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Human polyomaviruses show relatively little genetic polymorphism between
isolates, indicating that these viruses are genetically stable between hosts. How-
ever, it has become increasingly clear that intra-host molecular evolution is a
feature of some polyomavirus (PyV) infections in humans. Mutations inducing
premature stop codons in the early region of the integrated Merkel cell PyV
genome lead to the expression of a truncated form of the large tumour (LT)
antigen that is critical for the transformation of Merkel cell carcinoma (MCC)
cells. Non-coding control region (NCCR) rearrangements and point mutations
in virion protein (VP) 1 have been described in both JCPyV and BKPyV
infections. In the context of JCPyV infection, molecular evolution at both
these loci allows the virus to replicate effectively in the central nervous
system, thereby leading to the development of progressive multifocal
leukoencephalopathy (PML). In BKPyV infection, NCCR rearrangements
have been linked to higher rates of virus replication in the kidney, and are
proposed to play a direct causal role in the development of PyV-associated
nephropathy. In all three of these infections, therefore, intra-host viral evolution
appears to be an essential component of the disease process.

This article is part of the theme issue ‘Silent cancer agents: multi-
disciplinary modelling of human DNA oncoviruses’.

1. Introduction

Polyomaviruses are small circular double-stranded DNA viruses that infect a var-
iety of vertebrate hosts [1]. Among the 13 polyomaviruses so far classified as
human polyomaviruses (HPyV) by the International Committee on Taxonomy
of Viruses, 11 have been found to routinely infect humans, and six are associated
with diseases. The three most extensively studied HPyV are BKPyV (HPyV1),
which causes polyomavirus nephropathy (PVAN) in kidney transplant (KTx)
recipients and haemorrhagic cystitis (HC) in haematopoietic stem cell transplant
(HSCT) recipients [2,3], JCPyV (HPyV2), the aetiological agent of progressive
multifocal leukoencephalopathy (PML) [4] and MCPyV (HPyV5), which is
responsible for the most frequent form of Merkel cell carcinoma (MCC) [5].
Even in these three cases, however, the vast majority of infections are completely
asymptomatic, as seroprevalence for all three of these viruses is greater than 50%
in adult populations worldwide [6]. Host immunosuppression is the critical
cofactor in BKPyV and JCPyV pathology, with pharmacological immunosup-
pression to prevent graft rejection essential for BKPyV reactivation in KTx
recipients, while PML is observed in HIV/AIDS patients or under immunosup-
pressive and immunomodulatory medication. Similarly, immunosuppressed
states including AIDS [7], solid organ transplantation [8] and haematological
malignancies are associated with increased incidence of MCC [9].

The overall pattern of asymptomatic infection, with rare cases of disease
mainly related to host immunosuppression, is consistent with the view that
HPyV have coevolved with their hosts over long periods of time, resulting in
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loss of virulence. Nevertheless, even within the at-risk immu-
nosuppressed population, BKPyV and JCPyV reactivation
only leads to overt pathology in a minority of cases. That
is, even when the host population is homogeneous, there is
considerable heterogeneity in the outcome of virus reactiva-
tion, ranging from entirely asymptomatic replication with
virus secretion in the urine, to organ dysfunction (PVAN),
or even lethal (PML) pathologies. The objective of the present
review is to evaluate to what extent within-host molecular
evolution contributes to polyomavirus pathology in humans
and how this relates to the host immune landscape.

2. T antigens in HPyV infection: focus on MCPyV

Numerous studies have provided evidence that MCPyV is the
causal agent of MCC, a rare but aggressive skin cancer that
develops in the elderly. The transforming potential of
MCPyV is owing to the expression of genes located within
the ‘early region” of the viral genome, the T antigens [10,11].
The two main spliced products of the early region are the
large T (LT) and the small T (ST) antigens whose known func-
tions are the coordination of the viral infectious cycle, cell
cycle progression and the malignant transformation of the
host cell [12]. LT is a multifunctional protein composed of sev-
eral domains including, from the N-terminal to the C-terminal
region, a DNAJ domain, a retinoblastoma protein (pRb)-bind-
ing domain, an origin-binding domain (OBD) indispensable
for viral DNA replication and the helicase/ ATPase domain
that activates viral and cellular transcription.

Using a subtractive transcriptomic approach, Feng and
colleagues demonstrated that MCPyV is clonally integrated
in 80% of MCC [5]. Integration impairs expression of late
proteins and the late-encoded MCV-mir-M1 [13,14]. Loss of
MCV-mir-M1 allows early region transcripts to accumulate,
and therefore leads to upregulated expression of LT and ST
after integration. Comparison of MCPyV genome sequences
showed that truncation of the LT protein is a hallmark of
MCPyV-infected transformed Merkel cells [15]. In this
report, LT from nine MCC were sequenced and analysed.
Mutant LT antigens retained the ability to perturb cell
growth through Rb antagonism but were unable to stimulate
MCPyV genome replication, because of the loss of essential
C-terminal LT domains. The authors concluded that mutations
were selected in MCC to avoid DNA replication of integrated
virus that could be deleterious to tumour cell survival by the
induction of innate responses, including the DNA damage
and type I interferon responses [15]. Subsequent studies focus-
ing on ST and LT sequencing in MCC confirmed that most of
the MCPyV variability in these genes—in particular,
mutations inducing stop codons or insertions/deletions—
was concentrated after the pRb-binding domain

The random integration of MCPyV is considered as a
prerequisite to malignant transformation in MCC. In that
situation, late protein expression is hampered while early
gene products like LT, while heavily mutated, can still elicit
host cell transformation by forcing cell cycle progression and
upregulating anti-apoptotic genes [16]. MCPyV integration/
transformation appears most likely as a consequence of a
fine balance allowing the host cell to escape lysis and inte-
grated MCPyV genomes to escape clearance by the immune
response. Interestingly, three original publications by Kenan
et al. and Miller et al. [17-19] have shown that some

LT-positive urogenital carcinomas in transplant patients were n

linked to the presence of genetically altered BKPyV genomes,
either integrated or as episomes in cancer cells. Thus evidence
is accumulating implicating aberrant LT expression as a key
tumour inducer for at least two HPyV infections.

3. Non-coding control region in JCPyV and
BKPyV infection

One of the most remarkable features of the HPyV is the
occurrence of rearrangements of the enhancer element of
the non-coding control region (NCCR). The NCCR is a key
regulatory region of about 400 bp, harbouring sequences
required for replication and for transcription (early and late
promoters and cis-regulating elements). It is defined by a
region between the ATG start codon for LT and the start of
the agnoprotein open reading frame and contains several
confirmed and putative binding sites for cellular transcription
factors (reviewed in [20]).

The early side of the NCCR is highly conserved between
different isolates of the same PyV species. It contains the
origin of viral DNA replication (ORI), centred by four
GAGGC pentamers that bind the OBD of the viral LT antigen.
It also contains binding sites for nuclear factor kappa B
(NF-kB) that play a role in the regulation of transcription of
both BKPyV and JCPyV genomes [21]. Between the early
and late sides of the NCCR are tandem repeat elements
that function as enhancers for early and late transcription
and interact with a number of cellular transcription factors.

On the basis of the NCCR sequence, archetype (ww) and
rearranged (rr) NCCR have been described. The NCCR of
archetype strains can be arbitrarily divided into sequence
blocks (OPQRS for BKPyV, ABCDEF for JCPyV) [22,23]. The
rrNCCR are characterized by mutations, partial duplications
and/or deletions compared to the archetype sequence
(figure 1). These rearrangements were rapidly described for
BKPyV and JCPyV in cell culture as compared to sequences
directly obtained from urine [24]. Archetype strains are
considered as the transmissible form of the virus in the popu-
lation. They are shed in the urine of immunosuppressed
people, during pregnancy, but also in healthy individuals,
owing to periodic, subclinical reactivation from the kidney
[25]. Rearranged variants have mostly been described in the
context of immunosuppressive or immunomodulatory therapy
(organ transplantation, monoclonal antibody therapy) or in
AIDS patients. These rearranged forms also emerge quickly
in permissive cells in vitro [24], indicating that they outcompete
archetype strains when replication occurs without the
constraints of an effective host cellular immune response.

In BKPyV, typical rrNCCR harbour an unmodified O143-Peg
segment, bearing the viral ORI and the early transcription
start site, when there are complete or partial duplications of
the Pgg block, and deletions in Q39-Rg3-Sg3. No common
sequence for rrNCCR could be identified, however, as the
length, position and combination of duplications/deletions
events vary extensively between isolates. In a study from
Gosert et al., rrNCCR were associated with prolonged
viremia and PVAN during BKPyV infection in kidney trans-
planted patients. Inter-compartment analysis between
plasma and urine revealed a higher frequency of rrNCCR
sequences in plasma than in urine, and patients displaying
rrNCCR in plasma were also characterized by higher viral
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Figure 1. Structure of archetype and rearranged NCCR in JCPyV and BKPyV. The archetype structures are arbitrarily divided into blocks (0-P-Q-R-S for BKPyV, A-B-C-
D-E-F for JCPyV). Rearranged NCCR are characterized by duplications and deletions. As examples, the riNCCR of the laboratory isolates BKPyV Dunlop and JCPyV Mad-

1 are presented.

loads [26]. Similar to BKPyV, viral JCPyV DNA harbouring
an archetype form (ABCDEF) has been detected in urine
and also in tonsil tissue [23,27]. Using next generation
sequencing (NGS), quasi-species analysis of JCPyV DNA
from the urine of immunocompetent donors revealed the
existence of mixtures of strains with point mutations or
short deletions but no rearrangements [28]. A hallmark of
JCPyV DNA from PML patients’ brain or cerebrospinal
fluid is the presence of rrNCCR, likely derived from the
archetype strain by successive deletion and/or duplication
events, as illustrated by inter-compartment NCCR analysis
[23]. The emergence of rearranged variants may occur
during JCPyV dissemination in blood, as they are also
detected in plasma [29]. However, NCCR rearrangement
may not be a prerequisite for pathology, as some PML
patients display a major viral population with archetype
NCCR in cerebrospinal fluid (CSF) [28,30].

In vitro, BKPyV rrNCCR strains are characterized by much
more efficient propagation than wwNCCR strains, which grow
slowly in primary human urothelial and renal epithelial cells
unless infected cells overexpress large T antigen [31]. The
mechanisms underlying these differences are not completely
understood: using a bidirectional reporter vector, Bethge ef al.
showed that rearrangements affect the balance between early
and late promoter activities [32]. The same author later focused
on the transcription factor Spl. Mutations disrupting an Spl
binding site close to the early region promoter decreased
both early and late gene expression, whereas mutations elimi-
nating the Sp1 site near the late promoter increased early gene
transcription [33]. In HSCT recipients, a point mutation in the
Sp1 site on the late side was detected in urine of 7/16 patients
with HC, but not in patients without HC [34]. Perturbing the
ratio of early to late region transcripts also impacts the function
of the viral miRNA, which is complementary to LT mRNA and
is encoded on the late region transcript. The increased tran-
scription of the early region from rearranged NCCR
overwhelms the control of LT expression exerted by the viral
miRNA, and this plays an important role in the enhanced
replication observed in rearranged isolates [35].

PML-related JCPyV rearranged strains are characterized
by increased early gene transcription and viral replication
[29]. But once again, the functional impact of rearrangements
may vary according to the pattern of rearrangement and the
method used to measure its impact. Recently, L'Honneur
et al., using dual reporter minicircles, showed that a deletion
in the F block of JCPyV NCCR was associated with an
increase in the late promoter but no change in the early
promoter activities [36].

NCCR variants have also been described for the novel
HPyV in clinical samples from immunosuppressed patients
[37,38] and HPyV reporter vectors based on these rrNCCR
sequences were shown to have increased early gene
9]. Regarding MCPyV, NCCR genotypes have
been linked to geographical origin, but in patients with

expression [3

MCC, rrfNCCR was not found in tumour tissue or normal
skin specimens [40].

Recombination events occurring during viral replication
have been proposed to explain the emergence of NCCR
rearrangements [41], but more data are required to examine
this mechanism and longitudinal NGS analyses in infected
patients will help to further investigate the emergence of
these rearrangements. Available data are consistent with the
view that NCCR rearrangements confer increased replicative
capacities to HPyV but that this gain of fitness is not compa-
tible with long-term persistence, since higher levels of LT
expression render infected cells more susceptible to lysis by
cytotoxic T cells [42]. This explains why rearranged NCCR
are only observed in vivo in immunosuppressed patients.

4. VP1 evolution and pathology in JCPyV
and BKPyV infection

In the context of JCPyV infection, the idea that PML could be
associated with specific VPI mutations was first suggested in a
1995 paper [43] then confirmed ten years later in a Japanese
cohort [44,45]. Non-synonymous VPI1 mutations modifying
the BC and HI loops were found in 13 of 16 sequences from
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the brain or CSF of PML patients, but were absent from 13 VP1
sequences derived from the urine of immunosuppressed KTx
recipients.

A more systematic approach analysing VP1 sequences
from 55 PML patients compared to 235 sequences from
urine samples of healthy individuals reinforced the relation-
ship between VPI mutations and PML. This publication
reported that VPI mutations from PML patients, specifically
at amino acids L55, K60 (BC-loop), S265, 5267 and S269 (HI
loop), emerged by positive selection independently of
JCPyV genotype. Each PML-derived VP1 sequence carried
only one of these five mutations, which was explained by sig-
nificant epistatic interactions at these sites. That is, the
presence of a mutation at position 55 reduced the likelihood
of incorporation of a second mutation at position 269, and a
similar interaction was found between mutations at amino
acids 60 and 269. The five amino acids subject to positive
selection were in close proximity to the predicted receptor
binding pocket in the JCPyV VP1 pentamer, suggesting that
they altered virus tropism.

The functional impact of JCPyV VPl mutations was
assessed by incorporating PML-associated mutations into
either virus-like particles (VLPs) [46], VP1 pentamers [47], mol-
ecular clones of the JCPyV genome to produce infectious virus
[47] and pseudotype particles produced by co-transfecting
plasmids coding for JCPyV VP1, VP2 and VP3 proteins
[47 A8]. All of these approaches demonstrated that PML-associ-
ated mutations disrupt the sialic acid binding pocket of the VP1
pentamer and specifically abrogate binding of the JCPyV
capsid to its receptor, the lactoseries tetrasaccharide c¢ (LSTc),
which terminates with an a2-6-linked sialic acid residue [49].

More recently Geoghegan et al. [48] used pseudotype
JCPyV particles carrying wild-type, L55F and S269F mutant
VP1 to investigate the infectious entry characteristics of
PML-associated mutations. They found that entry in a
gliosarcoma cell line transfected with Large T Ag (SF-539
cell line) mediated by wild-type VP1 was dependent on the
presence of sialylated glycans, while entry mediated by
L55F and S269F mutant VP1 was sialic acid-independent. Fur-
thermore, they found that although the L55F and S269F
mutations abrogated the infectivity of pseudotypes in an ovar-
ian cancer cell line transfected with Large T Ag (NCI/ ADR-RES
cell line), infectivity was restored by supplementing these cells
with the asialo-GM1 ganglioside [48]. Expression of this
ganglioside in wvivo is restricted to oligodendrocytes and
myelin-producing cells, so asialo-GM]1 is therefore an attractive
candidate receptor for PML-associated JCPyV in the CNS.

The interaction between the virus and the host humoral
response appears to be another important factor in JCPyV
VP1 evolution, since PML-associated mutations were found
to confer neutralization escape against the patient’s cognate
serum [50].

In the context of BKPyV infection, it has also been
suggested that VP1 mutations are associated with pathology
in the form of PVAN after KTx. This was first proposed by
Randhawa and colleagues, in an analysis of the VP1 typing
region in DNA extracted from kidney biopsies of PVAN
patients [51]. This report showed first, that VP1 diversity in
patients with PVAN was greater than that observed in the
urine of healthy donors or asymptomatic kidney transplant
recipients, and second, that intrapatient evolution can
occur, because VP1 mutations accumulated over time in the
three patients for whom sequential biopsies were available.

A follow-up study from the same group [52] found that n

VP1 sequences in patients with PVAN showed higher
sequence diversity in the BC-loop (AA 61-83) compared to
sequences from patients with BKPyV viruria without vire-
mia, and the dN-dS ratio in that region of the protein
indicated positive selection in PVAN patients. However, an
analysis of VP1 sequences in 45 KTx recipients from another
group reached the conclusion that VP1 mutations in BKPyV
had no impact on virus replication in vivo [53]. Similarly,
VP1 mutations in the BC-loop were found both in 6 out of
8 patients with PVAN and 6 out of 7 KTx recipients character-
ized by high viruria without PVAN [54], indicating that the
accumulation of mutations in VP1 may be a consequence of
high viral load rather than specifically related to PVAN.

Recently, results from the Buck lab indicated that VP1
mutations in patients with PVAN do indeed modify viral
tropism and lead to neutralization escape [55]. In this
study, VP1 mutations D62N, E73Q, E73K, D77H and D77N
were observed in two PVAN patients with genotype IV infec-
tion, and the functional impact of these mutations was
analysed using pseudotype viruses. Pseudotype particles car-
rying these mutations gained the ability to agglutinate sheep
red blood cells, implying that receptor use was modified.
With respect to neutralization escape, patient 1 variants
D62N, E73K and D77H all resulted in 70- to 90-fold greater
resistance to neutralization by cognate serum compared to
the wild-type VP1, whereas patient 2 variants D62N, E73Q
and D77N resulted in a modest 8-fold resistance to neutraliz-
ation. Interestingly, viremia became undetectable in patient 1
three months after PVAN diagnosis, without the develop-
ment of a neutralizing response specific for the D62N, E73K
and D77H variants. It is therefore not clear how the resistance
of VP1 variants to neutralization in vitro relates to control of
virus replication in vivo.

Overall, the available data show that molecular evolution of
VP1 plays an essential role in the physiopathology of PML by (i)
allowing the virus to escape from the host humoral response
and (ii) modifying virus tropism such that cells in the CNS
can be infected. The situation is analogous to that previously
described in mouse polyomavirus (MuPyV) infection, in
which a single amino acid substitution confers a highly patho-
genic phenotype [56,57]. Furthermore, the V296A mutation in
MuPyV VP1 that is responsible for enhanced pathogenicity
modifies an amino acid side-chain that occupies the same pos-
ition on the capsid surface as the S269F mutation in JCPyV VP1.
In both cases, a single mutation modifies virus binding to
glycan receptors and converts the virus to a more pathogenic
form. Despite such a low genetic barrier PML remains a rare
manifestation of JCPyV infection, presumably because the
emergence of neurotropic strains requires a combination of
host immunosuppression and transport across the blood—
brain barrier of viruses carrying the initially rare VP1 variant.

In contrast, the contribution of VPI mutations to pathol-
ogy in the context of BKPyV infection has not been so
clearly established. Unlike the case of PML-associated VP1
mutations, which are found only in the CNS and plasma
[46], mutations in BKPyV VPI in PVAN patients are also
found in virus excreted in the urine. Therefore, BKPyV VP1
mutations do not entail the loss of virus replication in the
reno-urinary epithelium. This can be explained by examining
the position of BKPyV VP1 mutations from PVAN patients on
the viral capsid (figure 2). In contrast to L55F and S269F in
JCPyV and V296A mutation in MuPyV, mutations in
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Figure 2. Position of V/P7 mutations on MuPyV, JCPyV and BKPyV VP1 pen-
tamers. Adjacent VPT monomers are shown in mauve, green and grey. Glycan
receptor fragments complexed with VP1 pentamers are shown in yellow and
VPT mutations detailed in the text are shown in red. For BKPyV the VP1
pentamer structure was obtained for genotype | VP17, whereas the functional
impact of mutations has only been determined for genotype IV V/P1. Labels
refer to amino acids in genotype IV VP7, while the residues highlighted in red
are the amino acids at the corresponding position in the primary structure of
genotype | VP1. It is assumed that the relevant amino acids occupy equiv-
alent positions on the surface of genotype | and genotype IV VP1 pentamers.
The figure was prepared using Pymol with the following structures—1VPS
(MuPyV), 4X13 (JCPyV), and 4MJO (BKPyV).

BKPyV VP1 do not appear to disrupt the sialic acid binding
pocket on the BKPyV capsid. Indeed, functional analysis of
pseudotypes carrying the D62N, E73Q/K, and D77N/H
mutations showed that virus entry mediated by mutant
VP1 remained dependent on sialic acid [55]. It therefore
seems likely that BKPyV VP1 mutations result in relatively
minor changes to virus tropism—the virus may switch to a
different entry receptor on the same host cell type, but this
does not alter its tissue tropism.

5. Conclusion

Intra-host evolution of human polyomaviruses occurs and is
clearly responsible for pathology in MCPyV and JCPyV infec-
tions (figure 3) and although the contribution of NCCR and
VP1 evolution and pathology is less clear in the case of
BKPyV infection, the available data indicate that it is likely
to play an important role.

In MCPyV infection, virus integration, followed by the [ 5 |

selection of cellular clones that express a truncated LT
protein, results in oncogenic transformation of the host cell.
This process is similar to that observed during induction of
cervical cancer by the human papillomaviruses (HPV),
HPV16 and HPV18. Integrated HPV genomes are frequently
detected in malignant tissue, accompanied by disruption of
late gene expression, with conservation of the early genes,
E6 and E7 that are essential for cancer cell transformation.
Interestingly, the E2 gene is frequently disrupted by HPV
integration, and this is associated with increased expression
of E6 and E7 [58]. Therefore, chronic upregulated expression
of early gene products essential for tumour cell transform-
ation, combined with loss of other early gene functions,
appears to be a common theme linking the carcinogenic
process driven by oncogenic HPV and HPyV.

In JCPyV and BKPyV infection, in-host virus evolution
appears to be a response to the unique immune environment
of the infected host. In multiple sclerosis patients treated with
Natalizumab, JCPyV reactivation presents the virus with a
host in which cellular immunity is blocked specifically in the
CNS, while systemic immunity, notably the humoral response,
remains intact. The presence of a robust humoral response
therefore exerts selection pressure on VP1, while the absence
of cellular immunity in the CNS gives a selective advantage
to rrNCCR variants. The immune landscape is similar in KTx
recipients with BKPyV reactivation. Even though cellular
immune responses are abrogated by the immunosuppressive
drugs given to prevent graft rejection, these patients mount a
strong antiviral humoral response, hence the same pattern of
VP1 point mutations and NCCR rearrangements is observed.

These processes are observed within individual patients
on a time scale of months to years, and this raises two impor-
tant questions—first, what causes this high intra-patient
mutation rate, and second, how can we reconcile relatively
rapid intra-patient evolution with the very low sequence
diversity of these viruses observed at the population level?

With respect to high intra-patient mutation rates, two
lines of evidence have incriminated the host cytosine deami-
nase, APOBEC3B, as the cause of VP1 mutations in BKPyV
infection. First, its expression is induced by BKPyV infection
[59], and second, the pattern of VP1 mutations observed in
vivo by deep sequencing displays an APOBEC3B signature
[59]. Interestingly, the two main PML-associated VP1
mutations, L55F and S269F, can be induced by cytosine dea-
mination (TTG=>TTC, and TCT=>TTT, respectively) so
APOBEC3B activation could presumably also be involved
in the emergence of pathogenic JCPyV variants. APOBEC3B
activation may also be implicated in the development of
reno-urinary cancers in solid organ transplant recipients sec-
ondary to BKPyV reactivation [60]. In particular, urothelial
bladder carcinoma genomes carry a strong APOBEC3B signa-
ture [61]. Overall, the in-host evolution of BKPyV, and
possibly JCPyV, VP1 appears to be the result of a fascinating
interplay between the innate antiviral response, leading to the
induction of APOBEC3B, which creates the mutant viruses
that are then selected by the host humoral response [47]. In
contrast, the molecular mechanism of NCCR rearrangements
and the cause of LT mutations in integrated MCPyV genomes
that lead to MCC have not been identified.

With regard to the second question, it is clear that the
mutations involved in JCPyV and MCPyV pathology are
evolutionary dead ends for these viruses. In MCPyV, both
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Figure 3. Summary of intra-patient evolution leading to pathology in MCPyV, JCPyV and BKPyV infection. DDR, DNA damage response.

integration into the host chromosome and the incorporation
of premature stop codons in LT are incompatible with
productive virus replication. Thus, the LT mutations that con-
tribute to MCC never leave the transformed cell. Similarly,
transmission of neurotropic strains of JCPyV has never been
observed, as they are found only in the CNS and blood of
PML patients, but not in the urine [50]. Therefore, the neuro-
tropic JCPyV variants that arise as a result of selection
pressure in the immunosuppressed host never leave that par-
ticular individual. In the case of BKPyV, the situation is not
so clear, since VP1 mutant viruses are excreted in the urine.
However, these mutations only arise in KTx recipients, so it
is possible that VP1 mutant viruses are indeed transmitted,
but comprise such a small proportion of circulating viruses
that they are not detected in the general population. Further-
more, the reduction in infectivity reported for BKPyV VP1

mutations [43] may lead to them being outcompeted by
revertants in a new host.

It therefore seems likely that intra-host molecular evolution
driven by the unique selection pressures encountered in immu-
nosuppressed hosts results in the emergence of pathogenic
polyomaviruses that are, fortunately, either incapable of trans-
mission to, or at a competitive disadvantage in new hosts.
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