

Based on serology studies, Genotypes II and III have been considered to be infrequent strains 

[184]. A study from Switzerland with 400 healthy blood donors investigated the serotype- 

defining genotype of BKPyV in the urine. 28 samples were positive for BKPyV DNA and from 25 

a PCR could be done. In these 25 samples BKPyV type I was most common, occurring in 18 

samples (72%), followed by type IV (in 5 samples 20%), and type II (in 2 samples 8%), whereas 

BKV type III was not found.  

 

3.1.2.8 Late Non-structural Protein: the Agnoprotein 

BKPyV-Agnoprotein is 66 aa-long and encoded in AGN being the first ORF of the LVGR. The 

ATG start codon of AGN is according to the currently used working definition the ori-distal limit 

of the NCCR at its LVGR side. Agnoprotein carries the Greek word “agno” and therewith refers 

Vp1

Vp2

Vp3

Cellular
histones

BKPyV
DNA
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the fact that its major function has not been identified despite significant research efforts. 

Agnoprotein is translated from a bi-cistronic transcript that AGN is its 5’-part followed by 11 

nucleotides before the start codon of the VP1 in its distal 3’ part. Translation initiation and 

ribosome assembly is thought to be initiated at the AUG of the AGN ORF and, after reaching 

the UAA stop codon of AGN ORF requires ribosomal scanning to identify the VP1 AUG start 

codon [20]. A similar transcript organization is also seen for the agnoprotein and Vp1 mRNA of 

JCPyV and SV40. In fact, the BKPyV agnoprotein is 80% identical on the amino acid levels to 

the JCPyV agnoprotein and 68% to the SV40 agnoprotein [21, 188].  

Expression of the BKPyV-agnoprotein was first reported in 1998 after generating specific 

polyclonal antisera in rabbits reacting preferentially with the C-terminal sequences [24]. BKPyV–

agnoprotein is expressed in the late viral life cycle showing an almost exclusive cytoplasmic 

staining [24]. Using these antisera, it was possible to detect BKPyV-agnoprotein in replicative 

pathologies like BKPyV retinitis and nephropathy. The former was diagnosed in an HIV-AIDS 

patient with disseminated BKPyV replication and multiorgan failure [189]. The latter applied 

immunohistochemistry detecting cytoplasmic agnoprotein and nuclear LTag in BKPyV-

associated nephropathy from KT patients [190] demonstrating the side-by-side of renal tubulus 

cells in each stage of the viral life cycle.  

BKPyV agnoprotein has been reported to be a phosphorylated at Serine-11 (Ser-11) in 

biochemical experiments and by phospho-Ser-11-specific detection with 32P labelling in cell 

culture [24]. There are several possible phosphorylation sites predicted in silico, but 

phosphorylation of Ser-11 was biochemically demonstrated by protein kinase C (PKC). Ser-11 

phosphorylation appears to vary during the viral life cycle and was proposed to contribute to 

agnoprotein stability and viral propagation. Replacing Ser-11 by either non-phosphorylable 

alanine or phospho-mimicking aspartic acid reduced the ability of these mutants to propagate 

compared to wildtype virus [191]. BKPyV agnoprotein has a propensity to form dimers (15kDa) 

and oligomers [24], a feature that has been studied in exclusive detail for JCPyV-agnoprotein 

[192, 193]. 

Already the initial description of BKPyV-agnoprotein expression in the cytoplasm revealed a 

non-homogenous pattern [24] suggesting the interaction with other cytoplasmic structures and 

possibly organelles. In a systematic study using confocal microscopy and different cytoplasmic 

marker proteins, a number of organelles could be ruled out including stress granules, P-bodies, 

cytoskeletal actin and microtubular structures (Table 2) [194]. However, in analogy to similar 

structures seen in plus-strand RNA viruses led to the finding that agnoprotein co-localises with 

lipid droplets (LD). Truncation and fusion to GFP as reporter protein revealed. For the interaction 

with LD, the amino acid residues 22–40 of the agnoprotein were shown to be necessary. 

Secondary structure predicted the formation of an alpha-helix with amphipathic character in a 

helical wheel [194]. A disruption of the amphipathic character abrogated the colocalisation of 
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BKPyV agnoprotein with LDs [194]. Detailed confirmatory studies revealed that BKPyV-

agnoprotein also co-localises with the endoplasmic reticulum (ER) using the protein disulfide 

isomerase (PDI), calnexin, and calreticulin as markers of ER [195].  

Using a yeast two-hybrid system in yeast, Moens and co-worker identified a potential interaction 

partner of the agnoprotein namely a-soluble N-ethylmaleimide-sensitive fusion attachment 

protein (a-SNAP) [196]. a-SNAP is a ubiquitous and essential component of the membrane 

fusion machinery and involved in the intra-cellular trafficking and fusing of vesicles to target 

membranes in cells. For interaction with a-SNAP, the N-terminal 37aa of agnoprotein appeared 

to be necessary while the C-terminus was dispensable [196]. Even though immunofluorescence 

data indicate that the cytoplasmic staining of BKPyV-agnoprotein is perinuclearly enriched, co-

localisation with lamin-A or with heterochromatin protein 1a (HP1a) could not be confirmed [197], 

an observation reported for the closely related JCPyV-agnoprotein. The latter observation was 

put into context of efficient viral progeny generation and led to the proposal of JCPyV-

agnoprotein providing a potential viroporin function [198]. Although there is no co-localisation 

between BKPyV-agnoprotein and lamin, the expression pattern of lamin-A is altered in BKPyV-

infected versus non-infected cells [197]. In BKPyV-infected cells, lamin-A seems to accumulate 

at the nuclear rim, whereas lamin-A is present through-out the whole nucleoplasm in non-

infected cells. Although such substantial changes of the nuclear organisation in infected cells 

may also result from other factors including effects on PML bodies [199] and accumulating Vp1-

capsids and virions, other reports further investigated the potentially nuclear localisation of 

agnoprotein. Thus, BKPyV agnoprotein was reported to bind to the proliferating cell nuclear 

antigen (PCNA). PCNA is a processing factor for DNA polymerase δ, the entire BKPyV 

agnoprotein was needed for this interaction. The function of this interaction is not fully 

understood, but one hypothesis states a role in the termination of DNA replication [200]. These 

results are intriguing, but face the difficulty of an extremely abundant agnoprotein expression in 

the cytoplasmic as opposed to very small amounts in areas interpreted to be overlapping with 

the nuclear signals. If the main function was indeed nuclear, an enormous viral investment in 

the bona fide-wrong localisation in the cytoplasm has to be accounted for, which is difficult to 

reconcile. Conversely, given the tight temporal expression as late phase protein and primarily 

cytoplasmic distribution of agnoprotein for BKPyV, JCPyV, and SV40 suggests that a major, as 

yet unknown function must be postulated. 

   Table 2: Possible agnoprotein co-localisation partners 

Target structure Target protein Co-localisation 
ER PDI, Calreticulin, 

Calnexin 
yes 

Endocytotic pathway beta-COP no 
cis-Golgi Giantin no 
Secretory pathway Sar1 no 
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Endosome EEA1 no 

Translational complexes PABP no 
Proteasome pUB-R2 no 
Nucleus HP1α no 
Cytoskeleton Tubulin no 
Cytoskeleton Actin no 
Cytoskeleton Vimentin no 
Nuclear envelope Lamin A no 
Lysosome LAMP1 no 
P-Bodies Hedls no 
Aggresomes GRP78/BiP no 
Ribosomes RPS6 no 
Translational initiation eIF3η no 
Lipid droplets – yes 

   Table adapted from [194]. 

 

Even though the agnoprotein is expressed abundantly in the cytoplasm in vitro and in vivo, the 

human cellular and humoral immune systems appear to ignore this viral protein [190]. This is 

remarkable due to the fact that host cell lysis is considered to be the major mechanism of BKPyV 

progeny release, whereby agnoprotein should become visible to the adaptive immune system. 

Less 15% of healthy individuals produce agnoprotein-specific IgG antibodies of typically low 

titers, whereas the BKPyV-Vp1 capsid-specific IgG reach 90% and more [190]. Whereas KT 

patients show a remarkable increase in humoral and cellular immune responses against the 

capsid proteins after BKPyV reactivation and clearance, similar responses are blunted against 

agnoprotein [190].  

The reason for this is still not fully understood. One hypothesis arose as it has been shown that 

the BKPyV agnoprotein negatively influences the export of proteins to the plasma membrane 

that agnoprotein could play a function in immune evasion. For this reason, it was tested whether 

BKPyV agnoprotein could downregulate HLA class-I antigen presentation and thereby reduce 

detection by cytotoxic T lymphocyte. In fact, Herpes simplex virus-1 (HSV1) encodes a small 

cytoplasmic protein, ICP47 of similar size of 88aa, and secondary structure similar to the BKPyV-

agnoprotein including a central amphipathic helix [201, 202]. Unlike HSV1-ICP47, however, 

BKPyV-agnoprotein did not downregulate HLA class I (ABC) antigen, when it was expressed 

following transient transfection or stably from a tet-off promoter in UTA-6 cells [203]. Also, no 

effect on HLA-class II (DR) surface protein was noted, and both of these evaluations were 

performed with or without prior interferon-g stimulation to upregulate both histocompatibility 

complexes. Additionally, it was shown that BKPyV-agnoprotein expression had no influence on 

HLA0201-peptide dependent killing by cytotoxic T cells [203]. 
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Given the strong LVGR-basal expression of BKPyV archetype NCCR in bi-directional reporter 

constructs contrasting with propensity for low or undetectable expression of LVGR-proteins in 

archetype BKPyV infection, a negative regulatory function was tested [138]. The latter is 

supported by transfection of agnoprotein expression vectors leading to down-regulation of 

BKPyV-NCCR bi-directional reporter expression by about ∼10-fold [138]. As a functional 

approach, BKPyV-agnoprotein null mutants were generated by changing the ATG start codon 

to TTG [191]. The BKPyV TTG-agn mutant showed increased transcripts and expressed 2-fold 

more LTag and Vp1 protein as compared to the wildtype BKPyV AGN. This could suggest that 

agnoprotein exerts an inhibitory function on LVGR expression. However, there were significantly 

less infectious particles detected in the supernatant of this deletion mutant compared to the wild 

type (15%) [191]. Moreover, characterization of two naturally occurring BKPyV strains with 

NCCR rearrangements and deletions of the 5′ end of AGN (RH-12, RH-3) detected in two 

different KT recipients showed that the expression of LTag was similar to the laboratory strain 

BKPyV(Dunlop) in Vero cells, whereas Vp1 expression was slightly lower. These natural agn-

deletion viruses fully progressed to the late viral life cycle with virion accumulation in the nucleus. 

However, the virions of RH-3 and RH-12 were not effectively released into the cell culture 

supernatants [197], unless agnoprotein was expressed in trans [197]. While these results 

identify a common theme of impaired BKPyV replication in the absence of BKPyV agnoprotein, 

the exact step and mechanism of this deficiency has not yet been clarified.   
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3.1.2.9 Viral assembly and Release  

After translation in the cytoplasm, the viral capsid proteins Vp1, Vp2 and Vp3 are imported into 

the nucleus. The high calcium concentration in the nucleus may facilitate the assembly of viral 

capsomers around newly synthesized BKPyV genomes [204]. An infected cell produces after 

48h a mean of 6000 BKPyV virions [157]. There is little known how the newly formed virions are 

released from infected cells. It is generally anticipated that BKPyV is released by host cell lysis 

[135] (Figure 8).  

 
 

Figure 8: BKPyV replication cycle  
BKPyV attachment, entry, early- and late transcription, replication and viral assembly. Early proteins are 
shown in red, late proteins are shown in green. LTag, Large T antigen; sTag, small T antigen; Vp1, viral 
capsid protein 1; Vp2, viral capsid protein 2; Vp3, viral capsid protein 3; ER, endoplasmic reticulum; LD, 
Lipid droplet; gangliosides GD1b and GT1b as receptors for BKPyV 
 
 

3.1.2.10 BKPyV Epidemiology and Transmission 

BKPyV infection is characterized by a high seroprevalence of >90% in healthy individuals, low 

levels of asymptomatic reactivation, and host specificity [45, 70, 71, 205]. All of these factors 

suggest a likely co-evolutionary adaptation of BKPyV with the human host [157, 206]. Primary 

infection usually occurs in early childhood and is without known signs or symptoms 

asymptomatic [45]. The seroprevalence rises with age, averaging around 50% at age 10, and 

reaches values greater than 70% in adults [207]. It is presently unclear how BKPyV is 
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transmitted, but studies suggest a respiratory or oral route via aerosol or fomites [157, 208]. 

However, after reactivation, BKPyV can also be transmitted by transfusion of blood products, or 

by organ transplantation, such as renal allografts [209-212]. 

 

3.1.2.11 BKPyV-associated Diseases 

Primary BKPyV infection is not associated with any well-defined clinical symptom in 

immunocompetent individuals. The prevalence and the level of BKPyV replication in urine, which 

is sporadically detected in the healthy population may increase with pregnancy, older age, and 

immunodeficiency status including hematopoietic stem cell and renal transplantation. The main 

BKPyV-related diseases are BKPyV-associated nephropathy (BKPyVAN) in KTRs and BKPyV-

associated hemorrhagic cystitis (BKPyVHC) in HSCT patients. Other diseases caused by 

BKPyV infection include ureteric stenosis and bladder cancer. BKPyV associated diseases 

affecting tissue apart from the urogenital tract have only been fewly described single cases of 

encephalitis and meningoencephalitis [213, 214]. 

 

3.1.2.11.1 BKPyV-associated haemorrhagic cystitis (BKPyVHC) 

Haemorrhagic cystitis (HC) is characterized by painful haematuria as the urinary bladder 

mucosa is inflamed. In HSCT patients, HC can result from chemotherapy, and from viral 

infections. BKPyVHC often occurs within 4 weeks after post-transplantation and affects up to 

15% of HSCT patients. Diagnosis of BKPyVHC should be based on evidence of clinical cystitis, 

haematuria of grade 2 or more, and high-level BKPyV replication of > 7log10 copies/mL in urine. 

A virological marker of progression is BKPyV viremia [81, 215-217]. 

Hirsch and colleagues were the first to suggest that the pathogenesis of BKPyV-HC might 

emerge from a series of events [79]. The first phase occurs pre-transplant, as the chemotherapy 

damages the uroepithelium. The regenerated uroepithelial is in the absence of a functional 

immune effectors the suitable milieu for BKPyV replication [157]. The immunosuppressive 

regimen is critical as BKPyV-specific cellular immunity is missing, providing conditions for high-

level BKPyV replication and leading thereby to cytopathic denudation of the uroepithelial 

mucosa. Patients excreting high urine BKPyV loads (about 107 BKV copies/ml) are significantly 

more prone to progress to BKPyV-HC compared to t those who excreted less [218, 219]. Post-

engraftment and invasion of donor cells lead to major inflammation causing extensive mucosal 

damage and haemorrhage characteristic of severe BKPyVHC [79, 157].  
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As there no BKPyV specific antiviral drug present available, the therapy for BKPyVHC is mainly 

supportive, consists of bladder irrigation to inhibit clot formation, hyperhydration to increase 

diuresis and urosurgical intervention [220]. 

With the discovery of very potent immunosuppressive drugs for the anti-rejection therapy in solid 

organ transplantation, BKPyV became the most challenging infectious cause of renal allograft 

dysfunction and graft loss [73-77, 79, 221]. BKPyVAN was reported to lead to graft loss in 10% 

to > 80% of cases [73-75, 222-224], but due to improved BKPyV monitoring strategies after 

kidney transplantation and prompt/preemptive therapeutic intervention, a positive impact on 

graft outcome has been achieved [225-228] as summarized in [229]. 

 

3.1.2.11.2 BKPyV-associated Nephropathy (BKPyVAN) 

BKPyVAN is characterized by high-rate virus replication in the grafted kidney that leads to 

cytopathic damage of the renal tubular epithelium in the renal allograft. As a consequence, 

BKPyV spreads into the tissue and the bloodstream subsequently inflammatory cells infiltrate 

the interstitium that causes tubular atrophy and interstitial fibrosis in the allograft followed by 

worsening of graft function and eventual graft loss. BKPyVAN can also be classified according 

to histological findings, whereby PyVAN-A is characterized by a mainly virus-induced cytopathic 

pattern, PyVAN-B by extensive cytopathic and inflammatory changes also sometimes called 

viral interstitial nephritis, and PyVAN-C by widespread interstitial fibrosis and tubular atrophy 

(IF/TA) [230, 231]. The risk of graft loss has been shown to correlate with the histological 

presentations being <10% for PyVAN-A; 10% - 50% for PyVAN-B, and >80% for PyVAN-C. In 

Figure 9, an allograft-biopsy specimen from BKPyV-infected cells is shown. In Figure 10, 

latency, reactivation, and progressive tubular disease with inflammatory infiltrates are 

summarized. 

However, it seems that also urothelial cells are critical in the pathogenesis of BKPyVAN [232]. 

Histopathological data confirmed the observations results, as infected urothelial cells are 

detected in the bladder of patients with PyVAN [77]. Also, in vitro results obtained in primary 

human urothelial cells from bladder are highly permissive for BKPyV replication [233]. 
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Figure 9: Decoy cells and allograft-biopsy specimen from BKPyV infected cells 
Panel A shows decoy cells with characteristic ground-glass, intranuclear viral inclusion bodies (arrows) 
are visible (Papanicolaou stain, X400 enlarged). Panel B shows an allograft-biopsy specimen. Tubules 
with epithelial cells containing viral inclusions are visible. BKPyV causes nuclear enlargement and 
detachment of affected cells from the tubular basement membrane, leading to its denudation (arrows) 
(hematoxylin and eosin, x160 enlarged). 
 

 

 
 

Figure 10: Development of PyVAN  
Illustration of PyVAN development from latency in the uroepithelium (top) to the development of renal 
inflammation and fibrosis (bottom). Figure 1 from [234]. 

 

Risk Factors for BKPyV-associated Nephropathy (BKPyVAN) 

BKPyV replication can be due to post transplant reactivation of the virus or by transmission from 

the allograft donor [235, 236]. The BKPyV serostatus of the donor or active replication is 

therefore one of the risk factors for development of BKPyV viremia in the recipient [237]. The 
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development BKPyVAN arise from the interaction of several risk factors, where the 

immunosuppression plays a central role [73, 238-241]. Other risk factors are correlated with the 

patient (e.g. older age, male sex, pre-transplant BKPyV negative serostatus, HLA type) [235, 

237, 240, 242-246], with the donor (BKVPyV positive serostatus, high number of HLA 

mismatches) [235, 247, 248], or with the virus (genotype, NCCR rearrangements, replicative 

capacity) [138, 246, 249, 250].  

The administration of triple immunosuppressive therapy comprising steroids, tacrolimus, 

mycophenolate derivatives appears as major factor associated with uncontrolled viral replication 

and related disease [239, 240, 251]. In particular the use of tacrolimus rather than cyclosporine 

has been associated to BKPyV replication [226, 240, 252]. 

 

3.2 Pathogen-Host interaction 

Microorganisms represent a continuous challenge to the well-being of a host. Although it is well 

accepted that some microorganisms have a high intrinsic pathogenicity and practically always 

cause disease, it is equally clear that microorganisms of low pathogenicity can become 

pathogenic when immune barriers fail. These barriers may be mechanical and is illustrated by 

the intactness of outer cutaneous and inner mucosal surfaces, movement of the eye lid, 

gastrointestinal peristalsis, or ciliary epithelial movements in the respiratory tract. On the 

molecular level, humoral soluble and cellular effectors can be distinguished as part of the innate 

and adaptive immunity. Innate immune responses are typically early and immediate host 

defences against infectious agents, but are also important for efficient mounting of specific 

adaptive immune responses to eventually control and even clear microbial invasions. The key 

challenge of innate and adaptive immune response is the distinction of “self” versus “non-self”. 

In a first approximation, “non-self” is everything that is outside of the organism, whereas “self” 

constitutes everything that is inside. To simplify, the host’s immune responses are typically blind 

(or centrally tolerant) to anything that is ontogenetically present during the development and 

maturation of the immune system. In principle, therefore, “self” is not recognised in a healthy 

host unless there is autoimmunity. During life time, outer and inner surfaces are colonized by 

microbiota with only little or no discernible ongoing immune activation. Most information about 

innate and adaptive immune responses to infectious agents have been obtained from the study 

of bacteria, fungi, and RNA viruses. Following a general introduction into innate immunity, 

special attention is given here to immune responses to DNA viruses. 
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3.2.1 Innate Immunity 

The first line of defence against microorganisms is the skin and the different inner mucosal 

surfaces lined by specifically differentiated epithelial cells. These cells build a physical barrier 

and are held together by tight junctions. If there are no breeches in this mechanical barrier, most 

microorganisms are kept at bay, unless special pathogenicity factors attaching to epithelial 

surfaces and eventually cause damage permitting infection. In this sense, infection describes 

the transient or permanent invasion of an organism. 

Important mechanisms reducing the opportunity to infection on epithelial cell barriers are 

attempting to dislodge microorganisms mechanically (e.g. opening and closing of eye lids, 

peristalsis of the intestines, ciliated strokes of respiratory epithelium, air flow), often combined 

with fluid movements (e.g. tears, saliva, respiratory secretion, urine flow), and chemical (e.g. pH, 

lipids, mucins) and enzymatic factors (e.g DNAses, RNAses, proteases, lipases). The outside 

shield, the internal epithelia, are called mucosal as they secret mucins reflecting an abundance 

of different glycoproteins, which can cover microorganisms and prevent them from entering the 

epithelial layer. Other antimicrobials are lysozymes and phospholipase A that are mainly found 

in the saliva and tears. Lysozymes induce a hydrolysis of the cell wall of gram-positive bacteria 

and thereby the integrity of the wall is lost and lysis of the bacteria is induced. Phospholipase 

induces inflammation in mammals through catalysing the first step of the arachidonic acid 

pathway, breaking down phospholipids and generating fatty acids involving arachidonic acid and 

derivatives as mediators. 

When microorganisms pass the epithelial barriers, they come in contact with internal sensors of 

the innate immune system consisting of cellular and soluble (humoral) components. The 

humoral components of the innate immunity can be divided in those that are constitutively 

expressed and those that are induced and secreted in response to recognition of “non-self”. The 

inducible humoral factors originate from cells of the hematopoietic “immune” lineage or from 

other “non-immune cells” including epithelial cells and other differentiated cells found in different 

organs of the body. The induction of their production depends on the recognition of “non-self” 

through conserved, often repetitive molecular structures activating signal transduction pathways 

and the respective gene expression. These structures are named pathogen-associated 

molecular patterns (PAMPs) and their receptors “pattern recognition receptors” (PRRs). Typical 

PAMPs are bacterial carbohydrates like lipopolysaccharide (LPS) or mannose, nucleic acids 

bacterial or viral DNA or RNA), bacterial peptides like flagellin, peptidoglycans and lipoteichoic 

acids (from Gram-+ bacteria), N-formylmethionine, lipoproteins and fungal glucans and chitin. 

Unlike PAMPs, damage-associated molecular patterns (DAMPs) originate from injured or 

disintegrating cells. 
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3.2.1.2 Cell-associated innate immune activation 

The challenge of recognizing “non-self” by the innate immune system resides identifying 

characteristics that are present in most, if not all potentially invading microorganisms, particularly 

bacteria and fungi, and initiate a predefined appropriate immune inflammatory response.  

“Non-self” is detected as PAMP typically because of its repetitive structural elements that permit 

binding to a PRR. PAMPs and interacting PRRs can be located on cell surfaces, in endosomal 

compartments or in the cytoplasm, where they are often bound to organelle structures (Table 
3).  

Table 3: Pathogen recognition receptors 

Sensor Ligand Location Upon ligand 
binding, 
relocalisation?  

Example 

TLR1/TLR2 Diacylated lipopeptide Plasma 
membrane 

No Bacteria 

TLR2/TLR6 Triacylated lipopeptide Plasma 
membrane 

No Bacteria 

TLR3 dsRNA Endosome No dsRNA 
TLR4 LPS Plasma 

membrane 
Endosome Bacteria 

TLR5 Flagellin Plasma 
membrane 

No Bacteria 

TLR7/8 ssRNA Endosome No ssRNA 
TLR9 unmethylated cytidine-

phosphate-guanosine 
Endosome No mCMV 

TLR13 bacterial ribosomal RNA Endosome No  
cGAS Cytosolic ds DNA Cytosol ER-> STING Reoviruses, DNA 

viruses, M. 
tuberculosis 

STING Cytosolic ds DNA ER Perinuclear DNA viruses, 
herpes simplex virus 
1  

DAI Cytosolic ds DNA Cytosol ER-> STING  
IFI16 Cytosolic ds DNA, nuclear 

DNA, binds to supercoiled 
DNA, cruciform DNA 
structures 

Cytosol, nucleus ER-> STING Cytomegalovirus 
(CMV) 
Herpes simplex 
virus 1 

NOD1 Intracellular LPS Cytosol  Bacteria 
NOD2 Intracellular muramyl 

dipeptide 
Cytosol  Bacteria 

AIM2 Cytosolic ds DNA Cytosol Inflammasome 
generation 

 

MRE Cytosolic ds DNA Cytosol ER-> STING  
DNA-PK Cytosolic ds DNA Cytosol ER-> STING  
RIG-I Cytosolic RNA, 5’-

triphosphorylated ssRNA and 
dsRNA and short dsRNA (<1 
kb in length) 

Cytosol Mitochondria -
>MAVS 
(Aggregation) 

Influenza A and B 
virus, dengue virus 
west Nile virus, 
HCV, EBERS from 
EBV 

MDA-5 Cytosolic RNA, mRNA 
lacking 2’-O-methylation at 

Cytosol Mitochondria -
>MAVS 
(aggregation) 

Picornaviridae, 
dengue virus west 
Nile virus  
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their 5’ cap and long-dsRNA 
(>1 kb in length) 

IFI-1 ss-RNA having 5'-
triphosphate group (PPP-
RNA) 

Cytosol  Hepatitis-C 

PAMP-PRR constitutes an activation signal and the activated PRR engages an adaptor protein 

for further intracellular signalling resulting in the activation of transcription factors such as NF-

kB or IRF-3 and IRF-7. The transcription factors translocate into the nucleus and activate gene 

expression. NF-kB complexes are held in the cytoplasm in an inactive state bound to the 

members of the NF-k-B inhibitor (I-k-B) family. In the conventional activation pathway, I-k-B is 

phosphorylated by I-kappa-B kinases (IKKs) in response to a stimulus, afterwards degraded, 

thus liberating the active NF-kappa-B complex that translocates to the nucleus. NF-kappa-B 

heterodimeric p65-p50 and p65-c-Rel complexes are transcriptional activators. After nuclear 

entry, they turn on the expression of NF-kB dependent genes. Although STING has been 

published to be central for the re-localization of NF-kB [253] the exact mechanism of STING 

activating NF-kB is not revealed. NF-kB upregulates a number of genes including pro-

inflammatory cytokines and chemokines e.g. CXCL8, which attract immune cells to the site of 

infection. IRF-3 and -7 upregulate gene expression of the type I-interferons (IFNs). Type I IFNs 

signal in an autocrine and paracrine manner by binding to IFN-activated receptors (IFNARs) to 

induce an antiviral state in the primary detecting cell and in the neighbouring cell via the 

JAK/STAT pathway. The antiviral state is mediated through the upregulation of interferon-

stimulated genes (ISGs) as detailed further below. 

 

Extracellular PAMP signalling: Toll-like and scavenger receptors 

Toll-like receptors (TLRs) in mammals and humans identify extracellular “non-self” and danger 

signals on the cell surface or following uptake in endosomes. TLRs are evolutionary conserved 

detection and signalling structures originally discovered in the fruit fly Drosophila melanogaster. 

Following PAMP-binding, TLR are activated and transduce signals into the cytoplasm where 

through protein-interaction and phosphorylation events, effector responses are activated 

including cytokine expression (Figure 11). In humans, there are at least ten different TLR genes 

which encode for glycoproteins of a common structure: An outer horseshoe-shaped domain with 

leucine-rich motives, a membrane-spanning domain, and a cytoplasmic signalling domain that 

is homologous to that of interleukin-1 (IL-1) receptor. Important PAMPs of TLRs are endotoxin 

lipopolysaccharide (LPS), a membrane component of gram-negative bacteria for TLR4; 

bacterial flagellin for TLR5; diacylated lipopetides for TLR2-TLR1, and triacylated lipopeptides 

or TLR2-TLR6 heterodimers. For viruses, the major TLRs are located in endosome-like vesicles 

including TLR3 for ds-RNA; TLR7 andTLR8 for ss-RNA, TLR9 for CpG-DNA. TLR13 builds a 

homodimer and recognises bacterial ribosomal RNA [254-256].  
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Figure 11: Toll-like receptor activation and signalling 
Signal transduction downstream of MYD88-dependent and independent pathways. Activation of Toll-like 
receptors (TLRs) through binding of their ligand leads to receptor dimerization and the recruitment of 
adaptor proteins such as MYD88, TIRAP, TRIF, and TRAM. Most of the TLRs form homodimers upon 
activation while TLR2 can also form heterodimers with either TLR6 or TLR1 to recognize diacylated and 
triacylated lipopeptides, respectively. Downstream signals are propagated through the activation of 
IRAKs-TRAF6 and the IKK complex, culminating in the activation of transcription factors such as nuclear 
factor-κB (NFκB) and interferon-regulatory factors (IRFs), which regulate the production of pro-
inflammatory cytokines and type 1 interferon (IFNs). Adapted from [257]) 

 

TLR activation and signalling is initiated by ligand-induced dimerization of receptors (Figure 11). 

TLR3, -4, -5, -7, -8 and -9 signal as homodimers, whereas TLR2 can hetero-dimerize with TLR1 

or TLR6 depending on the ligand. TLR4 requires additionally MD2 for signal transduction. The 

TLR cascade is activated when Toll–IL-1-resistence (TIR) domains of TLRs engage one of the 

following TIR domain-containing adaptor proteins. TLR7, -8, -9 use the myeloid differentiation 

primary-response protein 88 (MYD88) and MYD88-adaptor-like protein (MAL), and for TLR3 the 

TIR domain-containing adaptor protein inducing IFNβ (TRIF) and TRIF-related adaptor molecule 

(TRAM) are needed. TLR4 traffics from the plasma membrane to the endosomes and shifts from 

MYD88 to TRIF for signalling. The stimulation of adaptor molecules activates further 

downstream signalling pathways that involve interactions between IL-1R-associated kinases 

(IRAKs). MYD88 uses specifically IRAK1/2/4 and TNF receptor-associated factors (TRAFs), 

precisely TRAF3/6. This leads to the activation of the mitogen-activated protein kinases 

(MAPKs) JUN N-terminal kinase (JNK) and p38, and to the activation of transcription factors 

(Figure 11). As pointed out earlier, two important transcription factors families are activated 
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downstream of TLR signalling are NF-κB and the IRFs. Other transcription factors include the 

cyclic AMP-responsive element-binding protein (CREB) and the activator protein 1 (AP1). As a 

result, of TLR signalling, pro-inflammatory cytokines are expressed, and in the case of the 

endosomal TLR activation, type I IFNs [255, 258, 259]. 

Scavenger receptors are expressed by DCs, macrophages, and some endothelial cells. They 

play a role in the uptake and clearance of apoptotic cells and modified host molecules. SR attach 

to microorganisms and their products e.g. to lipoteichoic acid of Gram- (+) bacteria, 

lipopolysaccharide of Gram- (-) bacteria, intracellular bacteria and CpG DNA. Scavenger 

receptors can even change the cellular morphology and several cytokines have an effect on SR 

expression. Interestingly, they also are engaged in the lipid metabolism and attach modified low-

density lipoproteins.  

 

Intracellular PAMP signalling 

Nucleic acids appear to provide relevant repeat patterns used for intracellular innate immune 

activation (see Figure 12), which are important for sensing cell integrity as well as microbial 

invasion. An expanding number of RNA and DNA sensors have been described in the past 

decades and summarized briefly below. 

 

Figure 12: DNA and RNA sensors 
Upon recognition of dsDNA in the cytosol or nucleus, DNA sensors signal via adaptor proteins to altered 
gene induction via transcription factors (IRFs and NF-κB), and to pro-IL-1β processing, via Caspase 1. 
DNA sensors are shown in orange, DNA in orange wave like pattern, RNA detectors are shown in green 
and the RNA in a green wave like pattern. Described in detail in the main text. Adapted from [260]. 
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The mammalian cGAMP synthase (cGAS) is a cytosolic DNA sensor [261]. cGAS produces 

cyclic guanosine monophosphate–adenosine monophosphate (cyclic GMP-AMP, cGAMP) in 

response to cytosolic DNA [261] from ATP and GTP. cGAMP was shown to directly bind STING 

and leads IRF-3 activation [261, 262]. cGAS-/- mice were more vulnerable to DNA virus infection 

(vaccinia virus, HSV-1 and MHV68). Importantly, cGAMP has the ability to spread to adjacent 

cells via gap junctions to trigger STING [263].  

STING (stimulator of IFN genes) is also known as Mediator of IRF-3 activation (hMITA), STING 

can be activated by cGAMP, by bacteria-derived second messengers’ cyclic dinucleotides e.g. 

c-di-GMP and c-di-AMP, or by synthetic organic compounds such as DMXAA (5,6 

dimethylxanthenone- 4-acetic acid) and CMA (10-carboxymethyl-9-acridanone). Upon ligand 

binding, STING dimerizes and translocates from the endoplasmic reticulum and mitochondria-

associated endoplasmic reticulum membrane to the perinuclear region [264]. STING activates 

the TANK-binding kinase 1 (TBK1), which then phosphorylates the transcription factor IRF-3. 

Phosphorylated IRF-3 dimerizes and translocates to the nucleus to induce the expression of 

type I IFN [265]. Nuclear IRF-3 binds thereafter to IFN-stimulated regulatory promoter elements 

(ISRE) of IRF-3-responsive genes, among them type I-IFN. Type I-IFN expression is activated, 

IFN synthesized and secreted as outlined earlier. STING can also induce the NF-kB pathway 

outlined earlier.  

Beside intracellular membrane-bound receptors, there are a number of receptors found in the 

cytoplasm (Figure 12), NOD1 and NOD2 have a nucleotide-binding-oligomerisation (NOD) 

domains. NOD2 is a general sensor of bacteria, whereas NOD1 responds more readily to gram-

negative bacteria. NOD2 contains a central nucleotide binding/oligomerization domain with a C-

terminal leucine-rich repeat (L domain and two N-terminal caspase activation and recruitment 

domains (CARD). NOD2 interacts with RIP2 kinase via homotypic CARD–CARD interactions, 

thereby leading to NF-kB nuclear translocation and upregulation of TNF-a and IL-6. Upon 

pathogen binding, interaction via CARD domain triggers activation of the NF-kB pathway and 

the induction of proinflammatory cytokines [266]. However, NOD1 and NOD2 can also eradicate 

pathogens without the induction of NF-kB. The receptors can induce autophagy, which is a 

process in which self-proteins and damaged organelles are degraded in double-membraned 

vesicles called autophagosomes. 

DNA-dependent activator of IFN (DAI) binds to cytosolic double stranded DNA and then leads 

to the activation the IRF-3 kinase TBK1 and ISG expression [267]. However more recent in vivo 

and in vitro studies show that DAI deficiency in mice still allows for normal response to 

stimulation with DNA [268], indicating that there are other sensors, at least in mice. Recently 

DAI has been implicated in receptor interacting protein 3 (RIP3)-dependent necrosis pathway 
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observed in mouse cytomegalovirus (mCMV)-infected cells. Whether or not this novel activity of 

DAI is independent of DNA-sensing needs to be elucidated [269]. 

DNA-dependent protein kinase (DNA-PK) is a hetero-trimeric protein complex of Ku70, Ku80 

and the catalytic subunit DNA-PKcs, which senses cytosolic DNA. In fibroblasts, DNA-PK 

activates the STING-TBK1-IRF-3 pathway leading to IFN-I induction [270]. Additionally, DNA-

PK has been co-localized with sites of vaccinia virus replication [270].  

RNA Pol-III pathway is a previously identified RNA-sensing mechanism, which was 

subsequently identify in dsDNA sensing. AT-rich dsDNA serves as template for RNA 

polymerase III and is transcribed into double-stranded RNA (dsRNA) containing 5'-triphosphates. 

RIG-I is activated by this dsRNA and type I interferon is produced and NF-kB is activated [271].  

Meiotic recombination 11 homolog A (MRE11)- DNA repair protein RAD50 complex (RAD50) 

and Nibrin (NBS1) – complex (MRN) has a central role in double-strand break (DSB) repair, 

DNA recombination, maintenance of telomere integrity and meiosis. MRN induces STING-

dependent signalling [260]. MRN possesses single-strand endonuclease activity and double-

strand-specific 3'-5' exonuclease activity, which are provided by MRE11. RAD50 is necessary 

for binding and juxtaposition DNA-ends in close proximity [260]. 

PYHIN family receptors sense cytosolic DNA through binding via the HIN200 domain and 

signalling via signalling PYRIN. Well-studied representatives are AIM2 (Absent in melanoma 2) 

and IFN-inducible protein 16 (IFI16). The inflammasome is a multiprotein oligomer in the cytosol 

which is induced by innate signalling. It is expressed in myeloid cells and is a component of the 

innate immune system. The inflammasome itself then promotes caspase-1 activation and IL-1β 

cytokine maturation. 

AIM2 plays a major role in inflammasomes mediated response [272]. Upon binding to dsDNA 

via direct binding through its HIN200 domain [273] AIM2 undergoes oligomerization thereby 

initiating the recruitment of caspase-1 and the activation processing of IL-1b and IL-18 

precursors. AIM2 detects cytosolic dsDNA of viral and bacterial origin in a non-sequence-

specific manner. It has been shown that bacterial and viral infection (vaccinia virus and mCMV) 

of AIM2-deficient cells secreted less proinflammatory cytokines compared to WT cells [274, 275].  

IFI16 binds to dsDNA, preferentially to supercoiled DNA and cruciform DNA structures in the 

cytoplasm and recruits TMEM173/STING and induces Type I-FN-expression via TBK-1 (see 

above). IFI16 depletion in primary human fibroblasts or macrophages resulted in decreased 

responses of IRF-3 and NF-κB upon HSV-1 infection [276-278]. IFI16 like AIM2 activation is not 

DNA sequence-dependent, but results from binding to the sugar-phosphate backbone [279]. 

Unlike AIM2, IFI16 is not only detected in the cytoplasm, but also in the nucleus in a cell type–
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dependent manner [280]. The nuclear localization is partly controlled by the acetylation of the 

NLS [281]. The specificity of IFI16 for “non-self” DNA in the nucleus is presently unresolved. 

DExD/H-box helicases family commonly contain a central helicase and a C-terminal domain 

(CTD). Both domains are important for binding to RNA or DNA. The RNA receptors belong the 

RIG-I-like receptors (RLRs) compromising of retinoic acid inducible gene I (RIG-I), melanoma 

differentiation antigen 5 (MDA-5) and ATP-dependent RNA helicase DHX58 (LGP2). RIG-I and 

MDA5 have in addition two N-terminal caspase recruitment domain CARD repeats, which are 

essential for signalling. LGP2 lacks these CARD repeats and is commonly assumed to have a 

regulatory role in the RLR signalling [282].  

RIG-I and MDA5 identify structurally-distinct viral RNA species. RIG-I senses RNAs that have 

panhandle structures and a 5’triphosphate, whereas MDA5 recognizes long dsRNA or web-like 

RNA aggregates [283]. Binding of viral RNA to the CTD of RIG-I and MDA5 induces a 

conformational change and exposure of the CARD repeats. CARD repeats are then available 

for binding the mitochondrial adaptor protein MAVS (also called CARD adaptor inducing IFN-

beta “Cardif”, IFN-B promoter stimulator 1 “IPS-1”, virus-induced signalling adaptor “VISA”).  

MAVS is located in the outer membrane of mitochondria forms of large aggregates upon 

activation, which potently activate TNF receptor-associated factor 3 (TRAF3) or TNF receptor-

associated factor 6 (TRAF6). TRAF3 and TRAF6 activation signals via the IκB kinase (IKK) 

family, namely IKKe, and TBK-1 and IKKa/b/g. By several phosphorylation steps, these kinases 

finally activate the transcription factors NF-kB, IFN-regulatory factor 3 and 7 (IRF-3/7), and 

ATF2/c-Jun, which subsequently stimulate the transcription of IFNs and pro-inflammatory 

cytokines leading to an antiviral state (see above) [284].  

ATP-dependent RNA helicase (DDX41) is another cytosolic receptor of the DExD/H-box 

helicase family. The original activity of DDX41 was supposed to be dependent on the direct 

DNA-binding activity [285], but DDX41 has also been described to also directly bind cyclic di-

AMP and cyclic di-GMP [286]. DDX41 forms a complex with STING to signal to TBK1-IRF-3 and 

trigger the interferon response. 

IFIT-1 is also called Interferon-induced protein with tetratricopeptide repeats 1 (IFN-stimulated 

gene 56 (ISG56)) and binds in a non-specific manner ss-RNA having 5'-triphosphate group 

(5’PPP-RNA)[287]. Single-stranded 5’PPP-RNAs lacking 2'-O-methylation of the 5' cap and 

having instead a 5'-triphosphate group, are frequently found in RNA viruses. IFIT-1 does also 

inhibit expression of viral messenger RNAs. Moreover, IFIT-1 also exhibits antiviral activity 

against several viruses including human papilloma-and hepatitis C viruses[288]. IFIT-1 inhibits 

HPV DNA replication directly by binding to the viral protein E1 [289]. 
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3.2.1.2.1 Interferon and Interferon responses 

Interferons have a central role in the defence against viruses by inducing an antiviral state 

following binding to cell surface receptors (IFNARs) on the infected cell as well as on 

neighbouring uninfected cells. The interferon family can be grouped into three types according 

to their receptor complexes called Type I-IFNs (IFN-α, IFN-β, IFN-ε, IFN-κ, and IFN-ω), Type II-

IFN (IFN-g), and Type III-IFN (IFN-λ). Type I IFNs signal through heterodimeric receptor 

complexes composed of the IFN-α receptor 1 (IFNAR1) and -2 (IFNAR2) subunits. Type II-IFN 

signals through heterodimers of IFN-g receptors 1 (IFNGR1) and -2 (IFNGR2). Type III-IFN 

signal through the common interleukin-10 receptor 2 (IL-10R2) subunit and the specific IFN-λ 

receptor 1 (IFNLR1) heterodimers (Figure 13).  

 

Figure 13: Type I, type II and type-III IFN signalling pathway 
Binding of type I and type III IFNs by their respective receptors, IFNAR1/IFNAR2 and IFNLR1/IL10R2, 
stimulate the phosphorylation of JAK1/TYK2 kinases that activate STAT1 and STAT2. Phosphorylated 
STAT1/STAT2 heterodimers bind to the IRF9. Together they are the ISGF3 complex, which translocates 
to the nucleus where it induces expression of genes with ISRE-dependent promoters. The binding of type 
II IFN by the IFNγR1/IFNγR2 receptor induces phosphorylation of JAK1/JAK2 kinases that phosphorylate 
STAT1. Phosphorylated STAT1 homodimers translocate to the nucleus and induces expression of genes 
with GAS-dependent promoters. JAK, Janus kinase JAK; STAT, Transducer and Activator of 
Transcription; IFN, Interferons; IRF, interferon regulatory factor; IRSE, interferon responsive element; 
GAS, Interferon-Gamma activated sequence; P, phosphorylated; IFNAR, interferon-α/β receptor; IFNLR, 
interferon-l receptor, IFNgR, interferon-g receptor 

Binding of type I and type III IFNs to their receptors induce the phosphorylation of Janus kinase 

1 (JAK-1) and tyrosine kinase 2 (TYK-2), which then phosphorylate the IFNAR, leading to the 

recruitment and activation of signal transducers and activators of transcription 1 and 2 (STAT-1 

and -2) (Figure 13). Phosphorylated STATs dimerize and associate IRF-9 to form a transcription 
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factor complex termed interferon stimulated gene factor-3 (ISGF3). This complex enters the 

nucleus. ISGF3 binds to the IFN stimulated response element (ISRE) to activate the 

transcription of IFN-stimulated genes (ISGs), which drive the cell in an antiviral state [290]. 

In contrast, binding of type II IFN dimers to the IFNgR1/2 leads to phosphorylation of JAK-1 and 

JAK-2, and results in recruitment and phosphorylation of STAT-1. Phosphorylated STAT-1 

homodimers form the IFN-g activation factor (GAF). Similar to ISGF-3, GAF translocates to the 

nucleus and permits expression of genes regulated by gamma-activated sequence promoter 

elements, respectively, resulting in expression of antiviral genes [291]. 

Type I - IFNα/β is produced by many cells, but some exhibit a more prominent ability to produce 

these cytokines. The precursors of plasmacytoid dendritic cells (DC) are professional IFN-I 

producing cells. The main function of IFN-α and IFN-β is to signal immune activation and to 

interfere with virus replication in neighbouring, not yet infected cells by activating a set of antiviral 

functions. IFNα/β can also activate NK cells, and thus inducing the killing of infected cells during 

the innate immune response [291]. 

Type II-IFN-g is preferentially produced by myeloid lineage-derived cells and activated T cells 

and NK cells are relevant immune cells. IFN-g activates macrophages and NK cells and also 

promotes the upregulation of Human Leukocyte Antigen (HLA) class I and II expression on B 

cells and macrophages. Higher levels of IFN-g induce class HLA II on tissue cells to enhance 

antigen presentation. IFN-g is also considered to be the central cytokine in the T lymphocyte 

helpers (Th) Th1 immune response. IFN-g recruits undifferentiated CD4+ lymphocytes to 

differentiate into Th1 cells in a positive feedback loop way while suppressing Th2 cell 

differentiation. 

Type III-IFN-λ family is the most recently discovered group of IFNs, comprising at least four 

homologous members. It has been shown that polymorphisms in IFN-λ3 gene are associated 

with reduced expression lower rates of clearance of HCV [292]. Recent studies implicate a role 

IFN-λ in the control of dsDNA viruses such cytomegalovirus (CMV). Although many cell types 

are able to express IFN-λ 1–3 in response to viruses, there are tissue-specific differences, with 

more prominent roles in DCs and in hepatocytes than for instance in kidney tubulus cells [293, 

294]. 

 

3.2.1.2.2 Other cytokine responses 

TNF-a is a pro-inflammatory cytokine commonly produced by innate and adaptive immune 

responses. It is supposed that TNF-a is the first cytokine that is produced at the site of infection. 

TNF-a bind to the TNF-receptor or death receptor which is a trimeric cytokine receptor. NF-κB, 
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signal pathway is target of TNF-a.  induces expression of proteins like selectins, integrins, and 

chemokines in endothelial cells of blood vessels of the infected site and neutrophil release from 

bone morrow. Further TNF-a increases the vascular permeability, which leads to increased entry 

of IgG, complement, and cells to tissues and increased fluid drainage to lymph nodes. The 

systemic effects of TNF-a are induction of fever and mobilisation of metabolites and shock. 

Using TNF-a antagonists (remicade, ethanercept) in clinics for treatment of Crohn's disease 

results in HSV and VZV reactivation. 

IL-1b belongs to the interleukin 1 family of cytokines prominently released by activated 

macrophages. IL-1β is also an endogenous pyrogen that causes fever reactions during an active 

infection. The local effect of Il-1β is the activation of the vascular endothelium and the increases 

the access of effector cells. The systemic effects are fever and production of IL-6 and C-reactive 

protein (CRP). IL-1β act independent of the IFN-response and may represent a functional 

safeguard to virus-mediated IFN-directed immune subversion [295, 296]. IL-1β also connects 

the innate viral recognition to the adaptive immune responses through anti-viral CD8+ T cell 

responses [297]. As undesired IL-1β production can lead to severe immune-pathology 

conditions, its production needs to be tightly controlled: IL-1β needs at least two distinct signals 

to be fully active [298]. The first signal for mature IL-1β generation is initiated by the 

transcriptional upregulation of pro-IL-1β mRNA, and the second signal leads to the proteolytic 

processing of pro-IL-1β, normally by caspase-1. 

Interleukin 6 (IL-6) activates lymphocytes and increases the antibody production, when it is 

locally acting. Binding of IL-6 to its cognate receptor induces the jak/stat pathway. Its systemic 

effects are inducing fever by induction of TNF-a and induces the production of acute phase 

proteins [299].  

Interleukin 8 (IL8 or chemokine (C-X-C motif) ligand 8, CXCL8) is produced by macrophages 

and induces the local inflammatory process through chemotactic attraction of neutrophils, 

basophils and T cells to the site of immune activation, typically infection. 

IL-12 is a pro-inflammatory cytokine activating immune responses including antiviral responses 

such up-regulation of immune co-stimulatory molecules, MHC-expression, and expression of 

other pro-inflammatory cytokines, such as IFN-g. Moreover, IL-12 provides an important link 

between the innate and the adaptive immunity as it is produced by macrophage and DCs 

activating NK cells and the differentiation of CD4 T cells into Th1 cells. 

3.2.2 DNA Viruses and Innate Immunity 

Innate immunity uses numerous strategies for detecting “non-self”, which are transduced and 

relayed along several pathways that eventually converge in a limited number of responses. As 
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outlined above, sensing of nucleic acids of distinct “illegitimate” type and intracellular location 

appear to play a major role in the detection and defence strategies. Such nucleic acid-based are 

likely to be valuable to detect damaged cells and organelles like nuclei and mitochondria, they 

also apply to invading microorganisms. Viruses are a particular challenge because they, in 

principle, represent vagabonding genetic programs that aim at reprograming the host cell 

metabolism for their own replication. The viral life cycle has at least two essential steps, during 

which viral nucleic acids can be sensed by the host cell, one occurring after virion-uncoating in 

order to place the viral genome into the site of replication, the second one occurring during viral 

genome replication, whereby typically huge amplification occurs in a short time. Interception at 

either point will severely reduce the likelihood of virus propagation, especially, when combined 

with inducing an antiviral state in the neighbouring cells. However, the fact that virus infections 

still occur successfully despite all of these mechanisms indicates at the same time, that innate 

immunity, despite being essential, is not sufficiently effective. Part of this failure has been 

explained by viral features that are able to reduce and evade innate immune control, and 

probably have evolved over time. While the study of RNA-viruses and influence in particular has 

been a paradigm of viral immune evasion strategies, DNA-viruses have been found to similarly 

escape innate immune responses, and nucleic acid sensing in particular. 

 

3.2.2.1 Herpesviridae 

There are more than 200 herpesviruses known and probably every vertebrate organism has one 

or several specific herpesviruses. The infectious particles have a typical morphology in electron 
microscopy: Large enveloped virions of 150 – 200 nm diameter with embedded viral 

glycoproteins surrounding tegumental space and the icosahedral capsid of about 100 nm 
diameter, in which the linear dsDNA genome of 150’000 – 220’000 bp is wrapped around an 

electron-dense torus. The genomes have unique large (UL) and unique short (US) sequences 
encoding for >200 ORFs, and which are separated and flanked by sequence repeats. Following 

adsorption by glycoproteins and uptake into the nucleus, the linear herpesvirus genome is 
circularized into a persisting viral episome. In the nucleus, herpesvirus-encoded genes are 

expressed either during the lytic replicative phase in a cascade of alpha, beta-, and gamma 
gene transcripts, or during latency or persistence e.g. as latency-associated transcripts. Viral 

alpha-genes encode regulatory proteins interfering with host cell control and activating viral 

beta-genes. Viral beta-genes encode viral enzymatic function enabling efficient viral 
multiplication such as the thymidine kinase and viral DNA-dependent DNA polymerases to 

produce linear genomes from concatemers generated by rolling circle-replication of the 
circularized viral genome, and regulatory functions activating viral gamma-genes. Viral gamma-

genes encode the structural proteins needed to build the virions in addition to some regulatory 



53 
 

proteins needed to coordinate viral and host functions. Thus, an estimated 10’000 to 100’000 
progeny virions are generated per infected host cell.  

Herpesviruses share a relatively high infection rate of their specific host population followed by 

life-long persistence/latency, from which reactivation occurs to ensure several rounds of 
transmission to susceptible hosts at times beyond acute primary infection. Innate and adaptive 

immunity interfere with herpesvirus infections, and failure of either system gives rise to more 
extensive herpesvirus replication, with severe dissemination and fatal courses. Nevertheless, it 

is evident from the above epidemiological and clinical observations that herpesviruses are able 
to escape from innate and adaptive immune control in immunocompetent hosts. Humans are 

the specific host for 9 different human herpesviruses (HHV1, 2, 3, 4, 5, 6A, 6B, 7, and 8), which 
are commonly named herpes simplex virus-1 and -2, varicella-zoster virus, cytomegalovirus, 

Epstein-Barr virus, Human herpesvirus 6A and 6B, human herpesvirus 7, and human 
herpesvirus 8, also known as Kaposi-sarcoma virus, respectively.  

 

Herpes simplex virus-1 (HSV-1, HHV1)  

HSV-1 is the cause of the "cold sore" or herpes labialis, a typical skin manifestation of HSV-1 

reactivation seen in at least 67% of the world population under the age of 50 [300]. HSV-1 is 

70% homologous to HSV-2, the cause of herpes genitalis. In Switzerland, the HSV-1 

seroprevalence among 21 – 30 year-old blood donors is approximately 50% and increases to 

75% among the over 60 year-old [301]. By comparison, HSV-2 seroprevalence is approximately 

10-fold lower among the 21 – 30 year-old, but increase to approximately 15% in the older age 

group [301]. After an often a-/oligosymptomatic primary infection, HSV-1 enters the sensory 

neuron and reaches the nucleus in sensory ganglia by anterograde transport as the long-lived 

latency/persistence compartment. Reactivation leads to retrograde transport and viral shedding 

into the mucocutaneous zone related to primary infection, where it manifests as “cold sore”. 

Some infected individuals have frequent reactivations of more 10 times per year, which 

increases in immunocompromised individuals and may lead to chronic and disseminated 

reactivation. However, develop sporadic episodes of viral reactivation or outbreaks. [302].  

HSV-1 infection induces relative little IFN-b, but when viral protein synthesis is inhibited, type 1 

IFN is produced. This suggests the hypothesis that viral proteins are inhibiting IFN induction. 

Interestingly, HSV-1 mutants that are defective for the HSV1-ICP0 (Infected Cell Polypeptide 0) 

induce the highest level of IFN-β in fibroblasts [276, 303]. The HSV-1 ICP0 is an alpha-gene 

expressed during immediate early phase of infection and is transported to the nucleus. There, 

ICP0 disrupts structures in the nucleus known as promyelocytic leukemia (PML) nuclear bodies 

[304]. Human fibroblasts infected with an ICP0-defective HSV-1 are able to stimulate IRF-3 
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signalling in an IFI16-dependent manner [305]. Further data suggest that ICP0 promotes 

degradation of IFI16 in human cells [276, 306]. The degradation of IFI16 requires the RING 

finger domain of ICP0 and the proteasomal activity of the host cell [276]. This supports the view 

that IFI16 degradation involves the ubiquitination activity of ICP0 and proteasomal degradation 

thereafter. It is unresolved if IFI16 is a substrate of ICP0’s E3 ubiquitin ligase activity or if its 

degradation results from binding to ICP0 [276]. HSV1-ICP0 also infers with the NF-κB pathway 

by binding to p65 via the Rel homology domain (RHD), thereby inhibiting the nuclear 

translocation of p65 upon TNF-α stimulation [307]. Furthermore, ICP0 degrades p50 via its E3-

ubiquitin ligase activity. When the RING finger (RF) domain is removed in mutant ICP0 (ICP0-

RF), its ability to prevent TNF-α-mediated NF-κB activation is lost as well as its block of the p65 

nuclear translocation and the degradation of p50. Thus, HSV1-ICP0 seems to be a protein that 

inhibits the innate immunity via several mechanisms. 

Besides IFI16, the cGAS pathway plays a major role in HSV-1 detection. Sun et al. reported that 

cytosolic cGAS is necessary for IRF-3 dimerization in response to infection with HSV-1 [261]. 

HSV1-ICP34.5 is expressed early in infection, and first localizes to host cell nucleus, before 

accumulating in the cytoplasm at 8 to 12 hours post-infection. ICP34.5 is important for inhibition 

of the antiviral effects of IFN-a and IFN-b [308]. 

 

Epstein-Barr virus (EBV, HHV4) 

EBV has a genome size of approximately 180’000 bp. Transmission occurs typically by saliva 

and reaches the lymphoid system, where resting memory and naïve B lymphocytes represent 

the principle site of latency. B-cell receptor stimulation leads to reactivation of lytic EBV 

replication and colonization of the nasopharyngeal epithelium with correspond transmission by 

saliva. However, EBV is also a significant concern in transplantation, e.g. for seronegative, 

mostly paediatric recipients of seropositive donor organs [309]. The seroprevalence among 

adults is as high as 95%, even though in countries of the Western world, a delay in 

seroconversion has been noted [310]. Primary infection during childhood is largely a-

/oligosymptomatic, and the principle clinical manifestation is infectious mononucleosis, more 

frequently seen among adolescents. In immunocompromised patients and HIV/AIDS, the failure 

to control EBV latency and reactivation can lead to lymphoma with significant morbidity and 

mortality. 

Studies on the innate immune response to EBV infection implicated TLR2 and -7, whereby either 

receptor was stimulated independently of active EBV genome replication [311]. In B cells, 

however, EBV infection leads to TLR7 upregulation and TLR9 activation [312, 313]. Interestingly, 

TLR7 can also be stimulated by EBV-encoded RNAs (EBERs), which may be released from 
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infected cells in exosomes, activating PRRs in neighbouring cells and inducing the IFN 

production [314]. Furthermore, RIG-I can also respond to EBV infection [271]. 

Certain EBV proteins may interfere with innate signalling, the major latent membrane protein 

LMP1 and BGLF5. Both viral proteins reduce TLR9 expression through inhibition of TLR9 

transcription and/or degradation of TLR9 transcripts [315]. Moreover, the EBV tegument protein 

LF2 has been reported to interfere with IRF7-mediated IFN expression. Wu et al. reported that 

EBV and the ORF52 virus have the capability to interfere with the cGAS response otherwise 

elicited by the viral DNA by disrupting cGAS binding [316]. 

EBV-BGLF4 was reported to interfere with the IRF-3 signalling pathway. Inhibition did not affect 

IRF-3 dimerization, nuclear translocation, or CBP recruitment of IRF-3 upon poly(I:C) treatment. 

However, BGLF4 appeared to reduce the amount of available active IRF-3 recruited to the IRF-

3-responsive[317]. 

 

Cytomegalovirus (CMV, HHV5) 

CMV is the largest of the human herpesviruses with a genome of approximately 240 kb. 

Transmission occurs via body fluids including saliva, genital secretions, but also via 

transplantation and transfusion. The seroprevalence in Western Europe ranges from 40% -70% 

among adults, but is close to 100% in corresponding age groups in developing countries. 

Primary CMV infection during childhood is often a-/oligo-symptomatic, but can present as 

mononucleosis-like syndrome in adolescence and adulthood [318, 319]. CMV persists in 

mononuclear and myeloid precursor cells in the bone marrow, but frequently reactivates with 

shedding in salivary glands and genital secretions. In immunocompetent persons, primary 

infection during pregnancy and transmission to the fetus in the first trimester is most feared 

leading to fetal malformations including central nervous system defects, microcephaly, and 

death. CMV can be life-threatening in the immunocompromised individuals such as transplant 

recipients (syndrome, colitis, pneumonitis) [320] and HIV/AIDS patients (retinitis, encephalitis) 

[321-324] 

Gariano et al. reported that IFI16 limits early gene expression and viral DNA replication by 

inhibition of the CMV DNA polymerase (UL54) [325]. Furthermore, IFI16 prevents the binding of 

the transcription factor specific protein 1 (Sp1) to the UL54 promoter at the position -54/-43 

relative to the transcription start site, which leads to suppression of CMV replication [325]. 

However, Cristea et al. reported contradictory results suggesting that IFI16 has a promoting role 

in CMV replication [326]. Therefore, the role of IFI16 in response to CMV infection requires 

further studies in relevant cell culture and animal models. 
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The late CMV protein encoded in UL83 (pUL83), which is better known as pp65, has been 

reported to interfere with IFI16 signalling [327]. pUL83 is a structural protein present in the CMV 

tegument, which enters the nucleus and binds to IFI16 via its pyrin domain. CMV-pUL83 can 

effectively block pyrin oligomerization and thereby interfere with subsequent innate immune 

signalling [327]. Moreover, pUL83 recruits IFI16 to the at the major immediate-early promote to 

activate viral gene expression [326]. Other mechanisms of innate immune evasion by CMV is 

the interaction of CMV protein vMIA with viperin from the host cell. The interaction induces the 

relocalisation of viperin from the endoplasmic reticulum to the mitochondria. Mitochondrial 

viperin reduces the production of ATP levels, but does not induce apoptosis [328]. 

 

Kaposi sarcoma–associated herpesvirus (KSHV, HHV8) 

KSHV also called HHV-8 has a genome of about 165’000 bp and was identified by molecular 

cloning called representational difference analysis when comparing Kaposi sarcoma, a 

mesenchymal malignancy of lympho-endo-epithelial origin in the skin, and unaffected tissue in 

an HIV/AIDS patient [329]. Its genome sequence is closest related to EBV, and shares the ability 

to cause lymphomas such as multicentric Castleman disease and pleural effusion lymphoma. 

Kaposi sarcoma has been one of the leading AIDS-defining diseases occurring especially 

among patients with MSM, but has been only rare seen in other immunosuppressed populations 

such as transplant recipients [330, 331]. Whereas in HIV/AIDS, progressive decline in CD4 T-

cells including those specific for the virus have been linked to reactivation and Kaposi sarcoma, 

primary organ-transmitted KSHV infection has been documented for Kaposi sarcoma after 

transplantation [330]. KSHV transmission is not resolved and like occurs via infectious body 

fluids, close relatives, and sexual contacts to match the relatively high seroprevalence in African 

countries such as Uganda and Cameroon of up to 40%. These are contrasted by rates of around 

10% around in Mediterranean countries including in Southern Italy and 0.5% in Switzerland. 

Oncogenic mechanisms of KSHV include inactivation of tumour suppressor protein such as p53 

and pRB family members, and the autocrine production of the KSHV-encoded viral IL-6 

homologue.  

Innate immune responses to KSHV depend on the cell type, and involves TLR3-activation in 

primary monocytes, and TLR9 in pDCs [332]. KSHV infection and reactivation are both sensed 

by RIG-I and MAVS [271]. In endothelial cells, the nuclear DNA sensor IFI16 recognizes the 

viral DNA in the nucleus, thereafter IFI16 travels to the cytoplasm and induces formation of the 

inflammasome [333]. The inflammasome itself promotes then caspase-1 activation and IL-1β 

cytokine maturation. Thus, induces the secretion of further pro-inflammatory cytokines and 

programmed pro-inflammatory cell death and finally this leads to pathogen clearance. KSHV 

infection also activates the cGAS-STING pathway, which possibly has a role in restricting KSHV 
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reactivation from latency [334]. Screening approaches identified six KSHV proteins able to inhibit 

cGAS-STING pathway that block IFN-β activation. One of these is the KSVH-interferon 

regulatory factor 1 (vIRF1), which targets STING and its phosphorylation by TBK-1 necessary 

for activation. Depletion of vIRF1 in the context of KSHV infection prohibits efficient viral 

reactivation and replication, and increases the host IFN response to KSHV. The vIRF1-

expressing cells also inhibits IFN-β production following infection with other DNA pathogens. 

Their results demonstrate that KSHV encodes inhibitors that block cGAS-STING–mediated 

antiviral immunity, and that modulation of this pathway is important for viral reactivation and 

transmission. Another protein of KSHV that interferes with the cGAS-STING pathway from the 

host is KSHV-ORF52. ORF52 is a gamma-herpesvirus-specific tegument protein of 14 kDa that 

disrupts cytosolic DNA sensing by directly inhibiting cGAS enzymatic activity [316]. 

KSHV also appear to evades NLR signalling by KSVH-ORF63 which binds to NOD2 and 

interferes with caspase-1, and activation of IL-1b and IL-18. Furthermore, KSHV Orf63. In the 

absence of ORF63, IL-1b expression is increased during KSHV replication. Additionally, 

inhibition of a specific NLR namely NLRP1 is indispensable for efficient reactivation and 

generation of progeny virus.  

 

3.2.2.2 Hepadnaviridae 

Hepatitis B virus (HBV) 

HBV belongs to the hepadnaviruses which are enveloped particles of 42 nm diameter containing 

an icosahedral capid, a partially dsDNA circular genome of 3.2 kb in size, and viral DNA 

polymerase to complete the (+)-strand DNA synthesis from a (–)strand RNA template. HBV 

causes acute or chronic hepatitis in the liver, whereby the latter has the propensity to progress 

to hepatocellular carcinoma. Following infection of hepatocytes, the viral genome is transported 

to the nucleus, where the viral DNA polymerase completes the reverse transcription and form 

covalently closed circular DNA (cccDNA). HBV replication is initiated from a large and a small 

transcript that on the one hand give rise to the translated proteins, but are also reversely 

transcribed and transported back to the nucleus for genome replication. Acute hepatitis is more 

commonly seen with primary infection of adults and can lead to acute liver failure and death, if 

no liver-replacement therapies including transplantation is possible. Both acute and chronic HBV 

replication is susceptible to antivirals first developed for the treatment of HIV-1 by virtue of the 

similarities in the reverse transcriptase. By non-specific recombination typically occurring in 

chronic hepatitis, the viral genome can be integrated in the host chromosome which is not 

necessary, but potentially contributing to the development of hepatocellular carcinoma.  
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HBV codes for 7 proteins the most prominent being polymerase, surface protein, core protein 

and HBx. HBx [335] is 154 aa long regulatory viral protein which interferes with transcription, 

signal transduction, cell cycle progress, protein degradation, apoptosis. 

HBV evasion of innate immunity involves interference with IFN-b production whereby the viral 

polymerase (Pol) inhibits the STING-IRF-3 activation and IFN-b induction [336]. The reverse 
transcriptase (RT) and the RNase H (RH) domains of Pol are responsible for preventing 

dimerization of STING required for downstream STING signalling [336]. HBx directly interacts 

with, and inhibits MAVS protein function by inducing its ubiquitination and targeting it for 

degradation, thus preventing the induction of IFN-b. Notably, MAVS protein was downregulated 

in tissue studies of hepatocellular carcinomas of HBV origin suggesting that innate immune 

evasion contributes to HBV carcinogenesis [337]. 

 

3.2.2.3 Poxviruses 

The Poxviridae are the large enveloped virions of approximately 200 nm times 400 nm 

containing a dsDNA genome of approximately 350’000 bp. Two distinct infectious virus particles 

exist: the intracellular mature virus (IMV) and the extracellular enveloped virus (EEV). Unlike 

other DNA viruses, Poxvirus create their own “nucleus-like” replication structures in the 

cytoplasm. Smallpox virus (variola) and vaccinia virus enter the host cell via surface fusion or 

endocytosis. Thereby their viral core is released into the cytoplasm. The viral core consists of a 

transcriptional apparatus that produces viral early mRNAs. These early proteins uncoat the 

poxvirus genome and stimulate viral DNA replication in the cytoplasm. However, DNA sensors 

can detect this cytosolic DNA. Recently, DNA-dependent protein kinase, catalytic subunit (DNA-

PK) has been identified to be required for IRF-3 signalling in response to vaccinia virus infection 

[270]. Interestingly, the C16 protein of vaccinia virus binds to the DNA-PK enzyme complex and 

inhibits this activity and thereby inhibits the innate immune response [338]. It has also been 

shown that a vaccinia virus infection triggers cGAS in human HEK293T cells to produce cGAMP. 

cGAMP then diffuses to neighbouring cells through gap junctions, actives STING in these 

adjacent cells and induces an antiviral state [263]. Consequently, DNA-PK and cGAS may be 

able to sense vaccinia and other poxviral DNAs. However, additional studies are required to 

better define viral subversion and cellular countermeasures in relevant cell types and animal 

models. 
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3.2.2.4 Papillomaviridae  

Papillomaviridea (HPV) are non-enveloped particles of 50nm diameter containing a circular 

dsDNA of about 8 kb in size, associated with cellular histones in a chromatin-like complex. 

Although functionally very similar to polyomavirus genome organization, the circular HPV 

genome is transcribed only uni-directionally from the regulatory region (RR) on one strand of the 

genome yielding the early non-structural regulatory proteins (E1-E7) first and then late structural 

capsid proteins L1 and L2 by alternative splicing X [234]. HPV gene expression is closely linked 

to keratinocyte differentiation from the basal layers of the dermis toward the keratinized surface. 

HPV infection and E-protein expression leads to a delay in differentiation, widening of the 

corresponding derma zones that become macroscopically visible as skin proliferations and warts. 

E6 and E7 are critical in host cell transformation and drive quiescent cells into the cell cycle 

similar to PyV EVGR proteins [339]. Today, more than 100 HPV genotypes are known. Clinical 

concepts mainly use the distinction between cutaneous, mucous, and anogenital HPVs. The 

mucous HPVs can be subdivided into so-called ‘low-risk’ and 'high risk’ HPVs. To the ‘high risk’ 

HPV belong HPV16 and HPV18 that are also the most common types in the Western world, 

whereas HPV52 seems to be more common in Eastern Asia. Nowadays, therapeutic vaccines 

are being developed to eliminate established papillomavirus infection. The vaccines are based 

on HPV virus-like particles most often against HPV16 and HPV18 and induce genotype-specific 

virus-neutralizing antibody and prevent infection with HPV [340]. In keratinocytes, HPV DNA is 

detected by TLR9. IFI16 also seems to reduce the human papillomavirus 18 (HPV18) replication 

[341] as shown by knock-down and overexpression of IFI16 in immortalized keratinocytes 

(NIKS) and human bone osteosarcoma epithelial cell line (U2OS). In the IFI16-silenced cells, 

the viral-loads of HPV18 were significantly increased compared with control cells. Additionally, 

IFI16 overexpression severely impaired HPV18 replication in both NIKS and U2OS cells, thus 

underlining its antiviral restriction activity. IFI16 was also reduced viral transcription in U2OS, 

and IFI16 increased heterochromatin marks, but reduced euchromatin marks on viral chromatin 

at both early and late promoters [341]. Overall, these data demonstrate that IFI16 also restricts 

HPV DNA through epigenetic modifications and has a broad surveillance function of viral DNA 

in the nucleus. 

A study from Lau et al. emphasizes that HPV18 interferes with the innate immune signalling. 

They generated retroviral expression vectors enclosing E6, E7 from HPV18 and transduced 

primary mouse embryonic fibroblasts [342]. They showed that HPV18 E6 transduction results in 

a mild impairment of DNA or RIG-I ligands activated IFN-b transcription suggesting a broader 

function in downregulation of the innate immunity. However, transduction with HPV18 E7 

inhibited DNA-activated signalling, whereas the RIG-I pathway remained intact. This suggests 

that E7 specifically blocks the cGAS-STING pathway when introduced into primary cells. In 

addition, Lau et al. could not identify a direct interaction with cGAS but showed interaction with 
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STING after immunoprecipitation. They revealed that the E7 Leu-X-Cys-X-Glu (LXCXE) protein 

motif is important for the inhibition of the cGAS-STING pathway, as mutations in this motif did 

not inhibit IFN-a/b. The LXCXE motif is most likely also involved in STING binding as mutations 

lead to weaker binding. Besides this function, E7 binds and inhibits the Rb tumour suppressor 

pathway by its LXCXE motif [342]. Furthermore, the E6 oncoprotein of HPV16 seems to have a 

role in immune evasion, E6 binds to interferon regulatory factor-3 and inhibits its transcriptional 

activity [343]. 

Inhibition of enveloped viruses by defensins has been previously reported, but recently inhibition 

of non-enveloped viruses like papillomaviruses has been reported. Defensins are about ~29– 

42 amino acids long, have a cationic -and amphipathic character and β–sheets stabilized by 

three disulfide bonds. They can be broadly classified based on their structure and disulfide bond 

organization into three groups: α -, β -, and θ-defensins. Humans are deficient of θ–defensins, 

which are only found in Rhesus monkeys. The α-defensins can be further divided into myeloid 

(HNP1-4) and enteric (HD5 and HD6). HNP1-4 are primarily expressed by neutrophils but also 

by monocyte/macrophages, natural killer cells, sometimes by T cells, B cells, and immature DC. 

HD5 and HD6 are produced by specialized epithelial Paneth cells of the small intestine [344]. 

Human β-defensins (HBDs) are broadly expressed by epithelial cells in skin and at mucosal 

surfaces in contact with the environment. 

Initial work has demonstrated that defensins induce the formation of pores in membranes of 

membrane depolarization, leakage [345] and cell death of bacterial species. Moreover, it was 

shown that incubation with HNP-1 with HSV-1 and HSV-2, cytomegalovirus, vesicular stomatitis 

virus, and influenza virus A/WSN leads to an inactivation of the viruses. However, two non-

enveloped viruses, namely echovirus type 11 and reovirus type 3, were resistant to inactivation 

[346]. 

With respect to HPV, Wiens et al. reported that the defensin HD5 block entry of HPV-16. When 

HPV16 attaches to host cells, the protease furin cleaves the minor capsid protein L2. This step-

in entry of HPV16 is prevented by steric interference of HD5 with the L2 cleavage without 

affecting the enzymatic activity of furin directly [347]. 

3.2.2.5 Adenoviridae 

Adenoviruses are non-enveloped viral particles of approximately 70 nm diameter with prominent 

spikes, and carry non-segmented, linear dsDNA of about 35’000 bp. Human Adenoviruses 

(HAdV) are categorized in seven subgroups A–G, and there are over 50 serotypes known so 

far. After exposure of mucosal surfaces, HAdV infects epithelial cells and can be detected in 

lymphoid tissues. All seven subgroups can cause disease f.e. gastroenteritis, respiratory tract 

disease, conjunctivitis and nephritis. The viral transcription can be divided in two phases; in early 
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(replication), in late (virion assembly) with corresponding early regulatory and late structural viral 

gene expression. Unlike polyoma- and papillomaviruses, AdV express a viral DNA polymerase 

that could be targeted by classical antiviral compounds. Antivirals like cidofovir or brincidofovir 

have shown inhibitory activity in vitro, and are awaiting clinical trials in immunocompromised 

patients. All genes are transcribed by host RNA pol II except virus-associated (VA) gene(s) of 

primate adenoviruses which is transcribed by RNA pol III. Genes transcribed by RNA pol II give 

rise to multiple mRNAs that are produced by alternative splicing and use of different poly(A) 

sites [348]. 

Like papillomaviruses, adenoviruses are inhibited by HD5 that binds physically to the virus, 

thereby stabilizing the outer capsid proteins. This interference prevents the disassembly of the 

virus, which is important for a productive infection. Furthermore, it has been shown, that 

especially TLR2 and TLR9 detect ADV and similarly lectin receptor. Laud et al. transfected E1A 

of adenovirus, resulting in similar effects as for E7 of HPV18. E1A inhibits DNA-activated 

signalling, whereas the RIG-I pathway remains intact. The LXCXE seems to be important for 

cGAS-STING interference as well as binding to the STING protein itself [342]. 

In summary, cGAS, STING and IFI16 have emerged as relevant innate immune regulatory 

pathway that are partially inhibiting DNA viral infection and evidence is emerging that viral 

products are at least transiently circumventing these innate restriction factors by various means 

(Table 4).  
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Table 4: Interactions of IFI-16, cGAS and STING with DNA viruses 

Virus Family Virus Viral Protein Target Proposed mechanism Reference 
Adenoviridae 
(dsDNA circular) 

Adenovirus E1A STING STING interaction [342] 

Hepadnaviridae 
(dsDNA circular) 

HBV Pol STING STING interaction [336] 
 

Herpesviridae 
(dsDNA linear) 
 

HSV-1 ICP0, ICP4, 
US3-PK 

STING STING stabilization, leads 
to optimal HSV- 
replication 

[349]  

          ‘’ CMV pUL83 IFI-16 Blocks oligomerization of 
IFI-16  

[327]. 

          ‘’ HSV-1 ICP0 IFI-16 Degradation of IFI16 [276] 

          ‘’ KSHV vIRF1 STING STING interaction, 
Disruption of STING 
phosphorylation, 
Disruption of TBK1 

[334]  

           “ KSHV ORF52 cGAS cGAS interaction; 
Disruption cGAS binding 
to DNA binding 

[316] 
 

           “ KSHV LANA cGAS Interaction with cGAS [350] 

           “ EBV ORF52 cGAS cGAS interaction; 
Disruption cGAS binding 
to DNA binding 

[316] 
 

Papillomaviridae 
(dsDNA circular) 

HPV E7 STING STING interaction [342] 

Table adapted from [351]. 

 

3.2.3 Innate Immunity and Regulation of Host Cell Survival 

Mitochondria are important anchor points for the regulating innate immune responses using 

nucleic acid sensing as a principle conserved mechanism. It has been hypothesized that this 

function is adapted from sensing malfunctioning and damaged mitochondria through the leakage 

of the mitochondrial DNA and RNA into the cytoplasm, and that this sensing system is beneficial 

to the detection in invading and replicating microbial organisms including viruses. 

Thus, mitochondria represent an IFN-signalling platform and RLR signalling pathway converge 

at mitochondria. To counteract being detected several viruses developed strategies to evade 

host immune responses including RLR-mediated IFN production and modulate therefore 

mitochondrial signalling. HCV codes for the serine protease NS3/4A, that inhibits RIG-I-

mediated signalling by cleaving MAVS at Cys508 [352]. The cleaved MAVS can neither anchor 

to mitochondria anymore nor induce RIG-I signalling. An analogous mechanism has been 

described in Flaviviridae GB virus B [353]. Picornaviridae hepatitis A virus codes too for the 

serine protease 3C, which cleaves MAVS at Gln428, thus inhibiting antiviral signalling [354]. The 

viral protein vMIA, which is encoded by UL37x1 from CMV, inhibits MAVS-induced activation of 
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the IFN-β promoter and induces mitochondrial fragmentation [355]. HBV also evades the innate 

immune system with help of HBx. HBx interacts with MAVS and promotes its degradation 

through ubiquitination of Lys-136 in MAVS protein, thus preventing the induction of IFN-b [337]. 

There are also many different other interactions of viruses modulating mitochondria. Some of 

them are listed in Table 5 [356, 357]. Some other viruses, including reovirus, replicate at 

cytoplasmic sites that appear to associate with mitochondria [358]. Some viruses interfere with 

the inhibition of apoptosis or even induce it.  

 

    Table 5: Viral interactions with mitochondria 

Effect on the host cell 
mitochondria 

Virus Reference 

Increase Ca2+ uptake via uniporter  Hepatitis C virus (HCV), Human 
immunodeficiency virus (HIV) 

[359, 360] 

Mitochondrial inner membrane 
permeability 

HIV, influenza A virus, HBV, human T-cell 
lymphotropic virus (HTLV) 

[335, 361-363] 

MAVS cleavage HCV, GB virus [352, 353] 

Reactive oxygen species 
production 

HBV, encephalomyocarditis virus (EMCV), 
Epstein-Barr virus (EBV), Adenovirus type 5, 
HCV 

[364-366] 2010 
[367] 
 

Host mitochondrial DNA depletion HSV-1, HCV, EBV [368, 369]  

Host mitochondrial protein 
mimikry 

 CMV, influenza A virus [328, 370] 

Host mitochondrial protein hijack Mimivirus [371] 

    Table adapted from [372] 

 

Autophagocytosis and Innate Immunity to Viruses 

The fate of damaged mitochondria sensed by nucleic acid sensing is removal by a coordinated 

process called macro-autophagy in autophagosomes, or more specifically mitophagy. Whereas 

micro-autophagy describes direct delivery of cargo to lysosomes through lysosomal membrane 

invaginations, and chaperone-mediated autophagy through protein interaction with heat shock 

cognate 71kDa protein (Hsc70), macro-autophagy a programmed, evolutionarily conserved 

catabolic process in double-membrane structure known as the autophagosome [373-375]. 

Autophagosomes fuse afterwards with lysosomes to build autolysosomes in which the double-

enveloped contents are degraded (Figure 14).  
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Figure 14: Mitochondrial life cycle and induction of mitophagy 
Mitochondria undergo cycles of fusion to build up elongated mitochondrial networks and fission into 
smaller individual organelles. Fusion is mediated by mitofusin 1 (MFN1) and mitofusin 2 (MFN2), and 
optic atrophy protein 1 (OPA1). Fission is mediated by dynamin-related protein-1 (DRP1) and fission 1 
(FIS1). During their normal lifespan and in the setting of increased oxidative stress, damage to 
mitochondrial components accumulates. Fission provides a mechanism to isolate damaged components 
for elimination. Mitophagy involves mitochondrial depolarization and of PINK, Parkin and p62 and for 
formation of the autophagosomes LC3. Adapted from [376] 
 

There are several viruses that exploit the mitophagy process in favour of their replication in the 

host cell. Gou et al. have reported that the classical swine fever virus (CSFV), induces 

mitochondrial fission and mitophagy and thereby inhibits apoptosis. CSFV activates the PINK1 

and Parkin pathway. Cells infected with CSFV ubiquitinate MFN2, which is thereafter degraded. 

Moreover, CSFV infected cells exhibit increased number of mito-phagolysosomes, as more 

LC3-associated mitochondria with Parkin or lysosomes are found. Inhibition of fission 

upregulated apoptotic signals and reduction of viral replication and d that CSFV induced 

mitochondrial fission and mitophagy to enhance cell survival and viral persistence. The induction 

of mitophagy results in the enhancement cell survival and leads to viral persistence. How this is 

generated is still not elucidated [377]. 

Ding et al. have reported that the human parainfluenza virus type 3 matrix protein induces 

mitophagy when it interacts with the mitochondria and the autophagy protein LC3. The matrix 

protein-mediated mitophagy is Parkin-PINK1 independent and inhibits the type I-IFN response 

[378]. 

Kim et al. published that the Hepatitis C virus (HCV) interferes with mitochondrial dynamics and 

stimulated mitochondrial fission followed by mitophagy, which reduces HCV-induced apoptosis. 

HCV infection induced the expression of Drp1 and its phosphorylation at Ser616, which initiated 

its subsequent translocation to the mitochondria, followed by mitophagy. Interference of HCV-
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induced mitochondrial fission and mitophagy by Drp1 silencing reduced HCV secretion and 

enhanced innate immune signalling. Moreover, silencing Drp1 or Parkin caused significant 

increase in apoptotic signalling, shown by increased cytochrome C release from mitochondria 

and caspase 3 activity. The results imply that HCV-induced mitochondrial fission and mitophagy 

serve to attenuate apoptosis and may contribute to persistent HCV infection. [379]. 

 

Apoptosis and Innate Immunity to Viruses 

Elimination of microbe-infected cells by programmed cells death called apoptosis is the ultimate 

defence strategy, which also play a role in innate immunity against virus infections. Apoptosis 

comes from the ancient greek “aπόπτωσις” that means "falling off". Apoptosis is a strictly 

regulated process of programmed cell death that occurs in multicellular organisms. Biochemical 

events lead to characteristic changes in the cellular morphology and in the end to death. Typical 

morphological changes that occur during apoptosis are cell shrinkage, cellular blebbing, 

fragmentation of the nucleus, chromatin condensation, chromosomal DNA fragmentation, and 

decay of mRNA. Apoptotic cell death can be induced via two different signalling pathways 
(Figure 15). Through an intrinsic also called the mitochondrial pathway and/or an extrinsic which 

is the death receptor-mediated pathway. Both pathways result in the activation of Cys-

dependent aspartyl-specific proteases (caspases) that are the main executors of apoptosis.  

Irradiation, growth factor withdrawal or chemotherapeutic agents activate the intrinsic apoptotic 

pathway [380], by stimulation of the following molecules: NOXA, B-cell lymphoma 2 (Bcl-2) -

associated death promoter (BAD), Bcl-2-like protein (BIM) and p53 up-regulated modulator of 

apoptosis (PUMA). These pro-apoptotic molecules neutralize thereafter the anti-apoptotic BCL-

2, BCL-2extra-large (BCL-2XL) and Induced myeloid leukemia cell differentiation protein (MCL). 

As a consequence, the two pro-apoptotic proteins Bcl-2 homologous antagonist killer (BAK) and 

Bcl-2-associated X protein (BAX) are liberated. They travel to the mitochondria and disrupt there 

the membrane potential, by insertion of the BAX/BAK dimer into the mitochondrial membrane. 

Thereafter cytochrome c and mitochondrial activator of caspases (SAMC) are released from the 

intramembranous space of mitochondria into the cytoplasm. The released cytochrome c and 

ATP bind the adaptor protein apoptotic protease-activating factor 1 (APAF1). This induces the 

formation of the apoptosome complex that recruits and activates initiator caspase-9. Activated 

caspase-9 then cleaves pro-caspase-3/7 into the effector caspases-3 respectively -7. These 

caspases start to cleave protein substrates and thereby leading to cell death. In Figure 15, the 

left pathway displays the induction of intrinsic apoptosis. 

The extrinsic apoptosis pathway is induced when ligands of the TNF family bind to their cognate 

receptors. One possible ligand/ receptor pair consists of TNF-a binding to the TNF receptor 1 
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(TNFR1) [381]. Another ligand/ receptor pair are differentiation 95 (CD95-L) or apoptosis-

inducing 2 ligand (APO2L, also called TNF-related apoptosis-inducing ligand (TRAIL)) bind to 

CD95 (also called FAS), or to the death receptor 5 (DR5).  

Ligand-receptor binding initiates receptor aggregation and the assembly of the receptor-

associated death-inducing signalling complex (DISC). The adaptor FADD (FAS‑associated 

DEATH domain protein), or the adaptor TRADD (TNFR1‑associated DEATH domain protein), 

recruit pro-caspase-8. Thus caspase-8 is cleaved into the active caspase-8. The death signal is 

increased by the successive proteolytic activation of the downstream effectors caspase-3 and 

caspase-7. This leads to apoptotic cell death. In Figure 15, the right pathway displays the 

induction of extrinsic apoptosis. 

 

Figure 15: Caspase induction 
Apoptosis is executed via mitochondrial (or intrinsic) and death receptor (or extrinsic) pathways, and it terminates 
with the activation of caspases, which are proteases that lead cell death. Left panel BCL-2 homology 3 (BH3)-only 
B-cell lymphoma 2 (BCL-2) family proteins (BH3-interacting domain death agonist (BID), BCL-2 antagonist of cell 
death (BAD), p53 upregulated modulator of apoptosis (PUMA), NOXA or BCL-2-interacting mediator of cell death 
(BIM)) and neutralization of anti-apoptotic BCL-2 proteins (BCL-2, BCL-extra-large (BCL-XL) and myeloid leukaemia 
cell differentiation 1 (MCL1)). cytochrome c, second mitochondrial activator of caspases (SMAC). Right panel Death 
ligands, such as CD95 ligand (CD95L; also known as FASL), APO2 ligand (APO2L; also known as TRAIL) or tumour 
necrosis factor-α (TNFα), death-inducing signalling complex (DISC), inhibitor of apoptosis proteins (IAP) proteins, 
FBW7 (F-box- and WD repeat-containing 7), MULE (MCL1 ubiquitin ligase E3). Dashed arrows indicate apoptosis-
promoting action of E3 ligases. Ubiquitin-specific protease 9X (USP9X). BAK, BH antagonist or killer; c-IAP, cellular 
IAP; DR, death receptor; FADD, FAS-associated DEATH domain protein; FLIP, FLICE-inhibitory protein; ML-IAP, 
melanoma IAP; RIP1, receptor-interacting protein 1; tBID, truncated BID; TNFR1, TNF receptor 1; TRADD, 
TNFR1-associated DEATH domain protein; TRAF2, TNFR-associated factor 2; Ub, ubiquitin; XIAP, X chromosome-
linked IAP. 
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There are also anti-apoptotic proteins found extrinsic pathway the so called FLICE-inhibitory 

protein (FLIP) is recruited to the DISC where it stimulates the activation of caspase 8 [382]. 

Several viruses of the gamma-herpesvirus class encode such anti-apoptotic proteins, such as 

herpesvirus saimiri, human herpesvirus 8 and a Kaposi's sarcoma-associated herpesvirus. 

These FLIPS are then called virus like FLIPS (v-FLIPS).  

Apoptotic pathways are often connected, which makes a crosstalk and signal amplification 

possible. For instance, activated caspase 8 can cleave BID into its active form, truncated BID 

(tBID). tBID inhibits anti-apoptotic proteins BCL-2, BCL-2XL and MCL, and thereafter the 

released pro-apoptotic BAK/BAK translocate to the mitochondria to trigger cytochrome c and 

SMAC release [383]. Inhibition of host cell apoptosis by viruses has been described as a factor 

relevant for the outcome of viral infection Table 6 [398].  

 

Table 6: Viruses with anti-apoptotic proteins 

Host cell interaction partner Virus Viral protein Reference 
 
Inhibition of Bak/Bax insertion into 

mitochondrial membrane 

 
Viral Bcl-2 homologues (vBcl-2) with 

sequence homology with Bcl-2 that 

inhibit apoptosis 

Adenovirus E1B-19K [384] 
Epstein–Barr virus BHRF1/ BALF1 [385] 
Human herpesvirus 8 KS-Bcl-2 [386] 
Murine γ-herpesvirus 
68 

M11 [387] 

Herpesvirus saimiri ORF16 [388] 
Vaccinia virus  F1L/N1L [389] 
Myxoma virus M11 [390] 
Papillomaviruses E6 [391] 

Inhibition of Bax insertion into 
mitochondrial membrane 

Cytomegalovirus vMia, m38.5 [392] 

Inhibition of Bak insertion into 
mitochondrial membrane 

Cytomegalovirus vIBO [393] 

Table adapted from Figure 1 of [356] 

 

Inhibitors of apoptosis (IAP) proteins inhibit cell death at meeting points in both pathways, 

specifically, at the level of caspase activation. X chromosome-linked IAP (XIAP) can directly 

bind to and inhibit caspases-3, -7 and -9, while cellular IAP1 (c-XIAP) and (c-XIAP2) inhibit 

caspase-8 activation in the context of TNFR1 signalling [394]. SMAC, conversely, can bind XIAP 

and hinders it from inhibiting caspases [395, 396]. Other IAP proteins, like melanoma IAP (ML-

IAP), can sequester SMAC away from XIAP and thereby limit its pro-apoptotic activity [397].  

Lately, ubiquitination was identified as having a major role in induction of apoptosis. Different 

ubiquitin ligases like F-box- and WD repeat-containing 7 (FBW7) and MCL1 ubiquitin ligase E3 

(MULE), promote apoptosis through their E3 ligase activity, by ubiquinating the anti-apoptotic 

molecules. Another pro-apoptotic ligase is E3 ubiquitin-protein ligase Itchy homolog (ITCH). This 
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ligase ubiquitylates FLIP and induces its proteasomal degradation, preventing it from inhibiting 

caspase-8. Interestingly ITCH is as well involved in the negative regulation of MAVS-dependent 

cellular antiviral responses. It ubiquitinates MAVS through 'Lys-48'-linked conjugation resulting 

in MAVS proteasomal degradation (PCBP2 mediates degradation of the adaptor MAVS via the 

HECT ubiquitin ligase AIP4.)".  

During the process of pathogen–host co-evolution, viruses appear to have developed different 

strategies to interfere with host cell apoptosis.  

However, there are as well viruses that induce mitochondrial-mediated apoptosis (Table 7), 

thereby they can determine the outcome of the infectious process. 

 

Table 7: Viruses with pro-apoptotic proteins 

Host cell interaction partner, outcome Virus Viral protein Reference 
VDAC3, interaction promotes loss of 
membrane potential (ΔΨm) 

Hepatitis B virus HBV X protein [399] 

Alteration in mitochondrial morphology -> 
fragmentation/ perinuclear redistribution  

Poliovirus 2B [400] 

Direct insertion, alteration in mitochondrial 
morphology, loss of ΔΨm 

Walleye dermal 
sarcoma virus 

OrfC [401] 

No clear mechanism what promotes MOMP Hepatitis C virus NS4A [352] 

Interacts with ANT and VDAC, leading to 
outer membrane permeabilization (MOMP) 
associated with ΔΨm loss, release of 
mitochondrial apoptogenic factors 

HIV-1 viral protein R 
(Vpr) 

[402] 
 

Rapid flux of ions across inner membrane 
together with swelling, ΔΨm dissipation and 
mitochondrial fragmentation 

Human T lymphotropic 
virus 1 

p13(II)  
 

[403] 

Inserts directly into mitochondrial outer 
membrane via its C-terminus and there, pore 
forming activity  

Influenza A virus PB1-F2 [363] 

Table adapted from [356]. 

 

3.2.4 Innate Immunity and JCPyV and BKPyV 

The interaction of the innate immune system and HPyV is only emerging in recent years, but a 

better understanding can possibly guide new strategies to interfere with HPyV infection, 

replication and disease in immunocompromised patients, where the adaptive immune 

responses are often impaired as in HIV/AIDS and transplant patients. 

The soluble human a-defensin HD5 (HD5) inhibits BKPyV and JCPyV infection [404, 405]. HD5 

induces the aggregation of BKPyV virions thereby inhibiting its attachment to the host cell. 
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Interestingly HD5 inhibits JCPyV infection using a different mode of action by stabilizing the viral 

capsid and prevents conformational changes that on the one hand reduce JCPyV trafficking to 

the endoplasmic reticulum and on the other hand impair exposure of Vp2, both leading to 

impaired uncoating and nuclear genome delivery, hence loss of infectivity. During a successful 

JCPyV infection Vp2 is exposed in the to host chaperones and isomerases and this exposure is 

essential for viral retro-translocation to the cytosol.  

Besides defensins, the complement system may contribute to elimination of BKPyV by targeting 

the viral particles directly or indirectly for opsonization and macrophage uptake. Strong C4d-

staining in renal allograft tissue may be a marker for the diagnosis of antibody-mediated rejection 

in the presence of ongoing BKPyV replication [406] [407]. Other molecules of the classical 

complement system like the two anaphylatoxins C3a and C5a have no direct effect on the virus 

itself, but may enhance PyVAN pathology by increasing inflammation. 

Apart from the classical complement pathway, the effect of the mannose-binding lectin (MBL) 

on BKPyV infection was investigated, as MBL deficiencies correlate with susceptibility to various 

infections. On the other hand, high MBL levels can leads increased tissue damage in ischemia– 

reperfusion models and poorer graft and patient survival in solid organ transplant patients. MBL 

levels stayed similar between days 30- 180 post-transplantation independent of BKPyV viremia 

and MBL deficiency was not coupled with higher risk for BKPyV viremia. So, it seems that MBL 

per se has no effect on BKPyV replication, but is associated with poorer graft and patient survival 

at high levels [408]. 

Several studies aimed to elucidate the interaction of cytokines and BKPyV replication. In 2003, 

Corallini et al. published that in vitro BKPyV-transformed endothelial cells express a significant 

amount of TGF-b 1 transcript and cell culture supernatants stimulated proliferation and migration 

of human and primary mouse embryonic fibroblasts, which could be reversed by administrating 

a specific antibody to TGF- b 1 [409]. Abend et al. [410] reported that the BKPyV early promoter 

is up-regulated by TGF-β 1 in a strain dependent manner.  

There are contradictory results published concerning the role of TNF-a in defence against 

BKPyV. In 2007 BKPyV-specific CD4+T cells were characterized in terms of cytokine production 

profile. BKPyV-specific CD4+T secreted TNF- a �and IFN-g, the higher cytokine expression 

correlated with higher levels of degranulation and granzyme B [411]. Contrary to this study, 

another showed that TNF- a �did not contribute to the control of MPyV infection [412].  

Beside soluble molecules and cytokines, the cellular innate immune system may contribute to 

BKPyV control, in particular NK cells. KT patients with PyVAN carry lower numbers of killer-cell 

immunoglobulin-like receptors (KIRs) as activating receptors, compared to the control group 

with a stable kidney function and no PyVAN [413]. In addition, the activating receptor KIR3DS1 
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is significantly reduced on the NK cells of KT patients with PyVAN and patients that reactivated 

BKPyV compared to unaffected KT control patients. NK cells seem to play essential role in in 

suppressing BKPyV replication. On the other hand, it has been shown that increased activities 

of NK cells may be associated with acute cellular rejection of KT [414]. It appears that the NK 

cells have a dual role and their activity is of great importance to control and suppress BKPyV 

replication, but once the virus escapes and reactivates, the NK cells can lead to severe 

complications. 

In 2011 Bauman et al. detected a viral miRNA that is identical in sequence between JCPyV and 

BKPyV [27]. This miRNA is targets the stress-induced ligand UL16 binding protein 3 (ULBP3). 

ULBP3 is a cell surface glycoprotein that functions as a stress-induced ligand for the killer 

receptor NKG2D receptor. This viral miRNA-induced ULBP3 downregulation leads to reduced 

NKG2D-mediated killing of virus-infected cells NKs. When Bauman et al. inhibited the viral 

miRNAs activity during a PyV infection, the NK cells killed the infected cells more efficiently. As 

NKG2D is also expressed by various T cell subsets, the authors conclude that JCPyV and 

BKPyV use a similar miRNA that targets ULBP3 to escape detection by both the innate and 

adaptive immune system. 

Other cellular components from the immune system like macrophages and DC seem to have an 

important role in phagocytosis of BKPyV virions [415]. On the other hand, it was shown that their 

participation in defence can also have a negative effect. A study with nearly 1200 urine samples 

described that an increased amount of CD14 positive cells (e.g. DC and macrophages) and the 

chemoattractant monocyte chemoattractant protein-1 (MCP-1) lead to increased intragraft 

tubulointerstitial inflammation in the patients suffering from PyVAN [416]. However, other 

researchers doubt that the presence of neutrophil component in the serum is a valid predictor 

for PyVAN and BKPyV reactivation following renal transplantation. Rau et al. published that 

serum levels of neutrophil gelatinase-associated lipocalin are not associated with BKPyV 

nephropathy or BKPyV infection [417]. 

Additional studies tried to explore whether BKPyV alters the intracellular signalling pathways. 

One study investigated the regulation of serine protease inhibitor B9 (serpinB9) expression in 

tubular epithelial cells under inflammatory conditions [418]. The serpinB9 protects against 

granzyme B-mediated apoptosis. Their results show that transcript levels of serpinB9 are 

significantly higher in biopsies obtained during viral infection compared to biopsies from stable 

controls. In addition, the percentage of serpinB9-positive tubuli seem to be increased during 

BKPyV infection and CMV, however not significantly higher from stable biopsies. A follow up 

study in which snap frozen kidney samples were investigated, found that transcription of TLR3, 

MDA5, and RIG-I was significantly upregulated during an infection with BKPyV and as well with 

CMV, but no increase was seen with EBV [419]. MDA5 was expressed in renal cells and 

infiltrating immune cells, nevertheless its expression was most pronounced in the proximal tubuli. 
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In contrast, there was no difference observed in MDA5 expression pattern and/or staining 

intensity between biopsies obtained during viral infection and the stable controls. The transcript 

levels of tubular RIG-I implied an increased expression in biopsies obtained during infection with 

CMV and BKPyV [419]. Upon activation, TLR3, MDA5, and RIG-I signalling enhanced the 

production of central pro-inflammatory and antiviral cytokines in primary TECs. Another study 

investigated the impact of BKPyV infection on mRNA expression in human endothelial cells. 

Among the list of down-regulated genes they identified IL-15, which is known to stimulate T-

cells. Similarly, two other chemokine receptors, C-C chemokine receptor type 6 (CCR6) and 

CX3CR1A were significantly down regulated [420]. CCR6 and CX3CR1A are both involved in 

G-protein-coupled receptor signalling. A number of the up-regulated genes belonged to the 

regulation of transcription translation including those involved in regulation of type 1 interferons, 

like NF-KB, IRF-3 and ATF2 [421] were expressed in human endothelial cells, but were not 

remarkably induced. Contrary, the putative NF-KB activating protein was induced after 24 h, 

and two interferon inducible genes (IFIT3 and G1P2) were significantly up-regulated at 40 h, 

however no interferon transcripts were detected. 

In RPTECs BKPyV infection was associated with up-regulation of a large number of genes 

involved in cell cycle regulation and proliferation [422]. No impact on the expression of pro-

inflammatory genes was seen and only four genes were significantly down-regulated during 

BKPyV lytic infection. Abend et al. hypothesized that the regulation of the immune response 

would be affected by BKPyV infection. However, they showed that BKPyV has no general effect 

on these genes. Just two pro-inflammatory genes were significantly up-regulated during 

infection: pentraxin 3 (PTX3), a cytokine-inducible protein involved in innate immunity and 

inflammation to which C-reactive protein also belongs [423], and MICB, an MHC class I-related 

molecule acting as a stress-induced self-antigen that is recognized by g d T cells. In addition, 

Abend et al. did not detect significant changes in the transcript levels at 4 hpi of the 85 cytokine 

genes analysed on the array. 

Similar experiments have been conducted for JCPyV in 2003 by Radhakrishnan et al. and 

Vermar et al. in 2006. Radhakrishnan et al. did an in vitro infection of primary cultures of human 

astrocytes to study the transcriptional profile of 12,600 host genes after JCPyV infection [424]. 

The microarray showed that transcription of 355 genes was enhanced and transcripts of 130 

genes were decreased to different degrees. Similar to BKPyV, most transcripts that were 

increased upon JCPyV infection encode for proteins that are involved in cell proliferation, 

however they also found other regulatory events, such as inflammatory responses, including 

cyclo-oxygenase-2 (Cox-2).  

Verma et al. transfected primary human fetal glial cells with JCPyV (Mad1, a rearranged strain) 

and compared them with mock-transfected cells [425]. They observed 410 genes that were 
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differentially expressed, 265 genes were up-regulated, and 145 genes were down-regulated. 

Like Radhakrishnan et al. they found enhanced transcription of cell cycle regulatory genes, 

underlining the theory that JCPyV stimulates cell cycle progression to facilitate viral DNA 

replication. However, in contrast to Radhakrishnan, Verma et al. detected a profound up-

regulation of a number of ISGs. At least, 15 of the 51 genes that displayed a more than 2-fold 

increase in expression were IFN-responsive genes, including STAT-1, myxovirus (influenza 

virus) resistance 1 (MxA), 2’5’-oligoadenylate synthase 2 (OAS2), interferon-induced protein 

with tetratricopeptide repeats 1 (IFIT-1 or alternatively ISG56) and radical S-adenosyl 

methionine domain-containing protein 2 (RSAD2, alternatively cig5 or Viperin). As described 

before interferon regulatory factors (IRF) like IRF-3 and IRF-7 are critical components of the 

transcription complexes that recognize ISRE. Interestingly JCPyV replication did not alter the 

level of IRF-3 transcript, while IRF-7 was increased by two-fold. The different results could arise 

from different cells that the authors used during their studies. 

 Taken together, despite the fact that the innate immune system significantly contributes to the 

defence against BKPyV, its action can also cause PyVAN. It seems that innate immune 

responses against BKPyV lead to the killing of virus infected cells and this causes kidney 

dysfunction during BKPyV reactivation. Furthermore, the activation of some innate immune-

related transcription factor is another cause for reactivation of lytic phase of BK virus. Moreover, 

it may be assumed that killing of infected cells by innate immunity may lead to the release of 

viral and host antigens and it may result in the induction of inflammation, which is an important 

part of PyVAN. To conclude, innate immunity against BKPyV is a double-edge sword. On one 

hand the infected cells are eliminated, on the other hand increased inflammation can cause 

PyVAN. 

 

3.2.5 Adaptive Immunity 

The adaptive immune system is generated in response to “non-self” and characterized by 

immunological memory after a first response to specifically defined antigens. The antigen-

specific immune effector functions persist (“immunological memory”) and permit a faster and 

enhanced response to upon a second encounter (“boosted”). The adaptive effector functions 

are present as cellular and humoral immunity components, whereby the former is represented 

by T-lymphocytes and the latter by antibodies in body fluids generated by B-lymphocytes. Both 

components of the adaptive immunity are essential in the control of viral infections, and 

clearance.  
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3.2.5.1 T-Cells 

All T-lymphocytes have a T cell receptor (TCR) that recognises processed antigenic peptides, 

which are presented in HLA molecules by antigen-presenting cells (APC). Almost all cell types 

can function a kind of APC. However, there are also professional antigen-presenting cells, 

macrophages, B cells and dendritic cells. The TCR is a heterodimeric molecule consisting of 

two trans-membrane glycoprotein chains, namely the α and β-chain. The extracellular part of 

each chain consists of two domains displaying a variable (V) region and a constant (C) region, 

that forming antiparallel β-sheets. The C region is the closer to the cell membrane, includes a 

transmembrane region and a short cytoplasmic tail, while the V region is responsible for antigen 

binding. The TCR is non-covalently associated with the non-polymorphic CD3 proteins and 

together they build the TCR complex. The CD3 is needed for the in the T cell activation signalling.  

T-cells also express on their surface co-receptor molecules, necessary for recognition and 

activation. During development in the thymus, precursor T-cells express both co-receptors CD4 

and CD8, then after a positive selection process, cells expressing TCRs with potentially useful 

ligand specificities are identified. Those that carry TCRs recognising self-antigens undergo 

negative selection by programmed cell death, while those without TCR die from lack of signalling 

(negative selection by neglect). The resulting T lymphocytes ultimately develop either CD4 or 

CD8 expressing cells with a lineage fate determined by the MHC restriction specificity of their 

TCR. Cells with a MHC class II-restricted TCRs differentiate into CD4+ T-cells, whereas those 

receiving signals through MHC class I will become CD8+ T-cells. The CD4+ T-cells secrete 

cytokines to modulate other immune cells such B-cells, T-cells, macrophages and DC (“T-helper 

cells”), while CD8+ develop cytotoxic effector functions (“CD8+ T killer cells”), exhibiting 

cytotoxicity towards the target cell(s). The function of CD4+ cells can be further divided into Th1 

or Th2. Th1 CD4 helper cells produce cytokines that mediate pro-inflammatory and effector 

responses and modulate cytotoxic T-lymphocytes. In contrast, Th2 CD4+ T-cells help B cells to 

produce antibodies. 

 

3.2.5.2 B-Cells 

B-cell precursors are produced in bone marrow, and migrate to the spleen and lymph nodes, 

where they differentiate into mature naïve B-cells. B-cells are responsible for generating 

antibodies to specific antigens, which they bind via B-cell receptors (BCR). B-cells get activated 

by the binding of the specific antigen to the BCRs and a co-stimulatory, secondary activation 

signal from either helper T-cells or the antigen itself. Upon stimulation with an antigen, B-cells 

differentiate into plasma cells and secrete large amounts of antibodies. Antibodies that are 

secreted by B cells, circulate thereafter in the bloodstream and bind to specific foreign antigens 
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with a high affinity. Complement - and Fc receptors, bind to the antibody-antigen complex and 

induced thereby its and clearance. 

 

3.2.5.3 Adaptive Immunity against “Non-self” transplants  

T cells are one major arm of the adaptive immunity. In contrast to the innate immunity they do 

not detect proteins or repetitive pattern directly, but peptides on MHCs molecules, which are 

presented to them. The peptides have been intracellularly processed and are 9-aa long for MHC-

I and at least 13 amino acids long for MHC-II. If the peptide and the MHC molecule presented 

to T-cells are self-peptides and a self-MHC there is no recognition and no proliferation of T-cells. 

If the antigen or the MHC molecules are foreign the T-cells will be triggered and this is the case 

in the solid organ transplantation situation. T-cells of the recipient are able to recognize donor-

derived antigens. This process is called allorecognition and initiates allograft rejection. When 

the recipient T-cells get activated by the donor-derived antigens, they will clonally expand, 

differentiate into effector cells, and migrate into the graft, where they promote tissue destruction 

of the graft. Furthermore, CD4 T cells help the B cells produce alloantibodies.  

Acute rejection can onset as early as one week after transplantation, the highest risk is within 

the first three months, however it can occur months to years later. It is supposed that the main 

mediators of the acute rejection are T-lymphocytes and macrophages. In 10 to 20% of kidney 

transplanted patient acute rejection occurs [426]. 

Chronic rejection is a term for the “clinical syndrome” in which progressive decline in renal 

function is linked with multiple potential factors contributing to pathological changes. Chronic 

rejection result in interstitial fibrosis, arteriolar hyalinosis, and vascular remodelling, ultimately 

leading to progressive glomerulosclerosis [427]. Chronic rejection occurs in 7% of kidney 

transplanted patient[426]. 

 

3.2.6 Immunosuppression of Kidney Transplant Recipients 

In transplant patients, immunosuppressive therapy is needed to avoid immunological reactions 

against the graft that is recognized as “non-self”. Depending on the pre-existing anti-donor 

immunity in the recipient, induction, intensity and composition of immunosuppressive drugs are 

chosen. For solid organ transplantation, and for KT in particular, the current standard 

immunosuppression consists of: 

1. Induction therapy using intravenous high-dose corticosteroids (methylprednisolone) 

pulses plus non-depleting antibodies blocking the IL-2 receptor pathway (basiliximab, 
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daclizumab) for standard immunological risk. For high immunological risk, depleting 

antibody therapy is administered by infusion of rabbit antithymocyte globulin (rATG) or 

alemtuzumab, aa anti-CD52 antibody.  

2. Maintenance immunosuppression combining a calcineurin inhibitor (Tacrolimus, 

cyclosporine-A) with an antimetabolite drug (Mycophenolate, azathioprine) and a 

tapered corticosteroid (prednisolone, prednisone). 

3. Anti-rejection therapy in case histological and/or functional indicators using intravenous 

high-dose corticosteroids (methylprednisolone) pulses, which sometimes need to be 

combined with depleting antibody therapy. 

Because of the different toxicity profiles, immunosuppressive drugs are typically combined with 

the goal of the lowest immunologically effective concentrations. In addition, novel drugs and 

combinations are desired that could potentially complement the immunosuppressive portfolio. 

Thus, mTOR inhibitors have been developed in order to avoid the pronounced nephrotoxicity of 

CNI, especially of CsA.  

Moreover, the immunosuppressive therapy unspecifically removes and/or blocks the unwanted 

function of the anti-donor immune response, but at the same time paralyses the beneficial anti-

infective immune functions, and increases the risk for infectious diseases and their negative 

impact on graft and patient survival. Viruses represent a special challenge to transplant patients, 

since they undergo an obligatory intracellular phase in their viral life cycle, where they are less 

accessible to the adaptive immune system, and less discernible as “non-self” (see above). For 

most viruses today, with the exception Hepatitis B, Hepatitis C, Cytomegalovirus, Herpes 

simplex virus and Varicella-Zoster virus, there are no specific and effective antiviral s available. 

Thus, reducing immunosuppression may represent the only option for treating such viral 

complication, an option that may put the patients at risk for acute rejection. However, for BKPyV 

replication in KT patients, this remains currently the only option. Given the fact that BKPyV 

complications have significantly increased in the last 15 years, during which a major change in 

immunosuppression was noted, the question arises, whether BKPyV is mostly due to increase 

intensity of immunosuppression, or whether there are aspects attributable to specific 

immunosuppressive drugs. This knowledge may also be useful for guiding decisions regarding 

the choice of immunosuppressive drugs that should be reduced. Therefore, the mechanism of 

action of current immunosuppressive drugs is shortly reviewed here [428]. 
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3.2.6.1 Mycophenolate Mofetil 

In 1913, mycophenolic acid (MPA) was isolated by Alsberg and colleagues and was 

documented as a highly toxic penicillin [429]. It exhibited antiviral activity in vitro and in vivo 

against viruses including vaccinia, measles, Herpes simplex and Newcastle disease. [430]. 

Mycophenolate mofetil (MMF) is an esterified prodrug that is orally administered. In the upper 

gastrointestinal track, MMF is rapidly hydrolysed into its active form MPA. MPA binds to albumin 

and is metabolized into MPA-glucurodine (MPAG). MPAG is later hydrolized back into MPA 

again [431, 432]. MPA is a reversible inhibitor of inosine monophosphate dehydrogenase 

(IMPDH), which is an essential enzyme for the de novo synthesis of guanosine. IMPDH-

inhibition leads to a depletion of the guanine nucleotides, which are indispensable for the 

generation of DNA and mRNA. Unlike most other cells, lymphocytes lack the salvage pathway, 

hence depend on de novo nucleotide generation, MPA causes guanosine depletion and inhibits 

lymphocyte DNA synthesis and proliferation and expansion in response to immune stimuli via 

TCR or BCR on T- and also B-cells, respectively [431, 433] [432]. 

 

3.2.6.2 Calcineurin inhibitors (CNI) 

Calcineurin (CN) is a serine/threonine protein phosphatase that is activated by calmodulin and 

cytosolic Ca2+. CN is expressed in many mammalian tissues, however its concentration in the 

brain is 10-20 times higher than in other tissues. The highest level of CN is found in the 

hippocampus. CN consists of two subunits the catalytic subunit (CN-A, 58-64kDa) that 

comprises of an auto inhibitory domain, a calmodulin binding domain and a binding domain for 

the regulatory subunit (CN-B) [434]. Both interact tightly with each other in the presence of less 

than 10-7M Ca2+. However, as soon as higher Ca2+ concentrations are present, calmoldulin 

together with ionic cofactors bind to the CNA/CNB complex. This induces an open conformation, 

which enables the accessibility of the phosphatase-active site and dephosphorylated the 

transcription factor NFAT4 in activated T-cells [434]. The calcineurin-NFAT cascade lies 

downstream of many cell surface receptors, including G-protein coupled receptors (GPCRs) and 

receptor tyrosine kinases (RTKs). CN has several substrates, the most important is the nuclear 

factor of activated T-cells 4 (NFAT4). NFAT dephosphorylation exposes the NLS and 

translocates NFAT4 into the nucleus, where it activates transcription of cytokine genes in T-cells, 

especially in the induction of the IL-2 gene transcription [434]. After lL-2 expression and 

secretion, IL-2 binds in an autocrine manner to a IL-2- receptor, thereafter selectively provides 

cell proliferation signals to TCR-stimulated T-lymphocytes. However, paracrine stimulation is 

also possible, e.g. for T-helper cells. The signal transduction following IL-2 binding and IL-2 

receptor activation are integrated in lymphocytes via the mTORC1 complex and result in 
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different outcomes including cell division, metabolic activation, translation activation, or 

apoptosis. However, mTORC like CN or purine metabolism are present in all nucleated cells 

and therefore represent a common principle of regulation cell function and fate, which may be 

difficult to target selectively in lymphocytes. This needs to be taken into account when side 

effects of the different immunsuppressive drugs are evaluated. 

Calcineurin inhibitors (CNI) like tacrolimus and cyclosporine A, inhibit the CN-phosphatase 

activity, subsequently the signal transduction and transcription is suppressed. 

 

Cyclosporin A (CsA) 

CsA has been discovered by Dr. Frey in 1969 in soil samples from Norway, produced by the 

fungus Tolypocladium inflatum. First animal studies on CsA were carried out in 1976 by Borel 

et al. In this study, mice, rats and guinea-pigs were treated with CsA and a selective effect on 

T-cells was observed. It was published that even high doses of the compound affected the 

haematopoiesis only very weakly in mice. These findings were remarkable and contrasted with 

most other immunosuppressive drugs, since cytostatic drugs [435]. A pre-clinical study in 1979 

by Calne et al. and 2 years by Starzl demonstrated that CsA is a very potent immunosuppressive 

drug, but can be nephrotoxic [436, 437].   

Further understanding of the molecular mechanism of CsA was gained in 1984 by 

Handschumacher et al. The group isolated cyclophilin from the cytosol of thymocytes. They 

detected that this cyclophilin specifically binds to CsA. Their data suggested that the 

immunosuppressive activity of cyclosporin A is mediated by an intracellular mechanism [438]. 

In 1991 Liu et al. showed that the complexes cyclophilin-CsA and FKBP-tacrolimus inhibit the 

CN. Their binding is competitive and the binding and inhibition of calcineurin do not require 

calmodulin. Additionally, it was shown that cyclophilin alone does not bind and inhibit calcineurin, 

neither FKBP alone, nor FKBP-rapamycin [439]. In 2002, the crystal structure of both complexes 

cyclophilin -CsA-CN was revealed by Huai. Interestingly, both complexes cyclophilin -CsA-CN 

and FKBP-FK506-CN bind to the same composite surface and even more interesting is how CN 

achieves the molecular recognition of two structurally distinct immunophilin–drug complexes 

[440]. 

 

Tacrolimus (TAC) 

TAC, also known as FK506, is a macrolide that was first discovered in 1987. It was detected in 

soil samples from Japan and is produced by the bacterium Streptomyces tsukubaensis [441]. In 
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1987, TAC was biologically analysed in vitro and in vivo and it was revealed that TAC inhibits 

the production of T cell-derived soluble production of lymphocytes and generation of cytotoxic T 

cells approximately 100 times more potently than CsA [442]. In animal models, oral TAC 

administration was rapidly absorbed by the small intestines [443]. Because of the high potency 

of TAC, it was also used in rescue-therapies in KT patients with recurrent or refractory rejection 

[77]. Shortly after its drug approval, TAC became frequently used as an immunosuppressant 

after different organ transplantations, because of its potency. In 1991, Shapiro et al. investigated 

the side effects of and CsA, the most prominent were nephrotoxicity and diabetogenicity [444, 

445].  

TAC was similarly shown to act as CNI, but binding to a different cellular protein of 12 kDa, 

called FK-binding protein of 12 kDa (FKBP-12). Despite this difference, TAC inhibits the 

production of T cell-derived soluble mediators such as IL-2, IL-3 and IFN-g as CsA does.  

 

3.2.6.3 mTOR inhibitors 

Sirolimus (rapamycin) 

Rapamycin, today denoted sirolimus (SIR) is a macrolide produced by the bacterium 

Streptomyces hygroscopicus. Its antibiotic activity was discovered by the group of Vézina in soil 

samples from Rapa-Nui on the Easter Islands and initially named accordingly rapa- and -mycin 

to indicate microbial origin [446]. SIR is a mTOR inhibitor that inhibits preferentially mTORC1, 

and not mTORC2. SIR also associates FKBP-12, and requires this binding for allosteric 

inhibition of mTORC1 [447].  

In a clinical phase I study of renal transplant patients, no significant effects of SIR were seen on 

triglycerides, blood pressure, glomerular filtration or liver function. However, SIR was decreased 

in platelets and white blood cell counts, and increased cholesterol values. As there was no 

nephrotoxicity observed, it was published that SIR may be a potent immunosuppressant without 

major toxicity [448]. The US Food and Drug Administration (FDA) approved SIR in 1999 for the 

prevention of kidney allograft rejection. SIR and its derivative everolimus are presently utilized 

as immunosuppressive therapies in solid organ transplantation [449]. Subsequently, other non-

allosteric but enzymatic inhibitors of mTORC1 were developed including Torin-1. 

Torin-1 

Torin-1 was developed in 2009 by the Gray Laboratory. In contrast to SIR or everolimus, Torin-

1 inhibits both mTOR complexes with IC50 values between 2 and 10nM through an ATP-

competitive mechanism, as shown in in vitro kinase assays using immuno-purified mTORC1 or 
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mTORC2 [450]. Torin-1 is able to completely inhibit the translation factor 4E-BP by preventing 

phosphorylation of all relevant sites. Furthermore, torin-1 had no inhibitory effect on other 

kinases specific for serine/threonine, tyrosine, and lipids. Torin-1 had no effect on the stability 

of either mTORC1 nor mTORC2 in vitro [450].  

 

 

Figure 16: Calcineurin- and mTOR inhibitors 
Akt, plasma membrane located, inositol activated serine-threonine kinase; CsA, cyclosporine A; FKBP-
12, FK binding protein- 12kDa; mTOR, mammalian target of rapamycin; mTORC1, mammalian target of 
rapamycin complex 1; SIR, sirolimus; S6K1, Ribosomal protein S6 kinase beta-1 (S6K1); TAC, 
tacrolimus; TSC, tuberous sclerosis factor; 4E-BP, translation inhibitor 4E binding protein; elF4E, 
Eukaryotic translation initiation factor 4E, RAPTOR, regulatory-associated protein of mTOR; Rheb, Ras 
homolog enriched in brain; mLST8, mammalian lethal with SEC13 protein 8 also known as target of 
rapamycin complex subunit LST8; T bars, inhibition; arrows, induction [241, 428] 

 

Taken together, the interaction between BKPyV and the human host is very dynamic, as in 5% 

- 10% of healthy immunocompetent blood donors occasionally shed BKPyV in the urine. 

However, in immunocompromised individuals, BKPyV can cause significant diseases. The 

choice of the immunosuppressive drug and the NCCR BKPyV variants are important factors for 

determining the outcome for kidney disease. 
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4. Aim 

1. To investigate the direct effects of immunosuppressive drugs on the BKPyV replication in cell 

culture. 

2. To investigate the role of non-coding control region as determinants of the BKPyV early viral 

life cycle and replication capacity. 

3. To characterize the role of BKPyV agnoprotein in the late viral life cycle. 
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5. Material and Methods 

5.1 Cells 

5.1.1 Seeding of Human Renal Proximal Tubular Cell (RPTEC) 

Primary human renal proximal tubular epithelial cells (RPTEC; ATCC PCS-400-010, lot 5111) 

were maintained in epithelial cell medium (EpiCM, ScienCell, Carlsbad, CA, USA) and passaged 

with Passage Kit 2 (2040002, Provitro GmbH, Berlin, Germany) 

 

5.1.2 Passaging and Seeding UTA-6 clones 

UTA-6 2C9 cells were maintained in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM, 

Sigma) with 5% Fetal Bovine Serum (FBS, Biochrome AG, Berlin, Germany), 2 mM L-glutamine, 

supplemented with 500 μg/mL G418 (Geneticin, Sigma) and 1 μg/mL tetracycline (Tet) (Sigma). 

For inducible protein expression experiments, medium containing 1 μg/mL Tet was replaced with 

medium without Tet for the indicated time. 

UTA-6 agno clones stably expressing the BKPyV agnoprotein in a Tet-dependent manner were 

obtained by cotransfecting the hygromcyin-selectable BKV agnoprotein-encoding construct 

phTRE-Agno and the EGFP encoding construct pEGFP-N1 (Clontech, Mountain View, CA, 

USA) in a 10 : 1 ratio. One day after transfection, cells expressing EGFP were sorted using a cell 

sorter (FACSARIA, BD) and seeded in 96 multiwell plates at a limiting dilution of 0.3 cells per 

100 μL of DMEM containing 10% FCS supplemented with 500 μg/mL G418 (Geneticin, Sigma), 

1 μg/mL Tet (Sigma) and 800 μg/mL hygromycin-B (Calbiochem). Medium was changed every 

48 hours for 14 days to select clones. Subsequently the clones were expanded in medium 

containing 500 μg/mL G418, 1 μg/mL Tet and 200 μg/mL hygromycin-B, tested by 

immunofluorescence for BKPyV agnoprotein expression after Tet removal.  

 

5.1.3 Passaging and Seeding CV-1 

The African green monkey kidney cell line CV-1 (ATCC CCL-70) was cultured in Dulbecco’s 

modified Eagle’s medium supplemented with 5% FBS and1x GlutaMAX-I. 
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5.1.4 Passaging and Seeding SVG-A 

The SVG-A cells were kept in GIBCO® Minimum Essential Media including 10% FBS. 

 

5.2 Infections 

5.2.1 BKPyV infection 

One day before infection. Cells were trypsined and 6.5x104 RPECs were seeded in 2% EpiCM 

diluted cells were seeded as described earlier.  

Day of infection: Confluency should be about 60%. For each well, 250μl of BKPyV supernatant 

(3*108 geq/ml) was transferred to cells diluted in 0% EpiCM, cell incubated 37°C/ 5% CO2 for 2 

h rocking every 30 min. afterwards medium was replaced by 500µl 0.5%EpiCM. 

 

5.2.2 JCPyV infection 

One day after seeding, SVG-A cells were infected with JCPyV Mad-4 using a supernatant from 

JCPyV Mad-4 transfected cos-7 cells. The infection was carried out for 2 h before surplus 

infectious units were removed and complete medium added.  

 

5.2.3 SV40PyV infection 

One day after seeding, CV-1 cells were infected with SV40 (776 strain) at a MOI of 0.5-1.0 

pfu/cell using a supernatant from SV40-infected BS-C-1 cells. The infection was carried out for 

2 h before surplus infectious units were removed and complete medium added. 

 

5.3 DNA for Transfection 

5.3.1 Bacterial Minicultures  

Material needed: 

- Bacterial colonies on agar/Ampicilin plates 

- 12 ml Falcon tubes 

- LB Medium 

- Ampicillin 
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- QIAprepâSpin Miniprep Kit (QIAGEN) 

 

Procedure: 

- Pick a single colony from each agar plate  

- Put it in 2 ml LB medium. 

- Add 2 μl ampicillin to each tube (1:1000 dilution) 

- Put the tubes on a shaker 2000 rpm overnight at 37°C 

 

5.3.2 Bacterial Maxiprep 

Material needed: 

- Small liquid culture 

- Erlenmeyer flask 

- LB Medium 

- Ampicillin 

- QIAprepâSpin Miniprep Kit (QIAGEN, Washington D.C.) 

 

Procedure: 

- Add 200 µl small liquid culture 

- 200 ml of LB medium 

- Add 200 µl ampicillin 

- Incubate Erlenmeyer flask on a shaker at 37°C, 220 rpm overnight  

Preparation of DNA was according to the QIAprepâSpin Maxiprep Kit (QIAGEN) 

 

5.3.3 Restriction Endonuclease Digest 

Digestion of 0.1 μg DNA 
 
Material needed: 

- New England BioLabs ((NEB), Ipswich) Buffer 3 (10X) 

- NEB BSA (100X) 

- qH2O 

- BamHI NEB 
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Procedure 

- 4 μl NEB3 Puffer(10X)  

- 4 μl NEB BSA(10X)-> 1:10 Dilution of NEB BSA (100x)  

- x μl DNA (0.1μg) 

- 1 μl of BamHI NEB (200000, units/ml)  

- x μl H2O to fill up to 40 μl 

-> Final volume 40 μl 

 

Digest incubated for 45 at 37°C and centrifuged. Then same amount BamHI is added and 

incubation as before. For DNA purification PCR Purification Kit Protocol (QIAGEN) the 

microcentrifuge Spin Protocol was used. 

 

5.3.4 Ligation of DNA 

Material needed: 

Ligation for a 24 well plate    Ligation for a 6 well plate   

- Per one 24 well 0.1 µg DNA   - Per one 6 well 0.5 µg DNA  

- 1.25 µl T4 DNA Ligase Reaction Buffer (10x) - 7.5 µl T4 DNA Ligase Reaction  

(New England BioLabs Ipswich (NEB))   Buffer (10x) (NEB) 

- 1 µL T4 DNA Ligase (NEB) - 5 µL T4 DNA Ligase (NEB) 

 

- Fill up to 12.5 µl with sterile water  - Fill up to 75 µl with sterile water 

Final volume: 12.5 µl   Final volume: 75µl 

Incubation for 150 min at room temperature 

 

5.3.5 Gel 

Material needed 

- Agarose, electrophoresis grade (Invitrogen) 

- 1xTAE buffer 

- Elution Buffer (EB) (QIAGEN) 

- Loading Dye (Bio-Rad, California) 

- 1 kb ladder (Bio-Rad) 

- 100 bp ladder (Bio-Rad) 

- Ethidium bromide 
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Procedure 

Dependent on the size of the DNA 0.8% -1.2% agarose gels in a final volume 30 ml TAE 

containing 0.3 μg/ml ethidium bromide were used. The final volume of each loading row was 10 

μl containing 0.4 μg DNA, 1μl loading dye and the rest was filled with EB buffer. The gel was 

running at 100 Volt for 30 minutes. The completion of the digest was monitored by UV-imaging 

documentation system. 

 

5.4 Transfection 

5.4.1 Transfection of RPTEC 

Transfection of BKPyV genomic DNA or plasmids containing the agnoprotein into RPTECs or 

UTA-6 2C9 was performed at 90-95% confluency using ViaFect™ Transfection Reagent 

(E4982; Promega; Madison; USA) at a reagent: DNA DNA ratio of 3:1 according to 

manufacturer’s instructions. 24h after transfection, medium was replaced with complete renal 

epithelial cell basal medium (ScienceCell Research Laboratory) respectively DMEM high 

Glucose containing 5% FCS (SigmaÒ). 

 

5.4.2 Transfection of UTA-6 2C9 

Plasmids containing the agno into UTA-6 was performed at 60% confluency using ViaFect™ 

Transfection Reagent (E4982; Promega; Madison; USA) at a reagent: DNA DNA ratio of 3:1 

according to manufacturer’s instructions. 24h after transfection, medium was replaced with 

complete renal epithelial cell basal medium (ScienceCell Research Laboratory). 

 

5.5 Immunofluorescence 

5.5.1 Immunofluorescence with Triton X-100 

Material needed: 

- Paraformaldehyde (PFA, Fluka) in PBS with Ca2+/Mg2+ 

- Glass slides 50 x 24 mm 

- PBS with Ca2+/Mg2+ 

- Triton X-100 (Fluka) 

- 0.5 M NH4Cl in PBS with Ca2+/Mg2+ 

- Dry milk powder 
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- N-propyl gallate (Sigma) 

- Gyratory shaker 
- 3% milk in PBS 

- 0.5 µg/ ml Hoechst Dye 33342 in PBS 

- Pro Long Gold Antifade Reagent with DAPI (P36935, Invitrogen) 

 
Procedure: 

1. Fix cells in 4% PFA for 10 min at RT followed by two times PBS Ca2+/Mg2+ on a shaker) 

2. 0.2% Triton X-100 in PBS at room temperature for 10 min. 

3. Discard the fixation/ permeabilization solution into an appropriate hazardous waste container. 

4. Wash cells with PBS at room temperature for 5 min. 

5. Incubate cells in 0.5 M NH4Cl at room temperature for 7 min. 

6. Wash cell twice with PBS at room temperature for 5 min. 

7. Remove PBS, add 3% milk in PBS and incubate the coverslips at 37°C for 15 min in wet 

chamber to block unspecific binding sites. 

8. Transfer coverslips to appropriately diluted primary antibody in PBS and incubate at 37°C for 

45-60 min in wet chamber. 

9. Wash cell twice with PBS at room temperature for 5 min on gyratory shaker (approx. 170 

rpm). 

10. Remove PBS, add appropriately diluted secondary antibody in PBS and incubate at 37°C 

for 45-60 min in wet chamber. Protect from light. 

11. Wash cells twice with PBS at room temperature for 5 min. 

12. Mount the coverslip in Pro Long Gold Antifade reagent with DAPI. Dry the sample 24h in the 

dark at RT and then store at 4°C protected from light. 

 

Table 8: Primary antibodies 

Antibody Species IF  Supplier/source Order no. 

Anti-BKPyV agno rabbit 1:800 C. Rinaldo   

Anti-BKPyV LTag rabbit 1:800 C. Rinaldo   

Anti-BKV SV40-LTag mouse 
IgG2a 

1:50 Calbiochem PAb416 

Anti-BKPyV Vp1 mouse 
IgG1 

1:300 Abnova MAB3204-M19 

Anti-Vp2/Vp3 rabbit 1:300 Abcam ab53983 

Anti-Tom20 mouse 
IgG2a 

1:250 Santa Cruz sc-17764 

Anti-MAVS mouse 
IgG2a 

1:50 Santa Cruz sc166583 

Anti-IRF-3 mouse 
IgG1 

1:500 Novus Biologicals NBP-04308 

Anti-Interferon a mouse 
IgG1 

1:200 pbl assay science 21116-1 
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Anti-Interferon b mouse 
IgG1 

1:200 pbl assay science 21400-1 

Anti-Interferon a/b Receptor chain 
2 

mouse 
IgG2a 

1:200 pbl assay science 21385-1 

Anti-p62 mouse 
IgG1 

1:50 Santa Cruz sc-28359 

Anti-PDI mouse 
IgG1 

1:250 Stressgen SPA-891 

Anti-Phospho-DRP1 (Ser616) rabbit 1:500 Cell Signaling 3455 

Anti-STING Mouse 
IgG2b 

1:100 R&D Systems MAB7169 

 

 

Table 9: Secondary antibodies 
Antibody Species IF Supplier/source Order no. 

Anti-mouse IgG2a Alexa568 goat 1:300  Invitrogen A21134 

Anti-rabbit Alexa 647 donkey 1:500 abcam ab150075 

Anti-mouse IgG1 Alexa488 goat 1:400 Molecular Probes A-21121 

Anti-mouse Alexa Fluor 680 Donkey 1:15'000 Invitrogen A10038 

Anti-rabbit IRDye 800CW goat 1:10'000 Li-COR 926-32211 

Anti-goat IRDye 800CW donkey 1:10'000 LI-COR 926-32214 
 
 

Table 10: Fluorescent markers 

Marker IF Supplier/source Order no. 

LipidTox Red  1:1'000 Molecular Probes H34476 

Hoechst 33342 0.5 μg/ml Invitrogen H21492 

 

5.5.2 Immunofluorescence with Saponin 

Material needed 

- 8% paraformaldehyde (PFA, Fluka) in PBS with Ca2+/Mg2+ 

- Glass slides 50 x 24 mm 

- PBS with Ca2+/Mg2+ 

- Saponin (SigmaÒ) 

- Brefeldin-A (SigmaÒ) 

 -N-propyl gallate (SigmaÒ) 

- 0.5 µg/ml Hoechst Dye 33342 in PBS with Ca2+/Mg2+ 

- Pro Long Gold Antifade Reagent with DAPI (P36935, Invitrogen) 

 

Procedure: 
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1. Alternatively, permeabilise cells with 0.1% saponin in PBS with Ca+2/Mg2+ at room temperature 

for 10 minutes.  

2. Remove permeabilisation solution, add appropriately diluted primary antibody in PBS with 

Ca+2/Mg2+ containing 0.1% saponin and 3% bovine serum albumin and incubate at room 

temperature for 45-60 minutes. 

3. Wash cells with PBS with Ca+2/Mg2+containing 0.1% saponin. 

4. Add appropriately diluted secondary antibody in with PBS with PBS with Ca+2/Mg2+.containing 

0.1% and 3% bovine serum albumin saponin and incubate at room temperature for 45-60 

minutes. Staining of DNA is performed by adding 0.5 µg/ml Hoechst Dye 33342 to the secondary 

antibody. Protect pecimes from light.  

5. Wash cells twice with PBS with Ca+2/Mg 2+ containing 0.1%.  

6. Rinse once again with PBS with Ca+2/Mg2+. 

7. Mount the coverslip in pro long gold antifade reagent with DAPI. Dry the sample 24h in the 

dark at RT and then store at 4°C protected from light. 

 

5.5.3 Immunofluorescence microscope 

Microscopy was performed using an epifluorescence microscope (model eclipseE800; Nikon) 

equipped with suitable filters and a digital camera (Hamamatsu). The pictures were analysed by 

Fiji or ImageJ. 

 

5.5.4 Confocal Laser Scanning Microscopy (CLSM) 

Confocal pictures were taken with a LeicaSP5 (Leica, Wetzlar, Germany) with a 63x objective 

and pictures were then processed further by Fiji (U.S. National Institutes of Health, Bethesda, 

MD). For deconvolution Z-stacks were acquired de-convolved and processed with IMARIS 

(Bitplane AG, Zurich, Switzerland). Microscopy and digital image processing. 63x Plan 

Apochromat/NA1.4 oil objective. Depending on the different fluorochrome-tagged secondary 

antibodies following lasers were used: Diode 405 nm, Argon 458 nm, 477 nm, 488 nm, 514 nm, 

He-Ne 543 nm, He-Ne 594 nm or He-Ne 633 nm. To exclude the possibility of channel crosstalk, 

images were acquired sequentially using the multi-track mode. For z-stacks acquisition of the 

fluorescent specimen, the requirements of the Nyquist theorem were fulfilled, with voxel xyz size 

of 45, 45, 150 nm, respectively. Deconvolution and visualization was done essentially as 
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described [451]. For deconvolution, the Huygens professional software (Scientific Volume 

Imaging, Hilversum, the Netherlands) was used, applying the Classic Maximum Likelihood 

Estimation Mode (CMLE) using a theoretical point spread function (PSF) 

 

5.6 Markers for live cell imaging 

5.6.1 JC-1 dye  

JC-1 is a cationic carbocyanine dye that accumulates in mitochondria. The dye exists as a 

monomer at low concentrations and yields green fluorescence, similar to fluorescein. At higher 

concentrations, the dye forms J-aggregates that exhibit a broad excitation spectrum and an 

emission maximum at ~590 nm. These characteristics make JC-1 a sensitive marker for 

mitochondrial membrane potential. To measure JC-1 dye (Thermo Fisher, Waltham, MA, USA), 

staining cells were treated with 5 µM JC-1 for 30 minutes at 37°C. Cells were washed twice with 

Ca+2/Mg2+ for 5 min, followed by addition of live cell imaging solution (A14291DJ; Thermo Fisher). 

The cells were illuminated at 488 nm and the emission was collected between 515/545 nm and 

575/625 nm. JC-1 dye was measured with mithras2 (Berthold Technologies GmbH & Co. KG, 

Bad Wildbad Germany) and quantified. Mock infected- or no Agno expressing cells were set to 

100%.  

 

5.6.2 Tetramethylrhodamine (TMRE) staining 

To TMRE staining cells were treated with 200nM TMRE and CCCP for 30 minutes at 37°C. 

Afterwards cells were twice washed with Ca+2/Mg2+, followed by addition of live cell imaging 

solution (A14291DJ; Thermo Fisher, Waltham, MA, USA) afterwards cells were measured at 

548nm excitation, 573nm emission. 

 

5.6.3 CellLight® Mitochondria-GFP, BacMam 

CellLight® Mitochondria-GFP, BacMam 2.0, is a fusion construct of the Leader sequence of E1 

alpha pyruvate dehydrogenase and emGFP, providing accurate and specific targeting to cellular 

mitochondria-GFP. This fusion construct is packaged in the insect virus baculovirus, which does 

not replicate in human cells and is designated as safe to use with biosafety level (BSL) 1 in most 

laboratories. Transfection was done using CellLight® Mitochondria-GFP, BacMam (C10508; 

Thermo Fisher) according to manufacturer’s instructions. 
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5.7 Cellular Treatments 

5.7.1 Induction of Lipid droplets 

To induce LDs, culture medium was supplemented with 300 μM oleate (O1383; Sigma) bound 

to essentially fatty acid free bovine albumin (A6003; Sigma) as described [452]. 

 

5.7.2 Poly(I:C) treatment 

Poly(I:C) (HMW) Rhodamine (tlrl-picr; InvivoGen) was transfected with ViaFect™ Transfection 

Reagent (E4982; Promega; Madison; USA) at a reagent: DNA ratio of 3:1 according to 

manufacturer’s instructions or with Poly(I:C) (LMW)/LyoVec (tlrl-picwlv InvivoGen). The 

treatment was administered as indicated. 

 

5.7.3 Poly(dA:dT). 

Poly(dA:dT) (tlrl-patn-, InvivoGen), Rhodamine (tlrl-patrh, InvivoGen) was transfected with 

ViaFect™ Transfection Reagent (E4982; Promega; Madison; USA) at a reagent: DNA ratio of 

3:1 according to manufacturer’s instructions. The treatment was administered as indicated 

 

5.7.4 Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) 

If indicated cells were treated with 40uM CCCP for 30 minutes at 37°C, afterwards cells were 

twice washed with Ca+2/Mg2+, followed by addition of live cell imaging solution (A14291DJ; 

Thermo Fisher). 

 

5.7.5 TBK-1 inhibition 

As an TBK-1 inhibitor we used BX-795, (Selleckchem Houston, TX, USA; S1274). BX-795 stock 

was diluted in DMSO and a stock concentration of 10mM was generated. BX795, is an 

aminopyrimidine compound, that was developed as an inhibitor of 3-phosphoinositide-

dependent kinase 1 (PDK1). It was recently shown to be a potent inhibitor of the IKK- related 

kinases, TANK-binding kinase 1 (TBK1) and IKKε, and hence of IRF-3 activation and IFN-β 

production2, 3.O.  



91 
 

 

5.7.6 Cobalt chloride (CoCl2) 

CoCl2 (Merck-Millipore; 102539) was dissolved in H2O dest. and added to the cells as indicated 

(stock solution was 0.1M). 

 

5.8 Analytic Methods 

5.8.1 RNA extraction 

RNA was extracted using the QIAshredder kit (79654, Qiagen) followed by the RNeasy Mini kit 

74106 Qiagen). cDNA was generated using the High capacity cDNA reverse transcription kit 

(4368814; Applied Biosystems). 

 

5.8.2 RTPCR (qPCR) for viral load and RNA measurement 

Material needed: 

- TaqMan ABI PRISM 7700 (Instrument for PCR)  

- MicroAmp Optical 96-well Reaction Plate (AppliedBiosystems, Foster City) 

- MicroAmp Optical Adhesive Film (AppliedBiosystem) 

- Sterile, RNase-free Filter tips (Eppendorf, Lübeck) 

- Combitips plus 1.0 ml (Eppendorf) 

- Sterile 1.5 ml Eppendorf tubes (Eppendorf) or 1.5 ml Sarstedt tubes (Sarstedt, Sarstedt) or 2 

ml Sarstedt tubes (Sarstedt) or 7 ml Bijou Container (Sterilin) (depending on the amount of 

reaction mix needed) 

- Saran foil 

- qPCR MasterMix for ABI PRISM 7700 (see MasterMix protocol) 

- Sterile, RNase-free H2O (e.g. autoclaved Milli-Q H2O) 

- Forward primer 10 µM 

- Reverse primer 10 µM 

- Probe 10 µM 

- Specific standards (102, 104, 106 Geq/ 5 µl) (from MD-Lab) 

- DNA or cDNA template 

Preparation of reaction mix: 

1. Clean bench with 70% EtOH 

2. Cover working place with Saran foil 

3. Thaw required reagents (primers, probe and qPCR MasterMix), mix the probe. 
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4. Pipette reaction mix:  12.5 µl Mastermix per 96 well 

0.75 µl forward primer 10 µM 

0.75 µl reverse primer  

0.5 µl Probe 10 µM 

2. Pipette 20 µl of the reaction mix into the MicroAmp Optical 96-well Reaction Plate by using 

Combitips. Reaction set up can be done at room temperature. 

3. Add 5 µl of your template DNA, 5 µl of standards or 5 µl H2O as No-Template-Control to the 

reaction wells. àFinal volume of reaction: 25 µl 

4. Cover plate with MicroAmp Optical Adhesive Film 

5. Quickly spin the plate to get rid of air bubbles (especially at the bottom) 

6. Let qPCR run using TaqMan ABI PRISM 7700. Program the instrument as follows: 

•   2 min.   50°C     UNG step 

• 10 min.   95°C     HotGoldStar activation/ UNG inactivation 

• 15 sec.   95°C     45cycles 

• 60 sec.   60°C      

 

Final concentrations of primers and probes: 

 

ACY forward 300 nM   BKPyV forward  300 nM 

ACY reverse    300 nM   BKPyV reverse  300 nM 

ACY probe 200 nM   BKPyV probe   200 nM 

BKPyV LT-ag-TAGF 300 nM   BKPyV VP1-ANYF  300 nM 

BKVPyV LT-ag-TAGR 300 nM   BKPyV VP1-ANYR  300 nM 

BKVPyV LT-ag-fam 200 Nm  BKPyV VP1-ANYM1-fam 200 nM 

 

Human HPRT1 (Endogenous Control) (AppliedBiosystems): 20x mix (forward + reverse primers 

and probe) 

 

5.8.3 Western blot- Triple buffer (cell lysis buffer): 

50mM Tris pH 8.0; 50mM NaCl; 1% NaDOC; 1% Triton X-100; 0.1% SDS add proteinase 

inhibitor (Roche 04693132001) and phosphatase inhibitor cocktail 2&3 (Sigma P5726, P0044) 

immediately before use. 

-SDS running buffer: 

  a) Tris-gel (10x: 30.3g Tris; 187.5g Glycine; 10g SDS; fill up with H2O to 1000 ml) 

  b) Tris-HEPES gel (10x: 121g Tris; 238g HEPES; 10g SDS; fill up with H2O to 1000 ml) 

- Blotting buffer 10x: 
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 30.3g Tris; 144g Glycine (per 1l); for 1x fill up with 20% methanol 

- 5x Sample Buffer: 

 10% SDS, 0.05% Bromophenol blue, 0.25M Tris pH6.8, 50% Glycerol, 25% 2bME  

- TBST: 50mM Tris, 150mM NaCl, 01% Tween 20, pH 7.5 

 

Protein extraction: 
1. Seed cells in 6-well plate in 2ml medium. Infect and treat the cells.  

2. Remove culture medium and wash the wells once with room temperature PBS (with Mg2+ 

and Ca2+). 

3. Add 60µl triple buffer to each well and scrape the cells. 

4. Transfer the cells to 1.5ml tubes, vortex and incubate the sample on ice for 5 min, vortex 

again and incubate the sample on ice for 10 min store at – 70°C till next step. 

5. Centrifuge cells at 4°C at 14 000 rpm for 3min and collect the supernatant to a new 1.5ml 

tube. 

6. Measure the protein concentration. 

7. Add 5x sample buffer to cell lysate, calculate the concentration of lysate in 1x sample 

buffer. 

8. Incubate at 95°C for 5 min and load onto gel or store at -20°C. 

 
SDS gel electrophoresis: 

9. Load 10-30µg cell lysate onto gel, 20-30µl protein standards marker 

10. Running conditions: 

          Voltage: 180 V 

          Time: 45 min 

 

Blotting: 
11. In the meantime, trim 0.45 µm PVDF membrane and two whatman filter papers.  

12. Activate membrane with methanol for 1 min, wash it with MilliQ water and then incubate 

in blotting buffer for 10 min.  

13. Assemble a blotting cassette: 

          Blotting pad (soaked with blotting buffer) 

          Filter paper (soaked with blotting buffer) 

          Membrane 

          SDS gel 

          Filter paper (soaked with blotting buffer) 

          Blotting pad (soaked with blotting buffer) 

14. Install the cassette into blotting tank and put on ice. 

15. Blotting conditions: 
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          Voltage: 40 V 

          Time: 2 h 

 

Blocking, application of primary/secondary antibodies: 
16. Wash the membrane with TBST buffer on a shaker for one minute 

17. Incubate the membrane with 3% BSA in TBST on a shaker for 45 min at RT. 

18. Add primary antibody solution (diluted in 3% BSA) and incubate overnight on shaker at 

4°C. 

19. Wash the membrane 3x with TBST (5 min for each washing step). 

20. Incubate the membrane with secondary antibody (diluted in 3% BSA) on a shaker for 1h 

at RT. 

21. Wash the membrane 4x with TBST. 

 

5.8.4 Enzyme-linked Immunosorbent Assay (ELISA) 

The ELISA was performed using the VeriKine-HsTM Human IFN Beta Serum ELISA KIT (41415, 

pbl assay science). The recommended enhanced protocol form improved performance in serum 

evolution was used. Samples were measured in triplicates and the standard curve was 

generated using prism. 

 

5.9 Electron microscopy 

Samples were rinsed with ice-cold cacodylate 0.1M pH7.4 and fixed with 2% paraformaldehyde, 

2.5% glutaraldehyde (01909; Polysciences) in 0.1M cacodylate pH7.4. Samples were washed 

again with cacodylate buffer (0.1M, pH=7 and postfixed in 1% osmium tetroxide and 1.5% 

potassium ferrocyanide in cacodylate buffer (0.1 M pH=7.4), followed by a 1% osmium in 

cacolylate buffer treatment. Sections were washed in distilled water. Samples were stained with 

1% uracil acetate in water and rinsed once with H2O. Samples were de-hydrated in graded 

alcohol series and embedded in Epon. The images were taken with a TecnaiTm Spirit TEM (Fei, 

Thermo Fisher). 

 

5.10 Immunohistochemistry 

After deparaffinization samples were heated for 30min in the microwave at 98°C in citrate-buffer 

(pH 6.0) and cooled down for 30min. Samples were washed 1´5min with D-PBS and 1´5min in 
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10mM D-PBS + 0.1% Tween20 (93773; Fluka, Thermo Fisher). Samples were blocked with 5% 

normal goat serum (50197Z; Thermo Fisher), for 1h at RT. Primary antibodies were diluted in 

3% BSA/PBS (A9647; Sigma) and samples were incubated over night at 4°C followed by 2´5min 

washes in 10mM PBS. Secondary antibodies were diluted in 3% BSA/PBS containing 1µg/ml 

Hoechst 33342 (B2261; Sigma), followed by 2´5min washes in 10mM PBS. Samples were 

mounted with Prolong Gold (P36935; Thermo Fisher). 

 

5.11 Statistics 

All results were analyzed by GraphPad Prism software (version 7.0c). Level of significant 

variability between groups was tested as indicated in figure legends, using paired t-test or two-

way analyses of variance (ANOVA), respectively. Significant differences were assumed 

for P values of <0.05. Groups were plotted as mean values and their standard deviation (SD). 
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6. Results 

6.1 Publication 1: BK Polyomavirus Replication in Renal Tubular Epithelial 
Cells Is Inhibited by Sirolimus, but Activated by Tacrolimus Through a 
Pathway Involving FKBP-12 

BKPyV infects up to 90% of the general population establishing a latent kidney infection [45]. 

BKPyV is not associated with any disease in immunocompetent individuals. Nevertheless, 

BKPyV is the major cause of BK polyomavirus-associated nephropathy (BKPyVAN) in kidney 

transplant and haemorrhagic cystitis in hematopoietic stem cell transplant patients [249, 453-

455]. High levels of BKPyV are detected during viremia and viruria that precede BKPyVAN [239]. 

As there is no antiviral drug available against BKPyV, the most effective treatment is an accurate 

screening of kidney transplanted patients and surveillance of BKPyV levels in blood and urine. 

However, if there is an increase of BKPyV levels observed in patients a reduction of 

immunosuppressive drugs is the standard treatment [221, 231, 456]. There are several risk 

factors described for the development of BKPyVAN among them the choice of the 

immunosuppressive drug. There are several drugs available on the market among them, 

mammalian target of rapamycin (mTOR) inhibitors like sirolimus (SIR), also known as rapamycin 

and torin-1 and on the other hand calcineurin inhibitors, like tacrolimus (TAC) and cyclosporine 

A (CsA). Torin inhibits mTOR directly, sirolimus inhibits mTOR by binding to the FK binding 

protein 12kDa (FKBP-12) [450, 457]. The FKBP-12 is also bound by TAC, but this interaction 

leads to the inhibition of calcineurin [458]. CsA binds to cyclophilin A and inhibits thereby 

calcineurin [439]. Before the era of CsA, there were less reported cases of BKPyVAN, with the 

widespread use of tacrolimus or tacrolimus-mycophenolate mofetil as a combination therapy 

BKPyVAN cases increased [72, 459]. Data collected from more than 35’000 kidney transplanted 

patients showed that a treatment with TAC compared to CsA increased the risk significantly to 

develop PyVAN [459]. A treatment with mTOR inhibitors reduced the risk significantly [252, 459]. 

This study was conducted because there are no in vitro data available on how TAC, CsA, SIR 

and torin-1 act directly on BKPyV replication alone or in combination.  

BKPyV replication was examined in the well-characterized model of primary human proximal 

renal tubular epithelial cells, which are the primary target of BKPyV in the renal allograft. A 

treatment with SIR 2h after infection led to a 90% reduction of extracellular/intracellular viral 

loads. Moreover, a delay of viral early and late proteins was observed. Generally, the earlier the 

RPTEC were treated with SIR, the more pronounced the reduction in BKPyV viral load was. The 

reduction could be observed within the first 12h. Later treatment only had a minor effect on viral 

replication, if any. These results suggest that the early steps of viral replication are affected by 

SIR.  
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BKPyV infection stimulates the mTOR pathway, as seen by the activation downstream targets 

of mTOR p70-S6 kinase, P-p-38, P-Junk, and 4E-BP. Additionally, an increase of 

phosphorylated AKT (active form), which is upstream of mTOR, was observed during BKPyV 

infection and treatment with viral like particles. The results suggested that viral entry alone has 

a stimulatory effect on its host cell. As expected treatment with SIR lead to less p70-SK6.  

Silencing of FKBP-12 followed by SIR treatment led to similar viral loads and viral protein 

expression as mock treated cells. The results exhibited that inhibition of BKPyV replication by 

SIR is FKBP-12 dependant. mTOR inhibitor torin 1 also reduced viral load in a dose dependent 

manner when added within the first 12h, later treatment had no effect on the viral load as seen 

for SIR. These results show that the mTOR pathway is of eminent importance for BKPyV 

replication.  

Like SIR, TAC binds also to FKBP-12, but instead of inhibiting BKPyV replication TAC stimulated 

BKPyV replication. Moreover, TAC restored P-p70-S6K1 kinase levels and viral loads in 

presence of SIR back to a mock in a dose dependent way. The results showed that SIR and 

TAC drugs are in a direct binding competition for FKBP-12 protein and TAC seems to be more 

potent in doing so. DNA synthesis increased when TAC was added and was reduced in the 

presence of SIR. The other calcineurin inhibitor CsA slightly inhibited the viral replication but 

never as pronounced as the mTOR inhibitors. This means the higher replication capacity of TAC 

is not due to the inhibition of calcineurin, but due to its binding to FKBP-12. 

To summarize, our results show that the immunosuppressive drugs TAC and SIR exhibit 

fundamental differences respective BKPyV replication. TAC leads to a higher viral replication 

capacity compared to mock treatment and SIR even reduces the viral load in RPETC. These 

data are in line and support the data generated of 35’000 patients after kidney transplantation. 

Patients that were treated with a TAC or TAC-combination therapies suffer more often from 

BKPyVAN. This study shows that SIR or torin-1 are the first choice of immunosuppressant. They 

suppress BKPyV replication and reduce the immune system at the same moment. In contrast, 

TAC alone or treatment combinations with TAC are less favourable, as TAC stimulates BKPyV 

replication. The results suggest too, that applying SIR and TAC in combination leads to a 

competition of binding to FKBP-12. Increasing amounts of TAC reverse SIR inhibition of both 

BKPyV replication and the mTOR-S6kinase pathway, both incidents are not in favour of the 

patient. Another important finding of the paper was that the treatment with SIR has to occur in a 

narrow time window, because there is no reducing effect on BKPyV replication if SIR is applied 

too late. These observations also have an impact on patients, the earlier patients are treated 

with SIR, the better. 

Furthermore, our results showed to that FKBP-12 seems to be like a natural hand brake for 

BKPyV replication. Silencing of BKPyV lead to high BKPV replication. To elucidate the exact 
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mechanism, how FKBP-12 interacts or even modulates BKPyV replication more research is of 

need. However, our interesting data give insight how clinical trials should be designed to reduce 

the risk of BKPyV replication and disease in kidney transplantation. 
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6.2 Publication 2: Sp1 Sites in the Noncoding Control Region of BK 
Polyomavirus Are Key Regulators of Bidirectional Viral Early and Late Gene 
Expression 

BKPyV infection can cause disease almost exclusively in immunodeficient patients [12, 157], 

while in immunocompetent individuals BKPyV can persist for a lifetime. After a primary infection, 

BKPyV persists latently in the renourinary tract, with sporadic periods of asymptomatic shedding 

into urine [45, 69, 234]. BKPyV strains that are shed in urine of healthy immunocompetent 

individuals have characteristically a NCCR of linear archetype ww architecture (ww-NCCR) that 

exhibit a slow growth in their host cells. Conversely, in immunocompromised individuals BKPyV 

variants with rearranged NCCRs (rr-NCCRs) can occur, when not enough specific T are present 

to resume control over BKPyV replication. rr-NCCRs variants are associated with a higher 

plasma viral load and show a more severe renal allograft pathology [138]. Naturally appearing 

BKPyV rr-NCCRs variants in kidney transplant patients were sequenced and it was shown that 

rearrangements change the number and arrangement of transcription factor binding sites 

(TFBS) due to of incomplete duplications and deletions of the archetype sequence.  

The separate mutational analysis of the BKPyV archetype NCCR implies that the basal 

bidirectional EVGR and LVGR expression is critically organised by a hierarchy of TFBS, which 

can be divided in three phenotypic groups. Group 1 mutants were represented by the prototype 

mutant with a sp1-4a mutation of the SP1-4 site. Group 1 mutants exhibited stronger EVGR than 

LVGR expression. Consequently, the group 1 mutants look like the clinical rr-NCCR BKPyV 

variants from kidney transplanted patients with nephropathy. Group 2 mutations represented by 

the nf1-4 mutant showed too an increased EVGR signal, but less decrease of LVGR expression 

compared to group 1 mutations. Group 3 mutations were represented by the prototype sp1-2 

mutant and exhibited reduced LVGR expression compared to archetype ww-NCCR, but, not like 

group 1 and group 2 mutants, the EVGR expression was not increased. The obtained results 

suggested that the group 1 TFBS targets SP1-4, and ETS1-2 TFBS were essential for LVGR 

expression, whereas group 2 TFBS had a modulatory role in early and late gene expression of 

BKPyV. Analyzation of group 3 mutants revealed that some TFBS, such as SP1-1 or SP1-2, 

were of particular importance to the general bidirectional promoter/ enhancer function of the 

BKPyV NCCR. To gain more insight in NCCR regulation, group 1 and group 3 were more 

carefully investigated, Group 1 mutants replicated and had higher infectivity rates compared to 

archetype BKPyV. On the other hand, group 3 mutants showed only little or no replication and 

also infectivity. Most stinking were the results for sp1-1 and sp1-(1,2,4a), as these mutations 

seemed not be any more infectious. Having such a pronounced role in on EVGR and LVGR 

expression, Sp1 and Ets binding to the archetype and the mutant sequences was assessed by 

electrophoretic mobility shift assay (EMSA). EMSA revealed that all point mutations led to a 

significant reduction or loss of the respective transcription factor binding activity. 
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Database entries were explored to check whether mutations in sp1-4 or ets1-2 are also found 

in patient material as both mutations have an increased in EVGR. Indeed, in a study of bone 

marrow transplant patients with haemorrhagic cystitis, described an overrepresentation of sp1-

4 mutations in clinical BKPyV variants [460]. ETS1-2 was also found to be deleted in the natural 

rr-NCCR BKPyV variants from kidney transplant patients with nephropathy [138].  

Previous studies investigated the role of different TFBS on BKPyV EVGR or LVGR, but the most 

attention has been given to prototype strains having rearranged NCCR sequences. In this study, 

we put our main focus on how single TFBS mutations affect ww- archetype expression. We 

could show that Sp1 and Ets1 provide directional impact for LVGR and EVGR expression and 

other factors like NF1 modulate this directionality. 
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6.3 Publication 3: Corrigendum to “The polyomavirus BK agnoprotein co-
localizes with lipid droplets” [Virology 399 (2) (2010) 322–3 

In the publication “The polyomavirus BK agnoprotein co-localizes with lipid droplets” [194] we 

reported that the BKPyV V agnoprotein co-localizes with lipid droplets (LD), but not with the ER 

[194]. However, further research in our lab led us to reinvestigate the co-localization of BKV 

agnoprotein. We now found that BKV agnoprotein indeed co-localizes with LD, but also with the 

ER. This ER co-localization was demonstrated in BKV (Dunlop)-infected primary hRPTECs and 

in UTA-6 cells 2C9 stably expressing Tet-off regulated BKV-agnoprotein at 48 h after 

tetracycline removal [203]. We used calreticulin, calnexin and PDI as maker for the ER markers. 

All three markers showed the same, agnoprotein colocalises with the ER. 
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6.4 Manuscript: Non-enveloped small DNA virus disrupts mitochondrial 
network and promotes mitophagy to evade innate immune responses by 
type-1 interferon 

Mechanisms of in-host persistence and immune escape are well studied for hepatitis, HIV, and 

herpesviruses, but little understood for small non-enveloped DNA viruses such as human 

polyomaviruses. BK polyomavirus (BKPyV) infects >90% of the human population, and induces 

potent virus-specific T-cells and neutralizing antibodies. Notwithstanding, BKPyV persists in the 

kidney and is able to escape from immune control as indicated by urinary viral shedding found 

in immunocompetent individuals. Here, we report that BKPyV immune evasion involves 

disrupting the mitochondrial network and its membrane potential through the 66 aa-long 

agnoprotein encoded in the late viral gene region. Thereby, agnoprotein abrogates nuclear IRF3 

translocation, interferon-b expression, and promotes p62-mitophagy in cell culture and in kidney 

transplant biopsies. Transfection experiments, point mutations, and domain swapping indicate 

that agnoprotein is necessary and sufficient, using its amino-terminal and central amphipathic 

helix for mitochondrial targeting and disruption, respectively. Viral mutants (agn25D39E, 

ATCagno) showed intact mitochondria and little mitophagy, but reduced replication, which could 

be partially rescued by TBK-inhibitor, type-1 interferon antibodies, or CoCl2-induced hypoxia. 

JCPyV- and SV40-infection similarly disrupt mitochondria suggesting an evolutionarily 

conserved immune evasion mechanism for polyomavirus persistence, permitting spread in 

healthy immunocompetent populations. The data have important implications for understanding 

BKPyV-nephropathy and rejection in kidney transplant patients 

 

6.4.1 Results 

Agnoprotein colocalises with mitochondria and induces mitochondrial fragmentation. To 

elucidate role of agnoprotein in the BKPyV replication cycle, we compared the expression 

pattern of agnoprotein BKPyV Dunlop (Dun-AGN) and an agnoprotein mutant BKPyV Dunlop-

agnoprotein25D39E (Dun-agn25D39E) by confocal microscopy. The Dun-agn25D39E mutant 

harbours point mutations that abolish the binding to lipid droplets (LD) due to the loss of the 

amphipathic character of the alpha-helix from 20-39aa [194]. At 48 hours post infection (hpi), 

the infected RPTEC were fixed and an immunofluorescence (IF) for DAPI (blue), LTag (red), 

Vp1(cyan) and the agnoprotein (green) was conducted. Afterwards, Z-stacks of BKPyV infected 

RPTECs were acquired, deconvolved and processed with IMARIS. The infected RPTECs 

exhibited enlarged nuclei compared to non-infected cells. Both viruses showed a similar nuclear 

LTag-and Vp1 protein staining (Figure 1A, 1B). However, the agnoprotein staining strongly 

differed between the two forms. Dun-AGN agnoprotein was present in a granular structure in 
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the cytoplasm (Figure 1A). In contrast, agnoprotein expression in Dun-agn25D39E infection 

appeared as network-like structures. As other cytoskeletal structures had been ruled out [194, 

195], colocalisation with mitochondrial markers was investigated (Figure 1B). Dun-AGN- and 

Dun-agn25D39E-infected RPTECs were fixed and stained for the mitochondrial marker 

translocase of outer membrane 20 kDa subunit (Tom20) (red), agnoprotein (green), and DNA 

(blue). Afterwards, Z-stacks were acquired, deconvolved and processed with IMARIS. 3D 

isosurface-renderings of Tom20, the agnoprotein and the colocalisation channel were generated. 

Agnoprotein of Dun-AGN and of Dun-agn25D39E were both found colocalise with mitochondria 

(Figure 1C). However, mitochondria of Dun-AGN-infected RPTECs had lost the network-like 

pattern and appeared in short, fragmented units (Figure 1C, upper panel). In contrast to Dun-

agn25D39E-infected RPTEC, which still exhibited a regular mitochondrial network (Figure 1C, 
lower panel). The mitochondrial morphology was quantified in three categories: elongated, 

intermediate and fragmented (Figure 1D) using the software Fiji indicating a large excess of 

fragmented mitochondria in Dun-AGN-infected RPTECs at 72hpi, whereas the cells infected 

with the mutant Dun-agn25D39E exhibited mostly elongated mitochondria in a network-like 

pattern.  

 

To investigate whether changes in the exact amino acid sequence of the mutant played a role 

in mitochondrial fragmentation, RPTEC were infected with four different variants of BKPyV 

Dunlop: Dun-AGN, Dun-agn25D39E, Dun-agnLeu, and Dun-ATCagn. Dun-ATCagn has a 

disrupted start codon leading to loss of agnoprotein expression. Dun-agnLeu encodes a mutant 

agnoprotein in which all amino acids on the hydrophobic side of the amphipathic helix wheel 

were replaced by leucins, but the amphipathic helix character was retained. Cells were fixed at 

48hpi and stained for Tom20 (red), agnoprotein (green), Vp1 (cyan) and DNA (blue) (Figure 
2A). For all BKPyV variants were found to proceed to the late phase of infection, as evidenced 

by enlarged nuclei and a nuclear Vp1 staining. Like BKPyV Dun-AGN, Dun-agnLeu-infected 

RPTEC exhibited a similar agnoprotein appearance with fragmented mitochondria (Figure 2A, 
first and fourth line). In contrast, RPTEC infected with the two other variants (Dun-agn25D39E 

and Dun-ATCagn) showed intact mitochondrial networks. Ribbon models of the agnoprotein 

were generated using iTasser in a 3D online algorithm predicting that both, the amphipathicity 

and the central helix are still intact in the agnLeu variant Together, the results indicate that 

BKPyV agnoprotein with an amphipathic character of the central helix is necessary for 

mitochondrial fragmentation.  

 

The N-terminus and the central amphipathic helix of agnoprotein are required for 
mitochondrial targeting and mitochondrial fragmentation. To identify the domain mediating 
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the mitochondrial targeting, we used several agnoprotein truncation mutants fused to EGFP 

(Figure 3A). UTA-6 cells were transfected and at 24 hours post-transfection (hpt), IF was done 

for agnoprotein (magenta), Tom20 (red) and DNA (blue) followed by confocal microscopy. As 

shown, only full length agno(1-66)-EGFP showed mitochondrial localisation and mitochondrial 

fragmentation (Figure 3B). To independently investigate the distribution of these truncated 

agnoprotein mutants and exclude that the agnoprotein is cleaved off, we used the agnoprotein 

specific antiserum for IF. The observed anti-agnoprotein stainings were in line with the agno-

EGFP findings. The results suggested the possibility that aa 1-20 of agnoprotein are important 

for mitochondrial targeting and aa 20-40 of agnoprotein are essential for the fragmentation of 

the mitochondria. Since removal of aa 1-20 might possibly remove targeting the mitochondria, 

mitochondrial membrane localization signal (MTS) of cytochrome c oxidase cox8 was N-

terminally fused to agno(20-66)-EGFP. The results showed that replacement of the aa1-20 of 

agnoprotein with the cox8-MTS was sufficient to obtain mitochondrial targeting and 

fragmentation (Figure 3B). Generating 3D isosurface-renderings of Tom20 (red), agnoprotein 

(green), and DNA (blue) confirmed colocalisation (yellow). The results demonstrated that MTS-

cox8-agno(20-66) indeed colocalises with mitochondria and induce their fragmentation (Figure 
3C).  

 

Mitochondrial fragmentation is associated with late viral life cycle. To investigate the time-

dependence of mitochondrial fragmentation, a time course of Dun-AGN infection was monitored 

IF for LTag (red), agnoprotein (green), Tom20 (cyan), and DNA (blue), and confocal microscopy 

(Figure 4). At 24hpi, LTag was readily expressed, but expression of the late agnoprotein was 

not seen and the mitochondria network was still intact. After 36 hpi, agnoprotein expression 

became detectable and mitochondrial fragmentation increased from 48 hpi to 72 hpi. The data 

indicate that mitochondrial fragmentation follows agnoprotein expression.  

 

Mitochondrial fragmentation is inhibited by lipid droplet formation. Since agnoprotein has 

been shown to bind to LD through its amphipathic helix now implicated in mitochondrial 

fragmentation, a competition between both localisations was investigated. To that end, RPTEC 

were infected either with Dun-AGN or with Dun-agn25D39E and LD were induced by 

administration of 300µM oleate bound to bovine serum albumin at 24hpi. Confocal microscopy 

at 48hpi revealed that oleate-induced LD formation reduced mitochondrial fragmentation 

compared to control infection (Figure 5A). Dun-agn25D39E-infected RPTEC showed no LD-

binding of agnoprotein and no mitochondrial fragmentation as expected (Figure 5A). These 

results indicate that LD compete with mitochondria for mitochondrial targeting, and suggest that 
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a direct interaction of the agnoprotein with mitochondria is needed for the induction of the 

mitochondrial fragmentation. 

 

Mitochondrial fragmentation is associated with disrupted membrane potential. To 

investigate whether or not agnoprotein expression affected mitochondrial function, the 

mitochondrial membrane potential (MMP) was examined using the MMP-dependent 

accumulation of JC-1 dye indicated by a fluorescence emission shift from green (~529 nm) to 

red (~590 nm), and mitochondrial depolarization is indicated by a decrease in the red/green 

fluorescence intensity ratio. As shown, Dun-AGN-infected cells at 48hpi exhibited fragmented 

mitochondria (green channel) and a decrease in MMP (red channel), whereas an intact MMP 

was seen in Dun-agn25D39E-infected, Dun-ATCagn-infected RPTEC, or mock-infected RPTEC 

(Figure 5B). To independently quantify these observations, automated JC-1 measurements with 

Mithras2 were carried out indicating MMP decreases of about 40% at 48hpi and 30% at 72hpi in 

Dun-AGN-infected RPTECs compared to controls (Figure 5C). Similar results were obtained 

using tetramethylrhodamine methyl ester (TMRM), which is a cell-permeant, cationic, red-

orange fluorescent dye that is readily sequestered by active mitochondria. We observed that 

after a Dun-AGN-infection, the MMP decreased by more than 50% at 48hpi and by about 25% 

at 72 hpi (Supplemental Figure 1). As a positive control for MMP breakdown, carbonyl cyanide 

m-chlorophenyl hydrazone (CCCP) was added, which is a chemical inhibitor of oxidative 

phosphorylation and protonophore. Indeed, Dun-AGN-infected cells exhibited a similar value 

than the CCCP-treated RPTECs at 48 or 72hpi (Supplemental Figure 1). The results indicate 

that BKPyV-DunAGN infection not only caused agnoprotein-dependent fragmentation of the 

mitochondrial network, but also breakdown of the mitochondrial membrane potential. 

 

Agnoprotein is sufficient for fragmentation of the mitochondrial network and 
breakdown of the mitochondrial membrane potential. To investigate whether or not 

agnoprotein is sufficient for mitochondrial fragmentation, agnoprotein expression was induced 

for 24h in UTA-6 2C9 cells stably transfected with a tetracycline-off agnoprotein [203] and 

examined by confocal microscopy. The results showed disruption of the mitochondrial 

architecture similar to BKPyV-DunAGN infection indicating that agnoprotein was sufficient to 

cause mitochondrial fragmentation (Figure 6A, right panel). Quantification of mitochondrial 

morphology indicated a significant difference between agnoprotein-expressing cells and non-

expressing cells (Figure 6A, left panel). Live cell imaging revealed that mitochondrial 

membrane potential had decreased considerably (Figure 6B, left panel), which was 

corroborated by automated JC-1 measurements (Figure 6B, right panel).  
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Agnoprotein expression impairs innate immune signalling. Since mitochondria have a key 

role in innate immunity, and since the loss of the MMP has been linked to a defective antiviral 

innate immune response [461], UTA6-2C9 cells were cultured for 24h in the presence or 

absence of tetracycline and rhodamine labelled poly(I:C)RNA or poly(dA:dT)DNA was delivered 

to the cells via lipofection. Four hours later, cells were fixed and stained for IRF3 (magenta), the 

agnoprotein (green) and DNA (blue). After staining, images were taken and IRF3 nuclear 

translocation was quantified. In the absence of agnoprotein expression, nuclear IRF-3 

translocation was significantly more frequent after poly(I:C)-Rhodamine (Figure 7A) or 

poly(dA:dT)-Rhodamine (Figure 7B) stimulation. In the presence of agnoprotein-expression, 

nuclear IRF3 translocation was significantly reduced. To functionally relate nuclear IRF-3 

translocation, interferon-1b (IFNb) transcript and secreted protein levels were quantified after 

stimulation with poly(dA:dT) in presence or absence of agnoprotein expression (Figure 7C). The 

results showed significant reduction of IFNb transcript and secreted protein following induction 

with different amounts of poly(dA:dT) (Figure 7D). Thus, BKPyV agnoprotein expression 

significantly reduced the innate type I – interferon response induced by poly(dA:dT). 

 

BKPyV replication is inhibited by type I (IFNb). To determine whether or not BKPyV 

replication is sensitive to IFNb, RPTECs were treated with different amounts of IFN-I and 

infected with BKPyV Dun-AGN. An IFN-b dose-dependent reduction of LTag-positive cells and 

reduced supernatant viral loads could be observed (Figure 8A, Figure 8C). Immunoblot 

analysis demonstrated a dose-dependent increase of IFN-induced protein with tetratricopeptide 

repeats (IFIT), which is a marker for IFN-treatment (Figure 8C), and a reduced expression of 

the viral capsid protein Vp1 and agnoprotein until 72hpi. The reduction in viral supernatant loads 

could be restored by the addition of antibodies against IFN-α, IFN-β and interferon alpha/beta 

receptor (Figure 8D). The results demonstrate that BKPyV replication is sensitive to type I – 

IFN-b treatment, which can be partially restored by anti- IFNb blockade. 

 

BKPyV-Agnoprotein mutants have impaired viral replication compared to wildtype 
BKPyV-DunAgn. To examine the role of agnoprotein in the viral replication cycle, RPTECs were 

infected with BKPyV DunAGN or the corresponding BKPyV mutants Dun-agn25D39E or Dun-

ATCagn revealing a 10-fold lower supernatant viral load at 72 hpi compared to the wildtype 

BKPyV-DunAGN (Figure 9A). This was paralleled by less LTag- and Vp1-positive cells (Figure 
9B) and reduced Vp1 and LTag expression in immunoblots (Figure 9B, right panel).  
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In view of the inhibitory effect of IFN-b treatment and the pronounced effects of wildtype 

agnoprotein expression ablating the mitochondrial network, its membrane potential, and DNA-

induced IFN-b response, it could be hypothesized that the impaired replication of the BKPyV 

agno-mutants was in part due to the generation of an antiviral innate immune response elicited 

during the late phase of the viral replication cycle. To investigate whether or not inhibition of IFN-

I could rescue viral replication of Dun-agn25D39E, RPTECs were infected with Dun-agn25D39E 

and TBK-1-inhibitor (Bx795) known to prevent IRF-3 phosphorylation, or type-1 interferon 

antibodies together with a type-1 interferon receptor antibody. The results demonstrated that 

TBK-1 inhibition or anti-IFN-blockade was able to partially rescue replication of BKPyV Dun-

agn25D39E (Figure 10). 

Since CoCl2-treatment has been described to induce hypoxia by disruption of the MMP, RPTECs 

were infected with Dun-agn25D39E and treated with 150µM or 300 µM CoCl2 for 48 h. At 72hpi, 

CoCl2-treatment at 24 hpi resulted in increased supernatant viral loads compared to mock-

treated cells, which was paralleled by mitochondrial fragmentation (Figure 11).  

 

Agnoprotein does not induce MAVS cleavage or STING translocation. Next, we studied 

whether agnoprotein induces MAVS cleavage, as this has been described for other viruses such 

as HCV-1, and whether Dun-AGN induces perinuclear translocation of the cytoplasmic dsDNA 

sensor STING. RPTECs were mock-infected or infected with Dun-AGN. RPTEC were fixed at 

72hpi and stained for MAVS (red), agnoprotein (green) and DNA (blue). A MAVS staining was 

readily detectable in both Dun-AGN-infected RPTEC and agno-expressing UTA-6, indicating 

that no major MAVS cleavage occurred (Supplemental Figure 2A/C). Furthermore, lysates of 

mock- or Dun-AGN-infected RPTEC collected at different time points showed no MAVS 

cleavage, as there was no degradation of MAVS observable (Supplemental Figure 2B). As 

BKPyV is a dsDNA virus, we were questioning whether Dun-AGN and the mutants Dun-

agn25D39E and Dun-ATCagn induce the cytoplasmic dsDNA sensor STING. RPTECs were 

infected with Dun-AGN or its mutants Dun-agn25D39E, Dun-ATCagn or mock-infection. Cells 

were fixed at 48 hpi and stained for LTag (red), STING (green), Vp1 (cyan), and DNA (blue) and 

imaged by confocal microscopy. We did not observe STING induction, nor perinuclear 

translocation of STING with all three variants (Supplemental Figure 2D). 

 

Transmission electron microscopy (TEM) of BKPyV-DunAGN infection in RPTECS reveal 
fragmented mitochondria with disrupted cristae. To investigate the effects of BKPyV 

infection on mitochondrial architecture by TEM, RPTECs were infected with BKPyV-Dun-AGN, 

or Dun-agn25D39E or mock-treated. At 72hpi, cells were fixed, stained and investigated with 
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TEM. In RPTECs having PyV particles in the nucleus as a marker of late viral life cycle, disrupted 

mitochondria, ballooning with disrupted cristae were seen as well as multilaminar structures in 

Dun-AGN-infected RPTEC, whereas longer filamentous mitochondria with intact cristae 

structures were seen in BKPyV Dun-agn25D39E or mock-treated RPTECs. The TEM findings 

provided independent confirmation that, unlike BKPyV Dun-agn25D39E, infection with Dun-

AGN was associated with fragmented mitochondria (Figure 12).  

 

Non-functional mitochondria are targeted for auto-(mito)phagy. To investigate the fate of 

the agnoprotein-fragmented mitochondria, markers of autophagy were applied. RPTEC were 

infected with Dun-AGN or Dun-agn25D39E and at 48hpi or 72hpi, cells were fixed and an IF 

was conducted for agnoprotein (green), Tom20 (red), and ubiquitin-binding protein 62 (p62) 

(cyan). p62 is an autophagosome-cargo protein that is involved in targeting of proteins for 

selective autophagy. At 48hpi, Dun-AGN- and Dun-agn26D39E-infected RPTEC showed a 

similar amount of p62-positive autophagosomes. In contrast to 72hpi, when RPTEC infected 

with Dun-AGN showed significantly more and larger p62-positive autophagosomes per cell than 

RPTEC infected with Dun-agn26D39E (Figure 13A, left panel). Quantification demonstrated 

approximately 5-fold more p62-positive autophagosomes in BKPyV-DunAGN infection as 

compared to BKPyV Dun-agn25D39E-infected cells. To investigate p62- colocalisation with 

mitochondrial marker Tom20, Z-stacks of Dun-AGN or Dun-agn25D39E infected RPTECs were 

acquired de-convolved and processed with IMARIS. 3D isosurface-renderings of mitochondrial 

marker Tom20 (red), agnoprotein (green), p62 (cyan), and DNA(blue) were generated. 

Colocalising voxels are shown in yellow. Indeed, p62 co-localised with the mitochondrial marker 

Tom20 in Dun-AGN-infected RPTEC, but to a much lesser extent in Dun-agn25D39E-infected 

cells (Figure 13B). We also investigated agnoprotein-induced mitophagy in UTA-6 2C9 cells. 

After 24h respectively 48h of agnoprotein induction, we fixed the cells and IFs for agnoprotein 

(green), Tom20 (red) and p62 (cyan) were conducted followed by confocal microscopy (Figure 
13C). Quantification revealed that UTA-6 cells expressing the agnoprotein had about 3-fold 

more p62-positive autophagosomes compared to cells, which do not express agnoprotein. 

These results indicated that the agnoprotein-induced fragmentation of the mitochondrial network 

and MMP breakdown was followed by mitophagy of the non-functional mitochondria. 

 

Mitochondrial fragmentation and autophagy occurs in patients suffering from BKPyVAN. 

Samples from patients suffering from BKPyVAN exhibited similar mitochondrial patterns as Dun-

AGN-infected RPTECs, when studied with immunohistochemistry followed by TEM-imaging. 

Similarly, viral particles were found in the nuclei as a sign of viral infection. Interestingly, swollen 

mitochondria with ruptured cristae as well as multi-lamellar structures were observed in these 
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tissue samples, reminiscent of the in vitro findings (Figure 14A). Immunohistochemistry of 

kidney transplant biopsies from patients suffering from nephropathy showed fragmented 

mitochondria and increased p62-positive mitophagosomes (Figure 14B). The similarity of 

phenotypes in our in vitro and ex-vivo experiments strongly suggests that the observed effects 

in vitro are also relevant in vivo in the clinical course of BKPyV disease in kidney transplants. 

 

The function of agnoprotein of HPyV is conserved among agnoprotein expressing 
viruses. To investigate the impact of agnoprotein expression in another BKPyV strain, infection 

of RPTECs was studied using a well-characterized, yet slowly replicating BKPyV(ww1.4) strain 

carrying an archetype NCCR [138, 140]. Six days after infection, cells were fixed and stained 

for Tom20 (red), agnoprotein (green) and DNA (blue). Similar to Dun-AGN BKPyV, the 

archetype BKPyV showed agnoprotein expression associated with mitochondrial fragmentation 

(Figure 15A).  

Since agnoprotein is conserved among BKPyV, JCPyV and SV40, the effect in JCPyV infection 

on SVG-A cells was studied using the JCPyV-Mad4 strain previously characterized (Figure 
15B). Indeed, mitochondrial fragmentation occurred also in conjunction with JCPyV agnoprotein 

expression. Strikingly, JCPyV agnoprotein also colocalised with mitochondria, similar to BKPyV 

agnoprotein (Figure 15C). Finally, infection of CV-1 cells with SV40 was studied using 

immunofluorescent staining for Tom20 (red), SV40 Vp2/3 (green), and DNA (blue) (Figure 15D). 

Interestingly, the same pattern of fragmented mitochondria was observed in SV40-infected cells, 

similar to cells infected with BKPyV and JCPyV. This further corroborates and increases the 

significance of our findings, as the function of agnoprotein seems to be conserved among the 

agnoprotein-expressing renotropic polyomaviruses. 

In summary, the studies have revealed novel aspects of agnoprotein localisation and function 

and suggest that agnoprotein has a conserved function in agnoprotein-expressing viruses, 

namely the subversion of innate immunity by mediating mitochondrial fragmentation, MMP-

disruption and induction of mitophagy. 
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6.4.2 Figures 

6.4.2.1 Figure 1 

Agnoprotein colocalises with mitochondria. Z-stacks of confocal images of RPTECs infected 

with (A) BKPyV-DunAGN and (B) BKPyV-Dunagn25D39E at 48hpi. Cells were stained for LTag 

(red), Agno (green), Vp1 (cyan), and DNA (blue) (C) The agnoprotein colocalises with 

mitochondria at 48 hpi. Z-stacks of infected RPTECs with BKPyV-DunAGN and BKPyV-

Dunagn25D39E, respectively. Mitochondrial marker Tom20 (red), Agno (green), and DNA (blue). 

Colocalising voxels are shown in yellow. (D) Morphology of mitochondria of RPTECs infected 

with BKPyV-DunAGN or BKPyV-Dunagn25D39E. 
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6.4.2.2 Figure 2 

The amphipathic character of the agnoprotein helix is essential for mitochondrial 
fragmentation. Confocal images of RPTECs infected with BKPyV-Dun-AGN and its mutants 

Dun-agn25D39E, Dun-agnLeu, and Dun-ATCagn, respectively. Cells were fixed at 48 hpi and 

stained for the mitochondrial marker Tom20 (red), Agno (green), Vp1 (cyan) and DNA (blue). 

Scale bar 20µm. The second last row depicts the 3D ribbon model of each agnoprotein mutant 

as predicted with the Quark online algorithm (https://zhanglab.ccmb.med.umich.edu/I-

TASSER/). Last row shows predicted amphipathic structures of aa 22-39 of the agnoprotein and 

its mutants, depicted as a helical wheel; drawn by using the Helical Wheel Viewer 

(http://cti.itc.virginia.edu/∼cmg/Demo/wheel/wheelApp.html), nonpolar aa (orange), polar and 

uncharged aa (green), acidic aa (pink), and basic aa (blue).  
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6.4.2.3 Figure 3 

Amino-terminus of the agnoprotein is required for mitochondrial targeting and the central 
amphipathic helix for mitochondrial fragmentation. (A) Schematic presentation of 

agnoprotein-mEGFP fusion proteins. Retained aa indicated in parenthesis and presented as 

solid line, truncated parts presented as dotted line. The amphipathic helix (aa 22–39) is shown 

as a blue bar. (B) Corresponding confocal images of UTA-6 cells, transiently expressing the 

agnoprotein-mEGFP fusion constructs, at 1d post-transfection. In addition to the detection of 

mEGFP fluorescence (green), cells were stained for Tom20 (red) and DNA (blue). Agno 

(magenta) was stained separately to demonstrate proper C-terminal fusion of mEGFP. Scale 

bar 20 µm. (C) Z-stack of UTA-6 cell, transfected with MTScox8-agno(20-66), at 1d post- 

transfection. Cells were stained for Tom20 (red), Agno (green), and DNA (blue). Colocalising 

voxels are shown in yellow. White rectangle indicating enlarged section. 
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6.4.2.4 Figure 4 

BKPyV-Dun (AGN) infection causes fragmentation of the mitochondrial network at late 
stage of infection. Confocal images of RPTECs infected with BKPyV-Dun (AGN) at indicated 

time post infection. Cells were stained for LTag (red), agno (green), mitochondrial marker Tom20 

(cyan) and DNA (blue). White arrows indicate cells magnified. Scale bar 20µm. 
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6.4.2.5 Figure 5 

Abundant presence of fatty acids interferes with agnoprotein-induced mitochondrial 
fragmentation and BKPyV agnoprotein leads to loss of mitochondrial membrane 
potential. (A) Confocal images of RPTECs infected with BKPyV-DunAGN and BKPyV-

Dunagn25D39E at 48hpi. Cells were mock-treated or treated with 300µM oleate at 24hpi for 24h. 

Cells were stained for Tom20 (red), Agno (green) and DNA (blue). Scale bar 20µm. (B) Live cell 

imaging using JC-1 dye (5µM) of BKPyV-mock-, Dun-AGN-, Dun-agn25D39E- and Dun-

ATCagn-infected RPTEC at 48hpi. (C) Quantification of BKPyV-DunAGN- and mock-infected 

RPTECs at 48hpi and 72hpi, respectively.  

Bars representing mean ± SD (n=3). Unpaired t-test; ns, not significant; *, p < 0.05; **, p < 0.001; 

***, p < 0.0001. 
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6.4.2.6 Figure 6 

Agnoprotein is sufficient to induce mitochondrial fragmentation that is associated with 
loss of membrane potential. UTA6-2C9 cells cultured for 24h in the absence (agnoprotein 

induction) or presence (agnoprotein suppression) of Tetracycline (tet). (A) Left panel showing 

confocal images of cells stained for DNA (blue), Agno (green), and Tom20 (red). White rectangle 

indicating enlarged section. Right panel showing the quantification of mitochondrial morphology. 
(B) Left panel showing live cell imaging for mitochondrial membrane potential (Ψm) using JC-1 

dye. Right panel showing quantification of mitochondrial membrane potential, relative to UTA6-

2C9 cells cultured in presence of Tetracycline using 5µM JC-1 dye.  

Bars representing mean ± SD (n=3). Unpaired t-test; ns, not significant; *, p < 0.05; **, p < 0.001; 

***, p < 0.0001. 
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6.4.2.7 Figure 7 

Induction of agnoprotein expression in UTA6-2C9 cells interferes with IRF-3 activation by 
endogenous poly(I:C) and poly(dA:dT). UTA6-2C9 cells were cultured for 24h in the absence 

(agnoprotein induction) or presence (agnoprotein suppression) of Tetracycline (tet) as indicated 

(A-D). Cells were treated with 1ug/ml rhodamine labelled poly(I:C) (A) or 1ug/ml poly(dA:dT) (B) 

by lipofection. Cells were fixed 4h later and stained for IRF-3 (magenta), agno (green) and DNA 

(blue) (left panels of A+B). Nuclear translocation of IRF-3 was quantified using the Fiji software 

(right panels of A+B). Measurement of IFN-b transcript by qPCR (C) or IFN-b protein by ELISA 

(D). 
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6.4.2.8 Figure 8 

BKPyV is type I interferon sensitive. Pre-treatment of cells with type I IFN inhibits viral 
replication. (A-D) RPTECs were cultured overnight at several concentrations of recombinant 

IFNb prior to infection with BKPyV as indicated. (A, left panel) Detection of LTag in fixed +/- 

IFNb treated cells at 48 and 72hpi using IF. LTag positive cells were counted and the percentage 

of the total cell number was calculated. (A, right panel) Viral load was determined using qPCR 

at the indicated time points post-infection. (B) Representative IFA at 72hpi of RPTECs pre-

treated with a mock-treatment or 1000U/ml IFNb. (C) Type I IFN signalling was verified by 

detecting the interferon stimulated gene product IFIT1 (ISG56) and the late viral proteins Vp1 

and agnoprotein in WB analysis. (D) RPTECs were cultured overnight before BKPyV infection 

with a mock-treatment, IFN-I treatment or a simultaneous treatment with IFN-I, antibodies 

against IFN-α, IFN-β and interferon alpha/beta receptor. Viral load was determined using qPCR 

at 72hpi. 
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6.4.2.9 Figure 9 

Agnoprotein mutants exhibit reduced replication capacity. RPTECs were infected with 

BKPyV-DunAGN, -Dunagn25D39E or -DunATCagn. (A) Viral loads were determined using 

qPCR at the indicated time points post infection for all three variants. (B) Detection of LTag and 

Vp1 of DunAGN-, Dunagn25D39E- or DunATCagn-infected RPTEC at 72hpi using IF. LTag and 

Vp1 positive cells were counted and the percentage of the total cell number was calculated. (C) 

WB of RPTECs infected with BKPyV-DunAGN and -Dunagn25D39E. LTag represents early viral 

gene expression, Vp1 represents late gene expression and tubulin was used as a loading control. 

Ctr., control; AGN, DunlopAGN and Mut., Dunagn25D39E. 
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6.4.2.10 Figure 10 

Inhibition of TBK-1 or IFNa/b  partially rescues agnoprotein mutant viral growth. RPTECs 

were infected with Dunagn25D39E. At 2hpi, a TBK-1 inhibitor (BX795) or antibodies against 

IFNa/b and the IFNa/b receptor were added. Viral load was determined using qPCR at 72hpi. 
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6.4.2.11 Figure 11 

CoCl2 treatment leads to mitochondrial fragmentation of Dunagn25D39E-infected 
RPTECs and rescues the growth of Dunagn25D39E. RPTECs were infected with 

Dunagn25D39E and treated with 150µM respectively 300µM CoCl2 at 24hpi. (A) Representative 

IF for Tom20 (red), agno (green) and DNA (blue) at 72hpi. (B) Viral loads were determined using 

qPCR at 72hpi. 
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6.4.2.12 Figure 12 

TEM microscopy shows fragmented mitochondria are swelled and their cristae are 
disrupted. TEM images of RPTECs infected with BKPyV-Dun and its mutant at 72hpi. RPTECs 

were infected with BKPyV-Dun (AGN) or BKPyV-Dun (agn25D39E), or were left uninfected 

(control) as indicated. At 72hpi, cells were fixed and processed for TEM. White stars show 

selected mitochondria and black stars indicate nuclear BKPyV virions. 
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6.4.2.13 Figure 13 

Agnoprotein expression induces p62-mediated autophagy. (A) Left panel shows confocal 

images of RPTECs infected with BKPyV-DunAGN and BKPyV-Dunagn25D39E at 72hpi. Cells 

were stained for Tom20 (red), agno (green), p62 (cyan) and DNA (blue). Right panel shows 

corresponding p62 counts per cell at 48hpi and 72hpi, respectively. (B) Z-stacks of BKPyV-

DunAGN- or BKPyV-Dunagn25D39E-infected RPTECs at 72hpi. Cells were stained with Tom20 

(red), agno (green), p62 (cyan) and DNA (blue). Colocalising voxels are shown in yellow. (C) 

Confocal images of UTA6-2C9 cells, cultured for 24h or 48h in presence (agnoprotein 

suppression) or absence (agnoprotein induction) of Tetracycline. Cells were stained for Tom20 

(red), Agno (green), p62 (cyan) and DNA (blue). (D) Corresponding p62-autophagosome counts 

per cell after 24h and 48h agnoprotein post-induction. 

Bars representing mean ± SD (n=6). 2-way ANOVA; ns, not significant; *, p < 0.05; **, p < 0.001; 

***, p < 0.0001.  
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6.4.2.14 Figure 14 

Samples from patients suffering from BKPyVAN exhibit fragmented, swelled 
mitochondria with disrupted cristae and induction of autophagy in BKPyV-infected cells. 

(A) TEM image of a BKPyVAN patient sample. White stars show the mitochondria and black 

stars nuclear BKPyV and in red multilaminar structures. (B) A BKPyVAN patient sample and a 

control sample were studied for induction of autophagy. Immunohistochemistry was done for 

Tom20 (red), p62 as a marker for autophagy (cyan), agno (green) and DNA (blue). 
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6.4.2.15 Figure 15 

Mitochondrial fragmentation is a conserved function of HPyV agnoprotein. (A) Confocal 

images of BKPyV-wwAGN infected RPTECs. Cells were fixed at 6 dpi and stained for Tom20 

(red), Agno (green) and DNA (blue). (B) Confocal images of SVG-A cells. Cells were infected 

with JCPyV-Mad-4, fixed and stained for Tom20 (red), Agno (green), and DNA (blue). (C) Z-

stacks of JCPyV infected SVG-A cells were acquired, deconvolved and processed with IMARIS. 

3D isosurface-renderings of the mitochondrial marker Tom20 (red), Agno (green), and DNA 

(blue) are shown. Co-localising voxels are shown in yellow. (D) Confocal images of CV-1 cells 

infected with SV40. At 48hpi, cells were fixed and stained for Tom20 (red), Vp2/3 (cyan), and 

DNA (blue). 
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6.4.2.16 Supplemental Figure 1 

Agnoprotein is sufficient to induce mitochondrial fragmentation that is associated with 
loss of membrane potential. RPTECs were infected with BKPyV-DunAGN at 48 hpi and 72hpi 

respectively, cells were treated with 200nM TMRE and CCCP for 30 minutes if indicated. 

Quantification of mitochondrial membrane potential was normalized to BKPyV-DunAGN non-

treated cells. 
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6.4.2.17 Supplemental Figure 2 

BKPyV-DunAGN does not induce MAVS cleavage or STING induction. (A) Confocal images 

of RPTECs, which were mock-infected or infected with BKPyV-DunAGN. Cells were fixed at 72 

hpi and stained for MAVS (red), Agno (green) and DNA (blue). (B) RPTEC lysates were 

prepared at different times in the presence and absence of BKPyV-DunAGN as indicated and 

analysed with Western blotting for the indicated viral and host cell proteins. (C) Confocal images 

of UTA-6 2C9 -/+ agno expression. Cells were fixed at 48h of +/- agno expression and stained 

for MAVS (red), Agno (green) and DNA (blue). (D) Confocal images of RPTECs, which were 

mock-infected or infected with BKPyV-DunAGN and its mutants BKPyV-Dunagn25D39E or 

BKPyV-DunATCagn. Cells were fixed at 48 hpi and stained for LTag (red), STING (green), Vp1 

(cyan) and DNA (blue).  
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7. Discussion 

BKPyV replication can lead to BKPyV-associated nephropathy in kidney transplant patients and 

BKPyV-associated haemorrhagic cystitis in haematopoietic stem cell transplant recipients, 

either one of which represent significant complications, for which no effective therapy is available 

[229, 462]. Although the clinical manifestations and setting differ substantially between both 

conditions, immunodeficiency seems to be the common hallmark and prerequisite for BKPyV 

replication. It should be noted, however, that BKPyV replication is also seen in healthy 

immunocompetent individuals. In fact, asymptomatic urinary shedding has been demonstrated 

in 5% to 10% of immunocompetent healthy blood donors at the time of blood donation, and in 

the presence of BKPyV-specific T-cells and neutralizing IgG antibodies. The latter is 

epidemiological evidence of immune escape of BKPyV, the mechanisms of which may be 

multiple, but have not been characterized in detail. The current study now provides first evidence 

that the BKPyV agnoprotein may play an important role in evasion from the innate immunity by 

disrupting DNA sensing of mitochondria and their associated signalling pathways leading to type 

– I IFNb production in the late viral life cycle. Comparing the subcellular localization of agno-

wildtype BKPyV over time revealed that agnoprotein is targeted to the mitochondrial network, 

followed by fragmentation and break-down of the mitochondrial membrane potential, induction 

of mitophagy. This sequence of events could be elicited by transient or stable inducible 

transfection indicating that the 66aa-long agnoprotein was both necessary and sufficient, without 

requiring other viral function. The combined evidence from point mutation, truncation and fusion-

derivative using the EGFP indicated that the N-terminal 1-20aa sequence was required for 

mitochondrial targeting, and the amphipathic character of the central α-helix 20-42aa for 

mitochondrial network breakdown and disruption of the mitochondrial gradient. Absent or mutant 

agnoprotein expression in the corresponding BKPyV derivatives Dun-ATCagn, and Dun-

agn25D39E was associated with intact filamentous mitochondrial network and membrane 

potential, but reduced viral replication compare to the wildtype Dun-AGN strain. Functional 

studies investigating the induction of the innate immune response by poly(dI:dC) and 

poly(dA:dT) in cells stably transfected with the tetracyclin-inducible agnoprotein expression 

cassette revealed a reduced nuclear IRF-3 translocation, and reduced IFNb transcript and 

protein levels in the presence of agnoprotein. These observations suggested that the impaired 

BKPyV replication of the agnoprotein mutant viruses might involve the induction of an antiviral 

state in the actively replicating and the neighbouring cells. Indeed, BKPyV replication in primary 

human tubular epithelial cells was shown to be sensitive to exogenously added IFNb, which 

could be partially blocked in the presence of an anti-IFN cocktail consisting anti-IFNa/anti-IFNb, 

and anti-IFN receptor antibodies. Recue experiment of Dun-agn25D39E viral growth by the 

addition of antibodies against IFN-a, IFN-b and IFN-a/b receptor and the inhibition of the TBK-

1 kinase leads to a partial rescue of Dun-agn25D39E viral growth. Notably, addition of CoCl2 
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was able to cause breakdown of mitochondrial membrane potential in the presence of the 

mutant agn25D39E-encoded agnoprotein, and partially rescue viral replication with 

corresponding targeting the damaged mitochondria for mitophagy (not shown). These data 

strengthen the functional link between agnoprotein, mitochondrial breakdown and efficient 

replication.  

Mitochondria are not just the powerhouses of the cells, but are also important signalling 

platforms for innate immunity and apoptosis signals. Many RNA and DNA viruses evade innate 

immunity and interfere with apoptotic signals by interacting with mitochondria. HCV evades the 

innate immunity by cleaving of MAVS off the mitochondria with its protease NS3/4A [352]. HBx 

from HBV directly interacts with, and inhibits MAVS protein function by inducing its ubiquitination 

and targeting it for degradation, thus preventing the induction of IFN-b [337]. Moreover, HBx has 

been reported to cause breakdown of the MMP by binding to the voltage-dependent anion 

channel HVCAD3 [335]. vMia a protein an immediate early glycoprotein of CMV inhibits of Bax 

insertion into mitochondrial membrane [392]. vMia promotes viral replication by relocating 

viperin, an inducible LD-binding protein, to mitochondria where it interferes with MAVS signalling 

[328, 463].  

Similarly, to the agnoprotein, also other viral proteins colocalise to mitochondria and induce their 

fragmentation, e.g. p13II from HTLV-I. Expression of p13II leads to specific alterations of 

mitochondrial morphology and distribution from a typical string-like, dispersed network to round-

shaped clusters, similar to what is seen when Dun-AGN is expressed. Interestingly, p13II allows 

the virus to escape the host immune surveillance and persist latently in an immune-competent 

host [361, 403]. 

Based on the studies presented here, it cannot be decided whether or not agnoprotein requires 

interaction with a specific mitochondrial protein to exert its dramatic functions. Given the 

abundance of agnoprotein in the cytoplasm of BKPyV-infected cells in the late viral life cycle, 

special care has to take to ensure specificity of this interaction if co-immunoprecipitation 

experiments are to be performed. Preliminary data of a mitochondrial isolation using 

mitochondria-isolation kits with beads against Tom20 showed also agnoprotein being present in 

the mitochondrial fraction. However, given the structure predictions and the role of the central 

α-helix 20-42aa for mitochondrial network breakdown, it can be envisaged that agnoprotein 

alone may be sufficient to cause mitochondrial membrane breakdown by oligomeric aggregates 

with corresponding pore formation. It has been shown that for the JCPyV agnoprotein, the amino 

acids spanning from 17 to 42 are important for dimer/oligomer formation. Furthermore, a 

removal of 17 to 42 aa region from the viral background severely affected the efficiency of the 

JCPyV replication [193]. Careful future experiments need to resolve this question. However, the 

as JCPyV and SV40 similarly cause mitochondrial breakdown, an evolutionary conserved 

principle can be assumed regardless of the exact molecular mechanism Other viral proteins 
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have a similar function, for example the influenza A virus PB1-F2 protein that targets the inner 

mitochondrial membrane via amphipathic helix. PB1-F2 disrupts mitochondrial function and 

leads to the loss of the inner MMP, leading to cell death [363]. Another example is the NSP6 

from the dsRNA rotavirus that localizes to mitochondria via a predicted N-terminal α-helix [464]. 

A further very interesting protein that exhibits similar binding properties than the agnoprotein in 

tissue culture cells, is the core protein from HCV. It is primarily located at the endoplasmic 

reticulum as well as mitochondria and lipid droplets within the cytoplasm. The aa 112 to 152 of 

the core protein mediate an association of the core protein with not only the ER but also with 

the mitochondrial outer membrane. This region contains an 18-amino-acid motif which is 

predicted to form an amphipathic alpha-helix structure [465]. Interestingly, also E2 from 

Papillomavirus 18 localises to mitochondria, induces reactive oxygen species release and 

modulates host cell metabolism. The analyses of the E2-interactome showed an association to 

the inner mitochondrial membrane involving components of the respiratory chain. Furthermore, 

the mitochondrial E2-association alters the cristae morphology when examined by electron 

microscopes, similar to our observations [466].  

There is now emerging evidence that many pathogens, among them hepatitis C and Dengue 

viruses, Chlamydia, and Mycobacterium, interact with LDs during infection either for nutritional 

purposes or as a strategy for immune evasion. Further evidence that BKPyV Dun-AGN directly 

interacts with mitochondria resulted from administered LDs that sequester agnoprotein and 

thereby interfere and delay fragmentation and MMP description of mitochondria and the viral 

load is higher. The CMV induced redistribution of viperin from the ER to mitochondria does not 

only impair the innate signalling but also blocks the function of the mitochondrial trifunctional 

protein (TFP) an enzyme that mediates fatty acid-beta-oxidation. The resulting decrease in 

cellular ATP levels activates and an increase of which resulted in actin cytoskeleton disruption 

and enhancement of infection [328, 467]. 

JCPyV replication appears to be significantly inhibited at all steps in the presence of IFN-a/b 

and that neutralizing anti-IFN antibody rescued the inhibitory effect of IFN [468]. JCPyV 

infectivity was increased when the interferon I receptor and IFN-a and IFN-b were blocked with 

neutralizing antibodies [469]. Another study showed that a treatment with the immune cell 

derived type-II-IFN-g inhibited the expression of the LTag and the Vp1 in a dose-dependent 

manner. Their results suggested that IFN-g-induced inhibition occurs at the level of transcription. 

In contrast to all these observations stand the results from de Kort [470]. They pre-stimulated 

RPTEC with IFN-α or dsDNA and they observed that this treatment did not hamper BKPyV 

replication. However, they only studied transcript levels of LTag, and provide little or no data on 

viral replication. 
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The infection and transfection studies in cell culture using confocal microscopy were 

complemented by TEM studies, immunoblot analysis and extended to the study of tissue 

samples from kidney transplants suffering from BKPyV-associated nephropathy. 

The LTag of JCPyV induces the suppression of Bcl-2-associated athanogene 3 (Bag3), which 

is implicated in autophagy and apoptosis. On the other hand, if Bag3 is overexpressed, the level 

of LTag significantly reduces induction of autophagic degradation. Autophagic LTag degradation 

leads to the inhibition of JCPyV infection of glial cells and also lowers the protein expression of 

the agnoprotein and Vp1 [471]. The second protein, sTag of SV40, triggers autophagy upon 

glucose deprivation [472]. It was never investigated how BKPyV replicates under glucose 

deprivation. We observed that with decreasing amounts of FCS, less LDs were present and 

mitochondrial fragmentation was even more pronounced similar to p62-induced autophagy. 

Their results together with our results imply that such viral interference of the autophagy process 

must be strictly regulated and could be different at different time points of infection. In earlier 

stages autophagy is undesired, but at later time points becomes useful for viral evasion from 

being detected. 

Induction of mitophagy has also been discovered for other viruses than the HPyVs, namely 

Parainfluenza Virus Type 3 (HPIV3). The matrix protein (M) of HPIV3 translocates to 

mitochondria and interacts with Tu translation elongation factor mitochondrial (TUFM). This also 

leads to induction of mitophagy. However, HPIV3 induces autophagosome formation via LC3 

protein and not through p62 as BKPyV. The interactions with TUFM and LC3 are necessary for 

the induction of mitophagy and lead to inhibition of the type I interferon response [378]. 

A summary of the results is presented in a model. Agnoprotein is expressed late in viral life cycle 

and binds to the ER, LDs and mitochondria. Thereby it disrupts the mitochondrial architecture 

and breaks down the MMP. The non-functional mitochondria are targeted by p62 and degraded 

by p62-dependent mitophagy. The breakdown of the MMP leads to impaired innate signalling, 

specifically to inhibition of the nuclear translocation of IRF-3. Thereby, no or less type I IFN is 

produced and secondary infection of neighbouring cells is eased (Figure 17, A). In contrast to 

cells infected by the agnoprotein-25D39E mutant, which still have functional mitochondria and 

where viral evasion of innate immunity is not possible. IFN-I is produced and the neighbouring 

cell gets in an antiviral state. Thus, the infection is hindered (Figure 17, B). 
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Figure 17: Replication cycle of BKPyV Dun-AGN and BKPyV Dun-agn25D39E 
Early proteins are shown in red, late proteins are shown in green. LTag, Large T antigen; sTag, small T 
antigen; TruncTag, Vp1, viral capsid protein 1; Vp2, viral capsid protein 2; Vp3, viral capsid protein 3; ER, 
endoplasmic reticulum; LD, Lipid droplet; gangliosides GD1b and GT1b as receptors for BKPyV 

Although mitochondrial fragmentation in BKPyV, JCPyV, and SV40 replication argues for an 

evolutionarily conserved principle, the arises why the agnoprotein ORF is absent in the 

remaining 12 HPyV [473]. Apparently, there is little evolutionary selection pressure for these 

viruses to encode the agnoprotein which may reflect peculiarities of its replication and/or their 

host tropism and anatomic location. Of note, all three agnoprotein-encoding viruses share 

tropism for the reno-urinary tract, whereas most other HPyV that do not express the agnoprotein 

have been detected in skin or hairfollicles (see Table 1). In the Papillomaviridea, the closest 

related family viruses of Polyomaviridea the virus particles are not released until the infected 

cells reach the upper skin layer. A release of this nature may avoid encountering the immune 

system. Therefore, these viruses do not need agnoprotein to control the amount and the way 

progeny virus particles are released.  

To conclude, a novel subcellular localisation and associated function was described for BKPyV-

agnoprotein targeting the host cell DNA-sensing via mitochondrial platform to inactivation and 

mitophagy, both in vitro and in vivo. These characteristics seem to be a conserved between 

BKPyV, JCPyV and SV40. Further mechanistic details need to be addressed as well as the 

question, whether or not novel targets to the prevention and treatment of BKPyV replication and 

disease can be identified. However, it needs to be stressed that activation of BKPyV replication 

starts with early viral gene expression, an aspect addressed by the differing action of 

immunosuppressive drugs as well as the better dissection of the viral NCCR involving key 

transcription factor binding sites as sensors and mediators of host cell permissiveness. Clearly, 

a better understanding of viral gene expression seen in the light of the synergistic action of 

innate and adaptive immunity will be gained.  



169 
 

8. Outlook 

There are several points still not completely elucidated in all three projects and where further 

studies would be worthwhile. Regarding the BKPyV NCCR, there is already a follow-up 

publication showing that the bidirectional balance of EVGR and LVGR expression is dependent 

on affinity, strand orientation, and the number of Sp1 sites. An interesting point would be to study 

how exactly the TFBS mutations are occurring in vivo. For the project investigating the role of 

immunosuppressive drugs, further research would need to elucidate the precise mechanisms 

underlying TAC activation of BKPyV replication through FKBP-12, how FKBP-12 interacts with 

BKPyV, and whether there are viral interaction partners of FKBP-12. For the agnoprotein study, 

it would be of interest to find out whether or not the agnoprotein needs an interaction partner for 

the interference with innate immunity and whether it exclusively acts as a viroporin, as 

suggested for the JCPyV agnoprotein. Viral proteins as interaction partners can be excluded, 

as we have seen similar events when agnoprotein was expressed in a non-viral context. 

Furthermore, it would be of major interest to know whether other molecules of the innate 

immunity pathways are affected by agnoprotein expression, e.g. IRF7 translocation. Additionally, 

it would be of interest to understand how the agnoprotein induces the fragmentation 

mechanistically, and whether it is enhanced fission or reduced fusion.   
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11. Appendix 

11.1 Machines 

11.1.1 DNA, RNA measurement  

Thermo scientific NanoDrop 1000 Spectrophotometer, ImageXpress MicroTM 

 

11.1.2 Centrifuges 

Eppendorf centrifuge 5415R, Eppendorf centrifuge 5810R, Sorvall® RC-5B Refrigerated 

superspeed centrifuge, Sorvall® RC3C 

 

11.1.3 Incubator 

HERA cell150, Lamina flow, HERA safe Kendro 

 

11.2 Microscopes 

Nikon Eclipse TE200, Nikon Eclipse E800, Olympus CK2, LeicaSPS, TecnaiTm Spirit TEM 

 

11.3 Software 

11.3.1 Programs 

EndNote, Version X8.0.1, Microsoft Excel for Mac, Version 15.38, Microsoft Powerpoint for Mac, 

Version 15.38, Microsoft Word for Mac, Version 15.38, Nikon DS Camera Control UnitQuantity 

One Gel doc, version 4.1.1, Image JA 1.42I, Fiji; Image 2.0.0-rc-43/1.5e, GraphPad Prism 

software version 7.0c 

 

11.3.2 Websites 

http://www.ncbi.nlm.nih.gov/projects/gv/mhc/ihwg.cgi 

http://www.ncbi.nlm.nih.gov/sites/entrez?otool=unibaslib 

http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3 

http://www.gene-regulation.com/pub/programs/alibaba2/index.html 

 


