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Abstract 

In 2022, a bioinformatic, agnostic approach identified HPV42 as causati v e a gent of a rar e cancer, later confirmed experimentall y. This 
unexpected association offers an opportunity to reconsider our understanding about papillomavirus infections and cancers. We have 
expanded our knowledge about the di v ersity of papillomaviruses and the diseases they cause . Yet, w e still lac k answ ers to fundamental 
questions, such as what makes HPV16 different from the closely related HPV31 or HPV33; or why the very divergent HPV13 and 

HPV32 cause focal epithelial hyperplasia, while HPV6 or HPV42 do not, despite their ev olutionar y r elatedness. Certain members of the 
healthy skin micr obiota ar e associated to rare clinical conditions. We propose that a focus on cellular phenotypes, most often transient 
and influenced by intrinsic and extrinsic factors, may help understand the continuum between health and disease. A conceptual 
switch is r equir ed tow ards an interpr etation of biology as a di v ersity of states connected by transition pr oba bilities, rather than 

quasi-deterministic programs. Under this perspective, papilloma viruses ma y only trigger malignant transformation when specific 
vir al genotypes inter act with precise cellular states. Dr awing on Canguilhem’s concepts of normal and pathological, we suggest that 
understanding the transition between fluid cellular states can illuminate how commensal-like infections transition from benign to 
malignant. 

Ke yw ords: papillomavirus; di v ersity; ecology; ev olution; vir ome; micr obiote; infection and cancer; cell type; phenotype; virus–host 
interactions; genotype-to-phenotype; phenotype-to-environment 
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From the viral theory of cancer to the most 
oncogenic biological agent for humans 

Research in the first half of the twentieth century solidly estab- 
lished that c hr onic infections by certain viruses could cause tu- 
mours, as pioneered by Rous (Rous 1911 ) and by Fujinami (Fu- 
jinami and Inamoto 1914 ). Indeed, before the paradigm shift to- 
w ar ds a genetic component of cancer susceptibility, the viral the- 
ory of cancer ‘ aspired to explain most or all types of the disease as be- 
ing induced by viruses ’ (Duran-Reynals 1953 ). The viral aetiology of 
human warts had been established through classic filtration and 

inoculation experiments , mo ving the authors to propose that ‘ if a 
filtrable virus can produce marked epithelial h ypertroph y, ma y not this 
have a bearing on the growth of epithelium in other tumors, for exam- 
ple, malignant tumors? ’ (Wile and Kingery 1919 ). The ability of rab- 
bit papillomaviruses to induce warts in wild rabbits and tumours 
in domestic rabbits was consistently demonstrated later (Shope 
and Hurst 1933 ). The consensus in the 1960s classified papillo- 
maviruses of rabbits and humans, polyomaviruses (PyVs) of mice,
and vacuolating viruses of monk e ys, together into a papova virus 
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roup, as they all shared morphological and genomic similarities 
nd all of them ‘ produce latent and chronic infections in their natural
osts, and all are tumorigenic in their natural or other host species, or
oth ’ (Melnick 1962 ). 

In this intellectually favourable context, zur Hausen ( 1976 ) pin-
ointed that cervical cancer presented an epidemiological pattern 

imilar to that of genital warts and condyloma acuminata, sug-
esting that the same virus could be responsible for both clin-
cal presentations . T his was at the time a risky hypothesis, be-
ause e v en if a viral aetiology had been proposed for genital warts
(Ciuffo 1907 ), cited by (Karamanou et al. 2010 )], no papillomavirus
PV) DNA had been detected in genital warts, including attempts 
y the group of zur Hausen himself (zur Hausen et al. 1974a , De-
ap et al. 1976 ). The origin of the inconsistenc y w as the unex-
ected diversity among human PVs (HPVs), as at the time the
 human papov a (w art) virus ’ was thought to be an individual, sin-
le entity (Rowson and Mahy 1967 ). Howe v er, the fe v er for vi-
al isolation and characterization rapidly revealed the large ge- 
etic heterogeneity among HPVs (Gissmann and zur Hausen 1976 ,
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issmann et al. 1977 ): (i) the genome of HPV1 was c har acterized
n 1977 (Orth et al. 1977 ); DNA from a no vel virus , HPV6, was e v en-
uall y identified fr om a condyloma acuminata (Gissmann and zur
ausen 1980 ); and the genome of HPV16, which was not respon-

ible for condyloma acuminata but turned to be the most onco-
enic biological agent to humans, was identified (Dürst et al. 1983 ,
987 ) and sequenced (Seedorf et al. 1985 ) shortl y ther eafter. It is
o w w ell established that a handful of HPVs are oncogenic for
umans (Walboomers et al. 1999 , Arbyn et al. 2014 ), and that they
r e globall y r esponsible for ar ound 5% of all ne w cancer cases e v-
ry year (de Martel et al. 2020 ). The current diversity estimates,
ased on targeted as well as on broad metagenomic surveys, sug-
est that there exist around 800 distinct HPV genotypes (Arro y o
ühr et al. 2021 ), extr emel y div ersified, and that do not share a

ingle, exclusiv e r ecent common ancestor (Willemsen and Bravo
019 ). 

he twisted road between genotype and 

henotype in papillomaviruses 

Vs display a conserved, syntenic core set of early and late open
 eading fr ames (ORFs). The l1 ORF, encoding for the main cap-
id protein, displays the lo w est ratio in amino acid substitutions
ver nucleotide substitutions (Mengual-Chuliá et al. 2016 ), and
airwise genetic distances between l1 sequences display a mul-
imodal distribution that can be used to define taxonomic cate-
ories (de Villiers et al. 2004 ). The finest-grain category for PV tax-
nomy recognized by the International Committee for the Taxon-
my of Viruses is the viral species, which comprises PV genomic
equences sharing between 71% and 89% nucleotide identity
ithin the complete l1 ORF ( https:// ictv.global/ report/ chapter/
a pillomaviridae/pa pillomaviridae ). Ho w e v er, for the PV r esearc h
omm unity the clinicall y r ele v ant taxonomy le v el is r ather the
V type, a category that comprises viral genomic sequences shar-
ng between 90% and 98% nucleotide identity within the complete
1 ORF (de Villiers et al. 2004 , Van Doorslaer 2022 ). Indeed, types

ithin a same PV viral species can display large biological differ-
nces. A first, clinically important example of large quantitative
ifferences among types within a PV species is AlphaPV-species-
, which includes seven HPVs, with a close evolutionary relation-
hip, similar gene composition, and with similar tropism (Willem-
en and Bravo 2019 ) but that span a large variation in oncogenic
otential, the extremes being HPV16, the most oncogenic biologi-
al agent to humans, 20 times mor e pr e v alent in cervical cancers
han in normal cervical samples, and HPV67, closel y r elated to it
nd recognized as possibly carcinogenic, but with similarly very
ow pr e v alence in cervical cancer and in normal cervical sam-
les (HPV Information Centre ). A second cogent example of the

ar ge phenotypic div ersity for diseases associated to closel y r e-
ated HPVs is AlphaPV-species-10, which includes se v en HPVs and
wo nonhuman primates PVs. Members of this species comprise
PV6 (Gissmann and zur Hausen 1980 ) and HPV11 (Dartmann et
l. 1986 ), sister viruses associated to genital warts and to r espir a-
ory r ecurr ent pa pillomatosis, but also HPV13 (Pfister et al. 1983 ),
panPV1 infecting bonobos (Van Ranst et al. 1991 ), and PtroPV1
Scinicariello et al. 1997 ) infecting chimpanzees, the latter three
ssociated to focal epithelial hyperplasia in their r espectiv e host
pecies. Finally, a third example of distantly related HPVs asso-
iated to a similar clinical presentation is focal epithelial hyper-
lasia. This pr olifer ativ e disease displays a particular epidemi-
logy in terms of human genetic bac kgr ound and geogr a phical
istribution (Ar char d et al. 1965 ), and seems to be associated to
wo, onl y distantl y r elated viruses: HPV32, member of AlphaPV-
pecies-1 (Beaudenon et al. 1987b ) and HPV13, member of Alpha-
V-species-10 (Pfister et al. 1983 ). 

But for HPVs, the differences between evolutionary and ge-
omic relatedness on the one hand and clinical presentation of
he infection on the other hand are also noticeable at the shal-
o w er taxonomic le v el of viral variants. For PVs, viral variants com-
rise viral genome sequences sharing above 98% identity, usu-
ll y e v aluated acr oss the complete genome (Burk et al. 2013 ), al-
hough the distribution of pol ymor phisms is not homogeneous
mong ORFs (Mengual-Chuliá et al. 2016 , Mirabello et al. 2017 ).
espite this very close genetic relationship, variants within the

ame HPV type present differences in geographical distribution
nd pr e v alence (Esc hle et al. 1992 , Xi et al. 1997 , Yamada et al.
997 , Clifford et al. 2019 ), epidemiology (Zehbe et al. 1998 , Villa et
l. 2000 , Sic her o et al. 2007 , Mir abello et al. 2016 , 2017 ), or function
Stoppler et al. 1996 , Hu et al. 2002 , Sic her o et al. 2005 , Asadurian
t al. 2007 , Lace et al. 2009 ). A fraction of these biological dif-
erences between variants can be accounted for by a virus geno-
ype × host genotype interaction, in which the parallel evolution of
iruses and hosts would hav e r esulted in differences of variant
r e v alence and of association with disease (Ong et al. 1993 , Xi et
l. 2006 ). Further, episodes of recombination, isolation, and trans-
ission between related hosts could have disrupted virus–host

ar allel e volution and lead to differ ential cancer risk (Gottsc hling
t al. 2011 ), as proposed for the transmission of specific HPV16
 ariants fr om Neanderthals to anatomicall y modern humans (Pi-
enoff et al. 2017 ). Another fraction of the biological differences

etween variants is probably related to specific virus genotype × cell
pheno)type interactions, including specific internal cues ( e.g. bio-
hemical status or cell cycle), changes across cell ontogeny ( e.g.
er atinocyte differ entiation), and/or external cues ( e.g. str ess sig-
als , tissue homeostasis , or par acrine r egulation). Ov er all, e v en
losel y r elated v ariant genotypes may be expr essed differ entl y in
iffer ent cellular geno/phenotypes, r esulting in differ ences in the
atural history and eventually in the clinical presentation of the

nfection. Suc h inter actions hav e been extensiv el y documented
or the differ ential pr e v alence of HPV6 and HPV11 variants in gen-
tal warts (Flores-Díaz et al. 2017a , b ) and in r espir atory r ecur-
 ent pa pillomatosis (Combrinc k et al. 2012 , Godinez et al. 2013 ,
ic her o et al. 2021 ); for the differential prevalence of HPV16 vari-
nts in anogenital cancers as a function of the anatomical loca-
ion (Nicolás-Párr a ga et al. 2016 ); or for the differ ential pr e v alence
f HPV16 variants in squamous and in adenocarcinomas (Nicolás-
árr a ga et al. 2017 , Clifford et al. 2019 ). 

he unexpected description of HPV42 as an 

ncogenic virus 

istorical efforts to identify viruses as etiological drivers of can-
ers had typically focused on detecting targeted suspects through
 guided search of genetic material, as in e.g. (zur Hausen et al.
974a , b , Wolf et al. 1975 ). Ho w e v er, high thr oughput sequencing
ec hniques a pplied to cancer samples in clinical settings hav e pr o-
ided a plethora of off-tar get, meta genomic sequences that can
otentiall y contain tr aces of vir al genetic material pr esent in can-
er tissue. Starting from an agnostic search for viral sequences in
ancer cases, the PV and pathology comm unities hav e gener ated
n a very short period of time a sound corpus of knowledge that
uggests an etiological role of HPV42 in digital papillary adeno-
arcinoma (DPA), a r ar e tumour of the sweat glands . T his in volve-
ent was first proposed by Vanderbilt et al. ( 2022b ) based on a

https://ictv.global/report/chapter/papillomaviridae/papillomaviridae
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systematic survey of shotgun sequencing data aiming at unveil- 
ing unknown virus–cancer associations . T hese authors searched 

for the presence of viral DNA in almost 60 000 tumour samples,
r eporting nov el potential associations, especiall y between human 

herpes virus 6 and neuroblastoma, between human herpes virus 7 
and esophagogastric cancer, and, of especial interest for the HPV 

community, between HPV42 and DPA, based on four DPA cases 
(Vanderbilt et al. 2022b ). Later, this same group confirmed the 
findings with the detection of HPV42 by in situ hybridization in 

10 DPA cases and its absence in 20 cases of other adnexal tu- 
mours (Vanderbilt et al. 2022a ). Independentl y, Leindec ker et al .
( 2023 ) provided strong evidence about the presence of HPV42 DNA 

and RNA in 45 out of a large series of 47 DPA cases, as well as 
about the possible mechanisms underlying cellular transforma- 
tion. Onl y fe w months after the first descriptions, a number of 
confirmation studies have further underpinned the role of HPV42 
in DPA, in large scale surveys of DPA cases in acral (Kervarrec et al.
2023b ) and in nonacral sites (K erv arr ec et al. 2023a ), as well as 
in individual case reports (Cascardo et al. 2023 ). The specificity 
of the HPV42-DPA association is remarkable because: (i) the acral 
anatomical location per se is not related to a high pr e v alence or ag- 
gressivity of HPV42, as a communication about digital squamous 
cell carcinomas reports a notable association with different HPVs,
chiefly HPV33, but not with HPV42 (Gormley et al. 2011 ); and (ii) 
HPV42 is not detected in other cancers ontogenically and/or phe- 
notypicall y r elated to DPA, suc h as hidr adenomas or hidr adeno- 
carcinomas (Vanderbilt et al. 2022a , K erv arr ec et al. 2023b ). 

HPV42 had ne v er been identified as a possible/probable onco- 
genic agent for humans. HPV42 and HPV32 are the only known 

members of AlphaPV-species-1. HPV42 was isolated (Beaudenon 

et al. 1987a ) and c har acterized (Philipp et al. 1992 ) from flat vul- 
v ar pa pillomas, while HPV32 was isolated from a focal epithelial 
hyperplasia of the oral mucosa (Beaudenon et al. 1987b ). Despite 
their close evolutionary relationship, these two viruses display di- 
v er gent epidemiological patterns and are associated with largely 
div er gent clinical presentations and natural histories of the infec- 
tion. 

HPV42 is often present in different anatomical locations, with- 
out an y ob vious sign of pr olifer ativ e lesions . T he world pr e v alence
of HPV42 in normal cervical cytology samples amounts to 0.6% 

(95% CI 0.5%–0.6%), compared with 2.8% (95% CI 2.8%–2.9%) for 
HPV16, the most pr e v alent vir al genotype in this kind of samples.
Very inter estingl y, the pr e v alence of HPV42 in normal cytology 
samples varies largely among geographical regions, being high- 
est in Africa [1.2% (95% CI 1.0%–1.5%), compared with 2.4% (95% 

CI 2.2%–2.6%) for HPV16] and being lo w est in Asia [0.3% (95% CI 
0.2%–0.3%), compared with 2.3% (95% CI 2.2%–2.4%) for HPV16] 
(HPV Information Centr e ). Substantiall y higher HPV42 pr e v alence 
v alues hav e been r eported in particular populations and anatomi- 
cal locations, r eac hing 8% in cervical screening in Ghana (Donkoh 

et al. 2022 ), 17.6% in cervical self-sampling in Malagasy women 

(Vassilakos et al. 2016 ), or 15% in anal samples of men having sex 
with men and living with HIV (Damay et al. 2010 ). Further, HPV42 
is the fourth most pr e v alent HPV found in the semen from infer- 
tile men, r eac hing 8.8% pr e v alence, with HPV16 being the most 
fr equent type, r eac hing 22% pr e v alence (Boeri et al. 2019 ). Finall y,
HPV42 has been reported to be very often present in oral samples 
in a Polish population, with a high oro-genital concordance in the 
same individual, as well as with a good correspondence of posi- 
tivity status within couples (Kiwerska et al. 2019 ). 

The HPV42 pr e v alence in anogenital cancers is low and varies 
depending on the anatomical location, r eac hing 0.2% (95% CI 
0.2%–0.3%) for cervical cancers, 0.2% (95% CI 0.0%–1.1%) for anal 
ancers, or 0.1% (95% CI 0.0%–0.6%) for penile cancers (HPV Infor-
ation Centre ). The true contribution of HPV42 to anogenital can-

ers may actually be lo w er, after having accounted for the detec-
ion of multiple viral genotypes in cancers (Pimenoff et al. 2019 ). In
 series of over 15 000 HPV-positive anogenital cancers, only three
ases (one cervical, one vulvar, and one penile lesion, all of them
quamous cell carcinomas) contained HPV42 as sole viral geno- 
ype and possible etiological agent (Guimera et al. 2013 ). Other
PV42-related squamous lesions have been described, such as a 
ase of vulvar intraepithelial neoplasia and intravulvar condy- 
oma acuminata (Kacerovská et al. 2014 ), a case of anal dyspla-
ia (Kreuter et al. 2018 ) and a case of squamous cell carcinoma
n a nonanogenital location (Da et al. 2018 ). HPV42 has also been
por adicall y associated to particular pr olifer ativ e lesions, suc h as
 periungual bo w enoid papulosis (Gómez Vázquez and Navarra 
mayuelas 2013 ), but also to seborrheic k eratosis-lik e lesions of

he cervix and the v a gina (Hennell et al. 2012 , Talia and McClug-
age 2017 , Pujari et al. 2021 ), as well as in seborrheic keratosis-
ike lesions of the cervix with high-grade dysplasia (Talia et al. 
022 ). 

v olutionary correla tes of differential 
ncogenicity among human AlphaPVs 

he case for the oncogenicity of HPV42 in DPA offers an opportu-
ity to challenge and update our classical view of HPV-related car-
inogenesis. An evolutionary analysis suggests that the oncogenic 
otential for HPVs is not biunivocally associated to any single evo-

utionary e v ent or genetic tr ait. AlphaPVs ar e the sister gr oup to
yoomikr onPVs, isolated fr om cervicov a ginal samples fr om squir-

el monk e ys (Chen et al. 2018 ). The e volutionary r elationships
mong AlphaPV species differ depending on the region of the
enome being considered, so that regarding the early ORFs all pos-
ibl y/pr obabl y oncogenic AlphaHPVs are closely related, while re-
arding the late ORFs (notably the l1 ORF, used for taxonomy as-
ignments) they are only distantly related and appear dispersed 

mong nononcogenic HPVs (Bravo and Alonso 2004 , Garcia-Vallve 
t al. 2005 , Angulo and Carvajal-Rodriguez 2007 , Gottschling et al.
011 ). When using a genomic a ppr oac h, AlphaPVs hav e div er ged
nto four evolutionary clades, all of them spanning viruses that in-
ect catarrhines , from hominoids , ( e.g. humans and chimpanzees)
o cercopithecoids ( e.g. macaques , colobuses , or baboons) (Fig. 1 ).
here is a rough correspondence between the large, four basal Al-
haPV clades and the main clinical manifestations of their infec-
ions in humans, r oughl y skin warts, genital warts, and anogenital
esions (Bravo and Alonso 2004 , Schiffman et al. 2005 , Bravo and
elez-Sanchez 2015 ). At this genomic level, the strongest evolu-
ionary signal clusters all possibl y/pr obabl y oncogenic HPVs into a

onophyletic group together with PVs infecting cercopithecoids,
ll of them often associated to anogenital infections, but not all
f them identified as oncogenic in their r espectiv e hosts (Kloster
t al. 1988 , Ostrow et al. 1993 , Bravo and Alonso 2004 , Chen et al.
009 , 2019 , Gottschling et al. 2011 , Bergin et al. 2013 , Long et al.
022 ). 

Ther e ar e fe w genomic differ ences among the four AlphaPV
lades . T he first one is the presence in the genome of AlphaPVs
f a nucleotide str etc h between the e2 and the l2 ORFs, and the
ature of the ORFs therein encoded. At the level of the Papillo-
aviridae famil y, ther e ar e four main linea ges that pr esent a long
N A segment betw een the earl y and the late gene expr ession
assettes (Garcia-Vallve et al. 2005 ), and these four segments are
ot e volutionary r elated (Willemsen et al. 2019 ). Unfortunately,
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Figure 1. Phylogeny, genomic, and phenotypic traits of Alpha- and DyoomikronPVs. Phylogenetic relationships inferred using maximum likelihood 
(RAxML) based on the concatenated e1e2l2l1 ORFs. Numbers in the br anc hes pr esent support after 5000 bootstr a p cycles . T he tr ee is r ooted using 
DyoomikronPVs as outgroup. The four main clades within AlphaPVs are identified in blue, grey, green, and orange. Scalebar presents number of 
substitutions per site. Species : taxonomy species for AlphaPVs. Genotypes labelled by an asterisk are not classified yet. Host : taxonomy of the host for 
eac h genotype. e6_e7 : or ganization of the e6e7 ORFs; r ed, e7 start pr ecedes e6 stop with a range of 3–39 n ucleotides; gre y, means e7 start and e6 stop are 
merged in a T AA TG sequence; and green, e6 stop precedes e7 start with a range of 2–17 nucleotides. Splicing : presence (green) or absence (red) of a 
splicing e v ent in the e6 ORF either predicted (light colour) (Van Doorslaer et al. 2017 ) or experimentally confirmed (dark colour) (Cornelissen et al. 1990 , 
Nakagawa et al. 2000 , Sotlar et al. 2004 , Halec et al. 2013 ). p53 : empirical evidence of E6 protein ability to induce degradation of p53 (Fu et al. 2010 , 
Mesplède et al. 2012 , Long et al. 2022 ). PBM: presence (green) or absence (red) of a C-terminal PDZ binding Motif (PBM) in the E6 protein. E5: type of E5 
ORF found in each AlphaPV species (Bravo and Alonso 2004 ). Oncogenic potential : IARC/ICO classification for HPVs (HPV Information Centre ), and 
liter atur e data for AlphaPVs-species-12 (Kloster et al. 1988 , Ostrow et al. 1993 , Chen et al. 2009 , 2019 , Bergin et al. 2013 , Long et al. 2022 ). 
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ll ORFs encoded in this inter_ e2_l2 region have historically been
amed as e5 , e v en if they do not share a common ancestor, which
an generate confusion when trying to identify common mech-
nisms between the cellular effects of unrelated proteins bear-
ng the same name ( e.g. BPV1_E5 and HPV16_E5 (Dimaio and Petti
013 )). Conv ersel y, e volutionary anal yses support monophyl y for
he inter_ e2_l2 region in AlphaPVs at the DNA level, but not at
he protein level (Willemsen et al. 2019 ). This means that a single
 v ent r esulted in the emer gence of this ca. 400 bp inter_ e2_l2 DNA
r a gment in AlphaPVs, but that the different E5 proteins therein
ncoded pr obabl y hav e an independent origin (Fig. 2 ). Indeed, the
hylogeny and the chemistry of the E5 proteins in AlphaHPVs sug-
ests multiple origins and divergent functionality, and match well
he clinical presentations of the infection (Bravo and Alonso 2004 ),
ith E5_alpha being encoded in the genome of (possibl y/pr obabl y)
ncogenic AlphaHPVs, E5_beta being encoded in AlphaHPVs as-
ociated to skin warts ( e.g. HPV2 or HPV3), and E5_gamma and
5_delta being encoded in AlphaHPVs associated to genital warts
 e.g. HPV6). 
The individual histories of evolution and conservation of the
RF encoded in the inter_ e2_l2 region of oncogenic AlphaPVs
ighlight the connection between evolution and oncogenicity

Bravo and Alonso 2004 , Van Doorslaer et al. 2017 , Willemsen
t al. 2019 ). Members of the AlphaPVs-species-12 are potentially
ncogenic for their cercopithecinae host species (Wood et al.
004 , 2007 , Chen et al. 2009 , Bergin et al. 2013 ), and encode
or two proteins in tandem, E5_epsilon and E5_dseta, which are
istinct in chemistry and sequence from the E5_alpha encoded
y the sister taxa of possibl y/pr obabl y oncogenic HPVs. Further,
lphaPVs-species-5 and species-6 (r espectiv el y r epr esented by
PV26 and HPV30; Delius and Hofmann 1994 ), display a conserved
ut pseudogenized e5_alpha ORF that lacks a starting ATG codon
 Fig. S1 ), and pr ecisel y these two AlphaPV-species are associ-
ted to a lo w er oncogenic potential than other pr obabl y/possibl y
ncogenic HPVs. We confirm thus that the nature of the E5 pro-
ein encoded in the inter_ e2_l2 segment of AlphaPVs displays a
tr ong corr espondence with the clinical pr esentation and with
he oncogenic potential of the corresponding viruses (Fig. 1 ). This

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae029#supplementary-data
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Figure 2. Global scenario of AlphaPV evolution. Cartoon depicting the evolutionary relationships among the four large clades of AlphaPV species, with 
br anc hes in blue, black, green, and orange. DyoomikronPVs are used as an outgroup. Branches comprising viruses not classified yet are labelled as 
t.b.n. (to be assigned). Blue and black boxes indicate the genomic organization of the e2l2 interface between early and late ORF cassettes, as well as the 
type of E5 protein encoded, if applicable. Red and orange boxes indicate the organization of the e6 and e7 ORFs , o verlapping or not. The inset presents 
the evolutionary history of the host species, with the scale in millions of years before present. For each viral branch, coloured box matches the code for 
the corresponding host species. A time scale is included as a suggestion for the timing of the different evolutionary events in the history of AlphaPVs, 
assuming a large cophylogeny between viruses and hosts . T he genome of the Alpha-DyoomikronPV ancestor, predating the split between Platyrrhini 
and Catarrhini, did not contain any region between early and late ORF casettes, and the e6 and e7 ORFs ov erla pped. In the genome of the AlphaPV 

ancestor, an integration event introduced a sequence between the early and the late gene cassettes . T his individual event is possibly linked to the 
basal radiation in AlphaPVs that generated the extant four main clades, all of them spanning PVs infecting hosts in the Hominoidae and in the 
Cercopithecoidae primate families. Different types of E5 ORFs emerged separately in each of these large clades, and eventually disappeared in specific 
taxa, such as E5delta in HPV42, or were recently pseudogenized, such as E5_alpha in AlphaPVs species 5 and 6. In the genome of the ancestor of 
AlphaPVs species 5, 6, 7, 9, 11, and 12, an insertion occurred between the e6 and e7 ORFs, possibl y linked to the emer gence of the C-terminal PDZ 
binding Motif in the E6 protein, to the gain of function of E6 to induce degradation of p53 and to the appearance of the splicing event in the e6 ORF. 
This viral clade, labelled in orange, contains all (pr obabl y | possibl y) oncogenic HPVs, classified after their oncogenic risk for anogenital and 
oropharyngeal cancers. HPV42 causative agent of DPA, a rare tumour of the sweat glands, is a member of AlphaPVs-species 1. 
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connection between epidemiology and evolution for E5 proteins 
(Bravo and Alonso 2004 , Schiffman et al. 2005 ) contrasts with the 
r elativ el y little, indir ect e vidence of tr anslation of the E5 ORFs, as 
they are located in the 3 ′ -end of the early viral transcripts (Dimaio 
and Petti 2013 , Trammel et al. 2024 ), as well as with the virtual 
absence of functional studies focusing on E5 proteins other than 

E5_alpha (Cartin and Alonso 2003 ). 
The second main qualitative difference between oncogenic and 

nononcogenic AlphaPVs are the transcription patterns of the e6 
and e7 ORFs. In oncogenic AlphaHPVs the e6_e7 expression cas- 
sette is transcribed from a single transcription start site, and gen- 
erates a bicistronic mRNA that can be spliced in the e6 ORF to en- 
code for a shorter E6 ∗I pr otein (Sc hneider-Gädic ke and Schwarz 
1986 , Smotkin and Wettstein 1986 , Inagaki et al. 1988 ). Even if the 
precise splice donor and acceptor sites are not strictly conserved 

among closely related viruses, the fact of producing alternative 
mRN As b y splicing of the e6 ORF is a signatur e shar ed by all onco- 
genic AlphaHPVs (Cornelissen et al. 1990 , Nakagawa et al. 2000 ,
Sotlar et al. 2004 , Halec et al. 2013 ) (Fig. 1 ). In contrast, nononco- 
genic AlphaHPVs present a second transcription start site located 

within the e6 ORF, that allows for the expression of two different 
mRNA molecules, a bicistronic mRNA that can conceptually en- 
codes for E6 and E7, and a second one that encodes only for E7 
Inagaki et al. 1988 , Smotkin et al. 1989 ). Further, the e6 and e7
RFs in the bicistronic e6_e7 mRNAs do not overlap in oncogenic
lphaHPVs while they do ov erla p in nononcogenic HPVs, so that

n the latter the e6 stop codon is located downstream the e7 AUG
odon (Auslander et al. 2019 ). The common knowledge in the PV
eld is that the E7 protein is essentially translated from the e6 ∗I_e7
RNA in oncogenic HPVs, and from the e7 mRNA in nononcogenic
PVs (Schw artz 2013 ). Ho w ever, viruses have evolved a plethora of
echanisms that hijack the eukaryotic ribosome for noncanoni- 

al tr anslation (Sor okin et al. 2021 ). Tr anslation of both E6 and E7
ould be conceived from the e6_e7 bicistronic mRN A b y means of
eaky scanning in both oncogenic and nononcogenic AlphaHPVs 
Stacey et al. 2000 ), and/or by means of reinitiation upon termi-
ation in oncogenic AlphaHPVs only. The lack of overlap between 

he e6 and e7 ORFs is an evolutionary novelty of the monophyletic
roup of oncogenic primate AlphaPVs (Tang et al. 2006 ) (Fig. 2 ).
t can be thus hypothesized that the equilibrium between E6 and
7 le v els and the downstr eam associated effects could be under
post)tr anscriptional contr ol, thr ough modulation of splicing ac-
ivity or under translational control, through modulation of non- 
anonical tr anslation e v ents. Suc h differ ences in the E6:E7 r atio
ould thus vary as a function of the cell type, cell differentiation
tage , cell cycle , or local or systemic imm une status, ultimatel y



6 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 6 

m  

S  

i  

e  

g  

E  

a  

f
 

n  

g  

d  

n  

l  

e  

E  

b  

t  

P  

I  

d  

w  

M  

e  

t  

c  

t  

E  

(  

I  

t  

a  

g  

s  

m  

B  

d  

a  

s  

l  

s  

P  

s  

p  

i  

p  

a  

t  

v  

T  

o  

c  

P  

t
 

A  

(  

v  

p  

u  

d  

g  

a  

e  

a  

d  

(  

n  

s  

p  

e  

2  

d  

b  

e  

e  

f  

p  

i  

a  

g  

i  

d  

a  

s  

h  

t  

t  

i  

t  

(  

p  

a  

g  

o

W
A  

t  

t  

i  

i  

o  

t  

O  

c  

E  

t  

2  

s  

2  

e  

a  

i  

L  

P  

o  

g  

r  

e  

m  

l  

2
 

a  
odulating the probability of the different infection outcomes.
hould this be the case, the combination of the ability of generat-
ng e6 ∗I_e7 transcripts together with the lack of ov erla p between
6 and e7 could have provided the clade of possibl y/pr obabl y onco-
enic AlphaPVs with an additional mechanism to regulate the
6:E7 ratio, and thus allow novel ways of exploiting the host cell
nd e v entuall y lead to particular clinical pr esentations of the in-
ection. 

The third main qualitativ e differ ence between oncogenic and
ononcogenic AlphaHPVs is the ability of the E6 protein in onco-
enic HPVs to induce degradation of the cellular protein p53, as
escribed first for HPV16 and HPV18 (Scheffner et al. 1990 , Wer-
ess et al. 1990 ), via an interaction with the LxxLL motif of the cel-

ular E3 ubiquitin ligase E6-associated pr otein (E6AP) (Huibr egtse
t al. 1991 , Zanier et al. 2013 , Martinez-Zapien et al. 2016 ). The
6-E6AP interaction is an evolutionary ancient signature shared
y members of the Alpha-OmikronPVs, while PVs in other dis-
antl y r elated cr own gr oups suc h as suc h as Beta-Xi or Delta-Zeta-
Vs display rather an E6-MAML1 interaction (Brimer et al. 2017 ).
n its turn, the ability of this E6-E6AP complex to promote p53
egradation is an evolutionary recent signature , displa y ed b y a
ell-defined clade of AlphaPVs (Hiller et al. 2006 , Fu et al. 2010 ,
esplède et al. 2012 ) that are monophyletic when considering the

arl y genes (Br a vo and Alonso 2004 ). T he evolutionary explana-
ion proposed to account for this pattern is that in the most re-
ent common ancestor of AlphaPVs-species-5, 6,7, 9, 11, and 12
he e6 ORF acquir ed c hanges that allo w ed for the interaction E6-
6AP-p53, ultimatel y r esulting in the degradation of cellular p53
Bra vo and F elez-Sanchez 2015 , Willemsen and Bravo 2019 ) (Fig. 2 ).
ndeed, a virus–host codiv er gence pattern has been experimen-
all y demonstr ated for species-specific interactions between E6
nd p53 (Long et al. 2022 ), and a fraction of the differences in onco-
enic potential among oncogenic HPVs may actually be related to
mall differences in the E6-E6AP-p53 interaction, that eventually
odulate the intensity of p53 degradation (Conrady et al. 2020 ).

eyond p53 degradation, E6 proteins from oncogenic AlphaHPVs
isplay a v ast inter action r epertoir e with cellular pr oteins medi-
ted by a small PDZ-binding motif present in the E6 C-terminal
equence (Nomine et al. 2003 , Thomas et al. 2016 , Webb Strick-
and et al. 2018 ). Within AlphaPVs, only the E6 proteins of pos-
ibl y/pr obabl y HPVs , i.e . species 5, 6, 7, 9, and 11, display such a
DZ-binding motif in their C-termini (Fig. 1 ). Closely related E6
equences show qualitative and quantitative differences in their
r otein–pr otein inter action r epertoir e, associated to minor dispar-

ties in the PDZ-binding motif display (Gogl et al. 2022 ). Many viral
roteins display indeed a PDZ-binding motif in their C-termini,
nd the pr otein–pr otein inter action networks pr ovided thr ough
his small sequence str etc h may be an essential element of the
ir al par asitic lifestyle (Dav ey et al. 2011 , Javier and Rice 2011 ).
he strong concordance in oncogenic HPVs between the lack of
v erla pping between e6 and e7 , possibly related to a small nu-
leotide insertion (Auslander et al. 2019 ), and the presence of a
DZ-binding domain, makes it tempting to hypothesize that both
r aits ar e r elated to a single e volutionary e v ent. 

A final qualitative difference between the main clades within
lphaPVs are the codon usage preferences of early and late genes

Félez-Sánchez et al. 2015 ). Among the very few things that all
iruses have in common, a fundamental one is that all viruses are
arasites of the translation machinery of the infected cell. Codon
sa ge pr efer ences and the associated fr equency of CpG and TpA
inucleotides are thus central to the virus–host interplay during
ene expression, because they condition the expression ability of
 gene (Plotkin and Kudla 2011 , Brule and Gr ayhac k 2017 , Callens
t al. 2021 ) and also because they modulate the immune response
 gainst the vir al genes (Li et al. 2012 , Mordstein et al. 2020 ). In-
eed, codon r ecoding str ongl y modifies expr ession of vir al genes

Burns et al. 2006 , Lauring et al. 2012 ), to the extent that a full
ov el gener ation of v accines , including RNA-based ones , applies
ynon ymous r ecoding (Martínez et al. 2016 , Zhang et al. 2023 ). Pa-
illomaviruses genomes are A + T rich and their codon usage pref-
rences differ from the average ones of their hosts (Zhao et al.
003 , Bravo and Müller 2005 ). Howe v er, differ ent tissues express
iffer ent r epertoir es of tRNAs and codon usa ge pr efer ences may
e tissue-dependent (Dittmar et al. 2006 , Kames et al. 2020 , Akins
t al. 2023 ), and it has been proposed that viruses display differ-
nt codon usage preferences depending on the tissues they in-
ect (Hernandez-Alias et al. 2021 ). In the case of PVs, codon usage
r efer ences of ca psid genes ar e limited b y the tRN A availability

n the upper skin layers (Zhou et al. 1999 , Gu et al. 2004 , Zhao et
l. 2005 ). These findings are consistent with the changes in viral
ene expr ession c hanges acr oss the differ entiation sta ges of the
nfected keratinocyte. Further, codon usage preferences largely
iffer between AlphaHPVs and Beta- and GammaHPVs (Cladel et
l. 2010 , Félez-Sánchez et al. 2015 ), suggesting that viral life style
tr ongl y conditions codon usage in viruses that infect the same
uman host. Finally, for AlphaHPVs, codon usage patterns clus-
er together viruses in three large groups, corresponding to evolu-
ionary close viruses associated to similar natural histories of the
nfection (Félez-Sánchez et al. 2015 ), corresponding to a differen-
ial match to the average human codon usage preferences (Fig. 3 )
Bourret et al. 2019 ). T hus , oncogenic HPVs display codon usage
r efer ences qualitativ el y distinct fr om those of other AlphaHPVs,
lbeit no quantitative differences can be established among onco-
enic HPVs connecting codon usage preferences and differential
ncogenicity. 

hy HPV16? Why, now HPV42? 

fter se v er al decades of r esearc h about the oncogenicity of cer-
ain HPVs, nothing of what we knew about HPV42 let us think
hat it could be related to any cancer. The intellectual challenge
s thus to reconcile the experimental e vidence str ongl y support-
ng an etiological role of HPV42 infections in DPA, a r ar e cancer
f sweat glands, with the absence of any of the classical signa-
ures of oncogenic HPVs in the genome of HPV42: (i) it lacks an
RF in the inter_ e2_l2 , region and does not display an eroded
oding signal, while the closely related HPV32 encodes for an
5_delta protein; (ii) the e6_e7 expression cassette corresponds
o a nononcogenic pattern, the e7 AUG start codon being located
5 nucleotides upstream the e6 UAA stop codon; (iii) no splicing
ignals for e6 ∗Ie7 transcripts are predicted (Van Doorslaer et al.
017 ), and no spliced tr anscripts hav e been detected (Leiendecker
t al. 2023 ); (iv) HPV42_E6 can bind human E6AP (Leiendecker et
l. 2023 ), but the expression of HPV42_E6 in human cells does not
nduce degradation of p53 (Fu et al. 2010 , Mesplède et al. 2012 ,
eiendec ker et al. 2023 ); finall y, (v) HPV42_E6 lac ks the terminal
DZ-binding domain present in the C-terminus of E6 proteins in
ncogenic HPVs . T he only element that could point to a carcino-
enic potential for HPV42 is that HPV42_E7 presents an aspartate
 esidue upstr eam the LxCxE motif (Guimer a et al. 2013 ), whic h
nhances E7-pRb binding (Heck et al. 1992 ), and indeed, experi-
ental data show that ov er expr ession of HPV42_E7 results in cel-

ular transformation and in vivo tumour growth (Leiendecker et al.
023 ). 

We pr opose her e that a perspectiv e of the virus–host inter-
ctions centred on cell phenotypes could help understand the
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Figure 3. Clustering of AlphaPVs after epidemiological c har acteristics 
and codon usage preferences. Principal component analyses for 
epidemiological variables (A) and for codon usage preferences (B) of 
AlphaHPVs. Values in the axes reflect the percentage of the total 
v ariance ca ptur ed by the corr esponding component. Vir al species ar e 
stratified into the main four evolutionary clades. Numbers correspond 
to the HPV genotype. Epidemiological variables used: genotype-specific 
pr e v alence in asymptomatic cervical samples and in cervical, v a ginal, 
vulvar, anal and penile cancers (HPV Information Centre ), 
genotype-specific median duration of the cervical infection (Goodman et 
al. 2008 , Trottier et al. 2008 , Schmeink et al. 2013 , Ramanakumar et al. 
2016 ), and genotype-specific 1-year and 5-years cum ulativ e first 
detections of cervical infection (Malagón et al. 2023 ). Codon usage was 
e v aluated using the codon usage similarity index (COUSIN) for each of 
the e6 , e7 , e1 , e2 , l2 , and l1 ORFs a gainst the av er a ge human codon usa ge 
pr efer ences (Bourr et et al. 2019 ). 
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riddle of r ar e clinical and phenotypic presentations associated to 
common, lar gel y asymptomatic viral infections. Under this per- 
spectiv e, the differ ential pr obabilities for the r epertoir e of natu- 
ral histories of the infection depend on the particular interaction 

of a specific viral genotype with a specific cell phenotype . T his 
model does not stem from incomplete knowledge, but integrates 
instead the inherent nondeterminism of biological processes, 
wher e gene expr ession and cellular states fluctuate unpr edictabl y 
(Raser and O’Shea 2005 ), including a multitude of ‘non canoni- 
cal’, poorl y understood mec hanisms that ar e most likel y r elated 

to biological noise (Pic kr ell et al. 2010 , Sibley et al. 2016 , Liu et al.
2019 , Yu and Kim 2020 , Sorokin et al. 2021 , Porter 2023 ). Our com- 
mon understanding of viral infections partly integrates a static 
perspective in this regard, when referring to viral tropism or to 
infection-permissive cells or opportunistic infections. But we want 
to stress here that the cellular phenotype that is relevant for 
viral infections is a dynamic one: it can be stable, ( e.g. a defi- 
ite cell type, a particular epigenetic state) or transient, ( e.g. a
tage along a cell differentiation process, or over cell cycle, or
 transient epigenetic state); it may depend on the context and
 ary acr oss space ( e.g. for similar cell types in different tissues
r organs), or across time ( e.g. with life history traits such as pu-
erty, menstruation, r epr oduction, menopause, or senescence); 
nd it can further depend on the immune status of the individ-
al ( e.g. local or systemic imm unodepr ession of idiopathic ori-
in, or linked to infections such as HIV, or associated to medical
reatments). 

We understand here cellular phenotypes as a quasi- 
iscontin uous re pertoire of states available to a given cell,
hat are connected by probabilities of transition from one to an-
ther. Suc h tr ansitions can be stochastic, or fav oured b y intrinsic
r extrinsic factors. A particular cellular state leads to particular
 eplication, tr anscription and tr anslation vir al patterns, allowing
or different infection profiles, even at the very fine scale of
ellular cycling timing (Schulte and Andino 2014 , Petkidis et al.
024 ). This cellular context will be modified by infection itself, so
hat the actual phenotype of the infected virocell (Forterre 2011 ),
nd thus the individual outcome of the infection, may be sub-
ect to complex feedback cycles . T his approach for interpreting
he diversity of natural histories associated to a parasite–host 
nter action becomes especiall y useful when a pplied to r esident

embers of the microbiota. 
Small DNA viruses, notably PVs and PyVs, are fundamental 

omponents of the healthy human microbiota (Foulongne et al.
012 , Ma et al. 2014 , Rascovan et al. 2016 ). The pr e v alence of eac h
ndividual viral genotype varies among individuals, but also dif- 
ers among anatomical sites and changes over lifetime (de Kon-
ng et al. 2007 , Hannigan et al. 2015 , Amorrortu et al. 2022 ). As it is
he case for most individual PV and PyVs genotypes, HPV42 is part
nd parcel of this healthy skin human microbiota (Ma et al. 2014 )
ut most HPV42 infections are not associated to any clinical sign.
n our perspective of interpreting the outcomes of the infection
nder the light of specific virus genotype–cell phenotype interac- 
ions, we propose that the vast majority of HPV42 infections on the
uman skin are asymptomatic, but that in r ar e occasions HPV42
ay gain access to a r ar e cell (pheno)type present in the sweat

lands, with an increased probability of resulting in transforma- 
ion and cancer. Specific cells in skin a ppenda ges hav e actuall y
een proposed to be ‘ infection reservoirs ’ for certain HPVs, mostly
pecific cells in hair follicles (Schmitt et al. 1996 , Boxman et al.
997 ) but also in sweat glands (Egawa 2005 ). The skin is indeed a
ighl y heter ogeneous , complex cellular en vironment that we start
nly to be able to engineer and reproduce (Lee et al. 2020 ). The va-
iety of skin cell (pheno)types allows for a lar ge v ariety of virus–
ost interactions, as the precise viral transcription and transla- 
ion patterns will depend on the biochemical and cellular contexts
rovided by the individual infected cell, (Butz and Hoppe Seyler 
993 , Cid et al. 1993 , Schmitt et al. 1996 , Schenkel et al. 1999 ). This
v er all perspectiv e on cellular phenotypes can provide a general
r ame work for the hit-and-run mechanism invoked for the long-
asting puzzle of the role of BetaHPVs infections in nonmelanoma 
kin cancer (Rollison et al. 2019 ), reconciling this view with the
onflicting proposal of a cancer-pr otectiv e r ole of cutaneous PV
nfections as modulators of the T-cell immunity (Strickley et al.
019 ), and helping to frame the interesting scientific controversy
t has generated (Lambert et al. 2020 , Strickley et al. 2020 ). Recent
ranscriptomic data confirm this view, with specific viral tran- 
cripts being detected in specific cellular subpopulations across 
he keratinocyte differentiation gradient (Bedard et al. 2023 ),
s well as r ecent pr oteomic data pr oviding e vidence of spatial
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r anslation heter ogeneity in cutaneous HPVs infections (Schäfer
t al. 2023 ). 

By focusing on the interaction between viral genotypes and the
r ansient, context-dependent natur e of cell phenotypes, we will
ain a deeper understanding of the how common asymptomatic
nfections may be related to rare cancers like DPA. 

ow a virus genotype–cell phenotype 

erspective can help guide our 
nderstanding of the diversity of na tur al 
istories of the infection 

r aditional pathogen–host par adigms, suc h as the Koc h–P asteur
odel, r el y on a one-to-one connection (or a simplified version of

t) between pathogen and disease. But this paradigm does not
elp account for the diversity of natural histories of viral infec-
ions, particularl y those fr om common micr obiota members. In

any cases we observe one virus causing a large spectrum of
linical presentations of the infection ( one-to-many ), or distinct
iruses causing the same disease ( many-to-one ). A cell phenotype-
entr ed perspectiv e pr ovides a pr obabilistic fr ame work to under-
tand these diverse relationships, and it generates k e y questions
hat will need to be answered in order to pr operl y understand the
nderlying causal mechanisms. 

ne-to-one relationships: HPV42 and DPA 

n the case of HPV42 and DPA the evolutionary question is, given
he close relationship between HPV32 and HPV42, why there
r e no HPV32-driv en DPAs?; fr om the ontogen y standpoint, ar e
PV32 and/or HPV42 associated to malignant pr olifer ations of
ell (pheno)types close to those associated to DPA? In analogy,
he causativ e r ole of Merkel cell polyomavirus in a substantial
raction of Merkel cell carcinomas (Feng et al. 2008 ), raises the
uestion of whether the closel y r elated Pan troglodytes verus poly-
mavirus 2a and Gorilla gorilla gorilla polyomavirus 1 (Polyomaviri-
ae Study Group of the International Committee on Taxonomy
f Viruses et al. 2016 ) might be involved in malignant pr olifer a-
ions analogous to Merkel cell carcinomas in their r espectiv e host
pecies. 

ne-to-man y rela tionships 

(i) The extreme oncogenicity of HPV16. Possibly, the most en-
during puzzle after 50 years of r esearc h on HPVs and can-
cers is not how certain HPVs cause certain cancers, but
why HPV16 is uniquely oncogenic compared to its close
r elativ es, e.g. HPV31 and HPV35. Indeed, HPV16 is an out-
lier compared to any other AlphaHPV in terms of epidemi-
ology of anogenital asymptomatic infections, considering
incidence, pr e v alence, and dur ation of asymptomatic in-
fections, but also regarding the individual contribution to
HPV-driven cancers (Fig. 3 ) (Goodman et al. 2008 , Trottier
et al. 2008 , Schmeink et al. 2013 , Ramanakumar et al. 2016 ,
Malagón et al. 2023 , HPV Information Centre ). Genomic and
functional hallmarks allow to pinpoint (possibl y/pr obabl y)
oncogenic HPVs from other AlphaHPVs (Bravo and Alonso
2004 , Schiffman et al. 2005 ), but they do not serve to estab-
lish qualitative nor quantitativ e differ ences in oncogenic
potential among them, as noted pr e viousl y (Hiller et al.
2006 , Muench et al. 2009 ). The viral genotype–cell pheno-
type perspective suggests to focus on specific cell precur-
sors related to particular anogenital transformations, as it
has been shown that a discrete population of cells in the
cervical transition zone is enriched in HPVs-driven cervical
cancer (Herfs et al. 2012 ). Analogous specific keratinocyte
pr ecursors ar e mor e pr one to de v elop cutaneous squa-
mous cell carcinomas upon MmuPV1 infection (Moreno et
al. 2022 ). It could thus be hypothesized that the higher
r elativ e contribution of HPV16 to anal or to oropharyn-
geal cancers compared to cervical cancers could be related
to the differential frequency of a particular cell pheno-
type in these anatomical locations. Identifying such par-
ticular cell phenotypes would be of interest because the
microanatomy differs between cervical and anal squamo-
columnar junctions (Yang et al. 2015 ), but also because
we still lack a proper understanding of the natural history
of HPV-driven oropharyngeal cancers in terms of precur-
sor lesions and pr ogr ession pace and stages (Roberts et al.
2019 ). 

(ii) HPV18 and adenocarcinomas . T he r elativ e contribution of
HPV18 is substantially higher in adenocarcinomas com-
pared to squamous cell carcinomas (Reynders et al. 2023 ),
which could point to w ar ds a particular interaction between
AlphaPVs-species-7 and certain m ucosal-r elated cell phe-
notypes. 

(iii) HPV33 and multiphenotypic sinonasal carcinomas. HPV-
r elated m ultiphenotypic sinonasal carcinomas pr esent fea-
tures of adenoid cystic carcinomas (Bishop et al. 2013 ) and
are most often associated to HPV33 and other AlphaHPVs-
species-9, with only a minor contribution of HPV16 to this
specific disease (Bishop et al. 2017 ). HPV-r elated m ultiphe-
notypic sinonasal carcinomas share typical diagnostic fea-
tures with other HPV-driven cancers, such as p16 over-
expression (Bishop et al. 2017 ). Given the substantial al-
beit low contribution of HPV33 to anogenital cancers (10–
20 times lo w er than that of HPV16) and given that little
qualitativ e differ ences hav e been pinpointed so far at the
mec hanistic le v el between HPV16 and HPV33 (Muench et
al. 2009 , Thomas et al. 2016 , Gogl et al. 2022 ), we inter pr et
that the oncogenic potential of closely related HPVs may
shar pl y differ depending on the specific phenotype of the
infected cell. 

an y-to-one rela tionships 

ultifocal epithelial hyperplasia is a benign proliferative con-
ition of the oral mucosa (Estrada 1956 , Ar char d et al. 1965 )
hat pr esents incr eased pr e v alence in small human populations,

ostl y of American-nativ e ancestry, although cases hav e been r e-
orted in individuals of very different genetic background (Sethi
t al. 2022 ). This disease exemplifies a man y-to-one r elationship,
s it is associated to infections by two distant genotypes, HPV13
nd HPV32, (Henke et al. 1987 , 1989 , Beaudenon et al. 1987b ). The
ole case-control study available confirms HPV13 as causative
gent in children of the Embera–Chami community in Colom-
ia (Cuberos et al. 2006 ). A clinical presentation similar to focal
pithelial hyperplasia has been communicated in chimpanzees,
 eac hing high pr e v alence in a small zoo comm unity, 15 out of 44
nimals showing symptoms (Hollander and Van Noord 1972 ). The
ir al causativ e a gents of focal epithelial hyper plasia in bonobos
nd in chimpanzees are close relatives of HPV13 (Van Ranst et al.
991 , Scinicariello et al. 1997 ), all of them belonging together in
 monophyletic clade within AlphaPVs-species-10. The epidemio-
ogical and evolutionary relationships among these viruses raise
he question of whether a specific or al m ucosal cell phenotype
s present in the oral mucosa of primates that, when subject to
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viral-induced benign proliferation, results in the clinical pheno- 
type of focal epithelial hyper plasia, independentl y of the precise 
genotype of the virus that triggered the disease. Indeed, viruses 
closel y r elated to HPV13, suc h as HPV44 or HPV74, members of 
the same species , ha ve not been reported in focal epithelial hy- 
perplasia, and the same holds true for HPV42, close r elativ e of 
HPV32. To further complicate the pictur e, PV-driv en focal epithe- 
lial hyperplasia has also been reported in bro wn ho wler monk e ys 
(Pulecio-Santos et al. 2024 ), and the associated PV belongs into Dy- 
oomikronPVs, the sister group of AlphaPVs (Silvestre et al. 2016 ).
T hus , on the one hand thr ee closel y r elated viruses ar e associated 

to a same, distinct clinical presentation of the infection in sister 
host species, which is useful as it provides a good y ar dstick for 
dating PV evolution (Willemsen and Bravo 2019 ), but on the other 
hand the same clinical presentation in humans is associated to 
two geneticall y v ery distant HPVs, while the r espectiv el y closel y 
r elated HPVs ar e not. Finall y, a distantl y r elated virus is associ- 
ated to a similar disease in a distantly related host species . T he 
mec hanisms for whic h these PVs induce pr olifer ation in this pu- 
tative cell phenotype would not necessarily need to be similar, if 
the clinical presentation is mostly determined by the proliferat- 
ing cell phenotype, which would allow for the large genetic gap 

between the etiological agents of the disease . T he k e y determi- 
nant of the clinical presentation of the infection would thus be 
the cell phenotype and not the viral genotype itself. 

Focusing on viral genotype–cell phenotype interactions may 
thus provide a unifying framework to understand the repertoire of 
natural histories of the infection. Identifying the specific cellular 
phenotypes involved in proliferative diseases could help explain 

why certain viruses are more or less prone to cause cancers in 

certain anatomical locations and under certain conditions, while 
closel y r elated viruses do not. This perspectiv e allows to integr ate 
long-lasting genetic and environmental factors with more fluid 

and transient cellular states, acknowledging the role of stochas- 
ticity and biological noise as a central factor at determining the 
outcome of viral infections. 

Corollary 

Every surface in our bodies is a small uni verse, home place to mil- 
liards of viruses, bacteria, and fungi. DNA viruses, particularly 
small DNA viruses, are central components of the human skin 

virome . T he vast majority of infections by HPVs and by human 

PyVs are asymptomatic, but a fe w, e volutionary close HPVs cause 
both benign and malignant pr olifer ativ e diseases. Giv en the high 

pr e v alence of PVs asymptomatic infections in the human popula- 
tion, symptomatic infections, and especially cancers, play a min- 
imal role in the population and evolutionary dynamics of these 
viruses. We inter pr et that the actual eco-e volutionary pr essur es 
driving PVs evolution are mostly related to the asymptomatic,
commensal-like virus lifestyle as their main strategy to exploit 
the host. The different clinical manifestations are in most cases 
unfortunate spill-overs of this commensal-like nature. 

HPVs have not evolved ‘to cause’ or ‘because they cause’ com- 
mon cancers, such as cervical cancer, or r ar e cancers, suc h as 
DPA. The oncogenicity of a handful of HPVs may play only a 
minor role on virus’ evolution. We propose that a perspective cen- 
tred on the differential probabilistic interactions between viral 
genotypes and host cell phenotypes offers a po w erful fr ame work 
to understand how common viruses can cause r ar e pr olifer ativ e 
diseases. 

Host cell phenotypes are inherently d ynamic. The y can be sta- 
ble, suc h as differ entiated cell types, but ar e most often tr ansient,
uctuating over time and space, acr oss de v elopmental and life
istory c hanges, acr oss tissues, and hormonal cycles. Cell pheno-
ypes vary also with local and systemic changes in the immune
tatus such as in infection-mediated or iatrogenic immune sup- 
r ession. Finall y, cell phenotypes will vary depending on the inter-
ction with the local microbiota, so that the presence of a given
ssembly of intracellular or extracellular viruses/bacteria/fungi 
ay modify the cellular phenotype and thus the response to a

ame individual cell to future microbial challenges. 
The main challenge lies in moving beyond the deterministic 

odels of biology focusing on genetic (be they on the side of the
athogen or the host) and environmental factors, to w ar ds an un-
erstanding that integrates transient, fluid interactions related to 
r obabilistic tr ansitions between differ ent biological states. Most
ften uncertainty in biology is conceived as lack of knowledge, so
hat if we could have more data, finer in space and in time, ad-
r essing m ultiple integr ation le v els, w e w ould be able to under-
tand complex biological systems and to predict biological inter- 
ctions. Unfortunatel y, this Ne wtonian-lik e conce ption of biology
ollides with the probabilistic nature of all information transfer 
rocesses in biology, with heritable nongenetic heterogeneity, and 

ith the growing evidence about the importance of intrinsic and
f extrinsic noise in biology. 

We r equir e a conceptual tr ansition to w ar ds a conception of bio-
ogical reality as an ensemble of quasi-discontinuous states, con- 
ected by transition probabilities. For common members of the 
icrobiota that can trigger disease under very specific cellular 

ontexts, crucially for HPVs and the cancers they cause, we ur-
ently need to understand the continuum between the normal 
nd the pathological. As Georges Canguilhem suggested, ‘ the conti-
uity of a transition between one state and another can certainly be com-
atible with the heterogeneity of these states ’ (Canguilhem, Georges 
966 ). We hope that our proposal to focus on transient cellular
henotypes can contribute to this understanding. 

upplementary data 

upplementary data is available at FEMSRE Journal online. 
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