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ABSTRACT
Papillomaviruses (PVs) are a numerous family of small dsDNA viruses
infecting virtually all mammals. PVs cause infections without triggering a
strong immune response, and natural infection provides only limited
protection against reinfection. Most PVs are part and parcel of the skin
microbiota. In some cases, infections by certain PVs take diverse clinical
presentations, from highly productive self-limited warts to invasive
cancers. The main aim of this thesis is explore the link between HPV
genotypic diversity and the phenotypic, clinical diversity of the diseases
associated with HPV infection by means of evolutionary, clinical and
ecologically approaches.
From and evolutionary perspective, we studied the codon usage
preferences of HPVs. By applying phylogenetic inference and
dimensionality reduction methods, we found that phylogenetic
relationships between HPVs explained only a small proportion of codon
usage preferences (CUPrefs) variation. Instead, the most important
explanatory factor for viral CUPrefs was infection phenotype, as
orthologous genes in viruses with similar clinical presentation displayed
similar CUPrefs. Moreover, viral genes with similar spatiotemporal
expression patterns also showed similar CUPrefs. Moreover, we also
found that HPV genes with similar spatiotemporal expression patterns
displayed similar CUPrefs. Hence, Our results suggest that CUPrefs in
HPVs reflect either variations in the mutation bias or differential selection
pressures depending on the clinical presentation and expression timing.
From a clinical point of view, first, we studied the distribution patterns of
oncogenic and non-oncogenic HPVs in anal and perianal Squamous
Intraepithelial Lesions (SIL) in non-vaccinated heterosexual men, women,
and Men who have sex with men (MSM) with known HIV status. We
found that there is an increased prevalence of low-grade perianal lesions
driven only by oncogenic HPVs. We also found a high prevalence of anal
SIL containing foci of high-grade SIL exclusively driven by nononcogenic HPVs. Our results suggest that there is a disagreement in highgrade/low-grade intraepithelial neoplasia and oncogenic/non-oncogenic
HPV infection. Second, we analyzed the presence of HPVs not explicitly
targeted by standard molecular epidemiologic methods of detection in
squamous carcinoma samples of the vulva, penis and head and neck.
These three anatomical locations display a low fraction of cancer cases
attributable to HPVs, in sharp contrast with the higher rates of viral DNA
prevalence in anal and cervical carcinomas. We tested 2365 samples and
found 6 samples containing cutaneous HPVs, suggesting that certain
cutaneous HPVs, typically classified as “non-oncogenic” HPVs, may be
3
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linked to small number of cancer cases and call for further studies to
elucidate the pathogenic role and malignisation mechanism of these
HPVs.
Finally, from an ecological perspective, we studied the interaction among
HPVs inside its host in different stages of the cervical infection and
different anatomical regions. By applying established ecological methods,
we found that HPVs interact within the host, and that the presence of one
given HPV is not neutral for the rest of the HPVs infecting the host. We
also study how the interaction among HPVs could be affected by the
introduction of ecological pressures linked to vaccination. By applying the
same ecological methods, we find that in the initial descriptions of the
post-vaccination era, HPVs still form non-neutral communities suggesting
that the vaccine is not changing the underlying processes that govern HPV
distributions and relative abundances.
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RESUMEN
Los virus del Papiloma (VPs) son una numerosa familia de virus pequeños
de DNA de doble cadena que infectan a todos los mamíferos. Los VPs
causan infecciones sin desencadenar una respuesta inmune fuerte, y la
infección natural proporciona sólo una protección limitada contra la
reinfección. La mayoría de los VPs son parte integrante de la microbiota
de la piel. En algunos casos, las infecciones por ciertos VPs toman
diversas presentaciones clínicas, desde verrugas, lesiones altamente
productivas, hasta cánceres invasivos. El objetivo principal de esta tesis es
explorar el vínculo entre la diversidad genotípica de los virus del
Papiloma Humano (VPH) y la diversidad fenotípica y clínica de las
enfermedades asociadas con la infección por VPH mediante 3 enfoques:
evolutivos, clínicos y ecológicos.
Desde una perspectiva evolutiva, en esta tesis se estudiaron las
preferencias de uso de codones de los VPHs. Aplicando métodos de
inferencia filogenética y métodos de reducción de la dimensionalidad, se
ha observado que las relaciones filogenéticas entre los VPHs explican sólo
una pequeña proporción de las variaciones en la preferencia de uso de
codones de éstos. En cambio, el factor explicativo más importante para las
preferencias en el uso de codon viral fue el fenotipo de la infección, ya
que los genes ortólogos en los virus con presentaciones clínicas similares
mostraron preferencias en el uso de codón similares. Además, los genes
virales con patrones de expresión espacio-temporales similares también
mostraron preferencias en el uso de codón similares. Nuestros resultados
sugieren que las preferencias en el uso de codón de los genes de los VPHs
reflejan variaciones en el sesgo de mutación así como presiones de
selección diferencial, dependiendo de la presentación clínica y el
momento de su expresión.
Desde el punto de vista clínico, se han llevado a cabo dos estudios. En el
primero, se estudiaron los patrones de distribución de VPHs oncogénicos
y no oncogénicos en lesiones intraepiteliales escamosas anales y
perianales en hombres heterosexuales no vacunados, mujeres y hombres
que tienen sexo con hombres (HSH) con estatus VIH conocido. Los
resultados muestran que en HSH VIH positivos hay un aumento de la
prevalencia de lesiones perianales de bajo grado debidas a infecciones
causadas por VPHs oncogénicos en comparación con HSH que son VIH
negativos. Nuestros resultados también muestran que en HSH,
independientemente del estatus de VIH, existe una alta prevalencia de
lesiones anales de bajo grado que contienen focos de lesiones de alto
grado que son asociadas a la infección con VPHs no oncogénicos. En el
segundo estudio, se analizó, en muestras de carcinoma escamoso de vulva,
5
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pene y cabeza y cuello, la presencia de VPHs no detectados por los
métodos epidemiológicos moleculares usados de manera estándar para
detección de VPHs. Estas tres localizaciones anatómicas muestran la
fracción más baja de casos de cáncer atribuible a VPH, en contraste con
las tasas de prevalencia de ADN viral en los carcinomas anal y cervical.
Se testaron 2365 muestras y se detectó que 6 muestras contenían AND de
VPHs cutáneos. Estos resultados sugieren que ciertos tipos de VPH
cutáneos, típicamente clasificados como VPH "no oncogénicos", podrían
estar ligados a un pequeño número de casos de cáncer. Se requieren de
estudios adicionales para dilucidar el papel patogénico y el mecanismo de
malignización de estos VPHs.
Por último, desde una perspectiva ecológica, se estudió la interacción
entre los VPHs dentro de su huésped en diferentes estadios de la infección
cervical y diferentes regiones anatómicas. Aplicando métodos ecológicos
establecidos, los resultados muestran que los VPH interactúan dentro del
huésped, y que la presencia de un VPH no es neutral para el resto de los
VPH que infectan al huésped. También se estudió cómo la interacción
entre los VPH podría verse afectada por la introducción de presiones
ecológicas vinculadas a la vacunación. Aplicando los mismos métodos
ecológicos, encontramos que en las descripciones iniciales de la era
posterior a la vacunación, los VPH también forman comunidades no
neutrales, lo que sugiere que la vacuna no está cambiando los procesos
subyacentes que gobiernan las distribuciones de VPH y las abundancias
relativas.
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Introduction

1. BASICS ON PAPILLOMAVIRUSES BIOLOGY
Papillomaviridae are a diverse group of non-enveloped doublestranded DNA viruses that infect epithelial cells in vertebrates.
Members of this family were initially described in mammals, but
they have also been found in birds [1], turtles [2] and snakes [3],
and probably infect all amniotes [4]. They have even been detected
in bony fishes [5], which may mean that they could be among the
oldest viral families known. In mammals, the infection targets
undifferentiated keratinocytes in the basal layer of the stratified
squamous epithelia at both cutaneous and mucosal levels.
1.1

PAPILLOMAVIRUSES

GENOME

STRUCTURE

AND

ORGANIZATION

The Papillomavirus (PV) genome is a double-stranded, circular
DNA molecule with a length of approximately 8 kbp in size (Figure
1), organized into three major regions: (i) an upstream regulatory
region (URR), which harbours transcription factor-binding sites and
controls gene expression; (ii) an early region, encoding for six
proteins, involved in multiple functions including viral replication
and cell transformation, and (iii) a late region encoding for two
capsid proteins which self-assemble to yield the virion. The
conserved elements shared by all PV members are the presence of
an URR, the early genes E1 and E2 (and possibly the E4 protein,
with the corresponding gene nested into E2), and the late genes L1
and L2 [6]. Theoretically, these last four proteins alone could be
able to fulfil the basic tasks of replicating, regulating, stabilizing
9
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and packaging of the viral DNA, eventually leading to the release of
the virion progeny [7].
1.2 FUNCTION OF VIRAL PROTEINS
The early coding region contains open reading frames (ORFs) for
the PV proteins E6, E7, E1, E2, E4 and E5 (Figure 1). The E1 and
E2 proteins are the only viral proteins essential for the initiation of
PV replication. The E1 protein is the main PV replication protein
with DNA helicase/ ATPase activity [8]. The E2 protein is the main
viral transcriptional regulator. This protein participates in the
initiation of PV genome replication and maintenance of viral
genomes in the infected cells. The E2 protein binds to the PV
genome through specific binding sites, which are mainly located in
the URR [9].
The E5, E6 and E7 ORFs encode for viral oncogenes. The E6
proteins of oncogenic PVs promote the degradation of cellular
tumor suppressor p53 [10, 11] among other cellular targets [12].
The E7 proteins modulate cell-cycle regulation of the host cell
through several cellular proteins [13-15], most notably through the
degradation of the retinoblastoma (pRb) family proteins [16]. The
E6 and E7 proteins encoded by non-oncogenic and oncogenic HPV
types engage with similar major cellular targets and processes,
although the non-oncogenic E6 and E7 proteins bind their targets
with lower affinity [11, 17, 18] and are not sufficient for host cell
transformation [19, 20].
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A

B
Locus

Function

Refs

URR

-Harbours transcription-binding sites
-Controls gene expression

E6

- Promotes cellular immortalization by degradation of p53
- Modifies cell adhesion and differentiation by degradation of
TAp63 and p73

[21]

- Promotes pRb degradation, permitting cell progression to Sphase of cell cycle
- Induces chromosomal instability

[21]

-Induces cell proliferation
-Contributes to evasion of apoptosis
-Downregulates MHC class I expression

[22]

-Has ATPase activity
-ATP-dependent DNA helicase activity
-Role in viral DNA replication

[23]

-Coactivator of viral DNA replication
-Transcrition repressor of HPV E6 and E7
-Regulates cell cycle and apoptosis
-Interacts with chromatin for segregation of viral genome

[9]

E4

-Binds cytoskeletal proteins
-Disrupts cytoskeletal structure of the G2 arrested cell

[24]

L2

-Minor capsid protein
-Recruits L1 protein for virus assembly

[25]

L1

-Major capsid protein

[26]

E7

E5

E1

E2

Figure 1: Model of genome organization of HPVs. A) Schematic representation
of the PV genome, exemplified on HPV16, showing the location of the early (E)
and late genes (L), and of the upstream regulatory region (URR). B) Summary of
the PV genes functions. Genes that are involved in similar functions are
highlighted with the same colors: green, genes implicated in oncogenesis;
orange, viral replication genes; and blue, viral capsid genes. (Modified from
[27])
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The E5 protein is likely a transmembrane protein, although its
functions are poorly understood [28]. E5 proteins are known to
affect the cell surface expression of the epidermal growth factor
receptor and stimulate cell growth [29-31] and to down-regulate the
expression of cellular proteins involved in antigen presentation at
the cell surface [32, 33], thus contributing to host cell
transformation and immune evasion. In oncogenic HPVs, the E5
proteins possess only weak oncogenic properties, although they are
able to transform mouse fibroblasts and human keratinocytes [30].
Contrary, in Bovine PV1 (BPV1) the E5 protein is a strong
oncogene and is responsible for the appearance of malignant growth
[34, 35].
The E4 ORF is nested within the E2 sequence in a different reading
frame, with the E4 coding sequence overlapping the so-called hinge
region of the E2 gene. Despite its name, the E4 protein is most
abundantly expressed during the late phase of HPV infection. The
main function of the E4 protein is likely to disrupt the cellular
keratin network [36], which may help to facilitate the release of
viral particles from the host cell.
The late coding region contains the ORFs for the PV capsid proteins
L1 and L2 (Figure 1). The L1 protein is the major capsid protein
and self-assembles into capsid-like structures [37]. The L2 is the
minor capsid protein and contributes significantly to the efficiency
of viral DNA encapsulation and the infectivity of viral particles
[37].
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1.3 PV LIFE CYCLE
The

best-studied

PV

is

HPV16,

a

mucosotropic

Alphapapillomavirus, primary cause of cervical cancer and of other
anogenital cancers [38]. Although the general pattern described
below may be applicable to all PVs (Figure 2), differences in
strategies leading to productive/silent, chronic/acute infections have
evolved and vary between different PVs [39].
The infectious cycle of PVs is linked to the differentiation program
of the keratinocyte (Figure 2). The virion enters basal keratinocytes,
probably targeting stem cells [40-42]. For most PVs, these basal
cells become exposed as a result of small microwounds whereas for
others the hair follicles may represent an important site of entry [39,
43]. The precise nature of the cell surface receptor/s that allow for
the initial attachment to the cell remains disputed [44-46]. However,
cell attachment and entry are not the limiting factors for infection,
as they do not grant virus replication and virion production [47].
Actually, infection does not require the virus to be in form of virion,
as skin abrasion and exposure to the naked viral genome is able to
recapitulate the complete natural history of the infection in different
animal models [48-50]. The naked viral genome locates in the
nucleus after the cell completes one mitosis cycle [51] and
replicates there as low-copy number episomes. The E1 and E2
proteins ensure genome integrity and correct segregation to the
daughter cells. However, viral replication is performed by highfidelity cellular polymerases, in synchrony with cellular DNA
replication [23, 39].
13
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Figure 2: Schematic view of the HPV16 life cycle. The squamous epithelium is
represented on the left and the genes expressed in each stage of the keratinocyte
differentiation program are noted at the right. HPVs infect keratinocytes in the
basal layer of the epithelium that become exposed through microwounds. The
viral genomes are established in the nucleus as low-copy episomes and early
viral genes are expressed. The viral genomes are replicated in synchrony with
cellular DNA replication. After cell division, one daughter cell migrates away
from the basal layer and undergoes differentiation. Differentiation of HPVpositive cells induces the productive phase of the viral life cycle, which requires
cellular DNA synthesis machinery. The expression of E6 and E7 deregulates cell
cycle control, pushing differentiating cells into S phase, allowing viral genome
amplification in cells that normally would have exited the cell cycle. The latephase L1 and L2 proteins encapsidate newly synthesized viral genomes and
virions are shed from the uppermost layers of the epithelium. (Modified from
[27])

As keratinocytes migrate upwards and enter the differentiation
process, they stop replicating and undergo changes in lipid
biochemistry, protein specializations and fusion into cornified
sheets for preventing water loss, and eventually nucleus loss, cell
death and shedding [52, 53]. In PV-infected cells, the E6 and E7
oncoproteins hijack the checkpoint mechanisms for cell cycle
quality control, allowing the differentiating keratinocyte to enter
uncontrolled proliferation [54, 55]. As previously explained, the E7
protein binds to pRb family members and promotes their
14
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degradation [56], which results in the release and activation of the
E2F transcription factor family, inducing unscheduled re-entry into
S-phase cell cycle. The E6 protein prevents the induction of
apoptosis in response to such unscheduled S-phase entry through
degradation of p53 [55]. Finally, the E5 protein promotes
hyperproliferation and prevents apoptosis of infected cells and is
likely to facilitate malignant progression [57]. Thus, a chronic PV
infection results in an increased proliferation activity in a cell that
should not be replicating, and which is further depleted of quality
control mechanisms. As a consequence of this unchecked cell cycle,
the host cell accumulates mutations over time predisposing to the
development of PV-associated cancers [58].
As differentiation progresses, viral transcription shifts to the late
promoter [59], so that expression of the E6 and E7 decreases
decrease while increasing the expression of E1, E2, E4 and E5 [6062]. As a result, viral copy number amplifies to thousands of copies
per cell [63]. In the upper layers of the epithelium, viral gene
expression shifts towards the L2 and L1 capsid proteins, which are
targetted

to

the

nucleus

and

autoassemble

into

virions,

encapsidating the viral genome [64]. In the outer epidermis the
keratinocyte is highly differentiated, and protein translation may be
differently tuned than in the basal cell layer [60]. Finally, viral
release proceeds without cell lysis. The E4 protein may contribute
to viral egress in the upper epithelial layer by binding keratin
filaments and disrupting their structure, but virions are essentially
released through the normal process of desquamation [39].
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2. PAPILLOMAVIRUS DIVERSITY AND TAXONOMY
The Study Group of Papillomaviruses, within the International
Committee for the Taxonomy of Viruses, provides guidelines for PV
classification and nomenclature (http://ictvonline.org/index.asp).
Since 2004, PV taxonomy relies on nucleotide sequence
comparisons [65], and since 2010, PV classification should
explicitly integrate phylogeny, genome organization, biology and
pathogenicity [66], although no precise instructions have been
specified. The yardstick for building PV comparisons is the L1
gene. Boundaries for defining taxonomic categories are based on
percentages of identity at the nucleotide level on this gene.
Threshold definition is facilitated because the distribution of
evolutionary distances among PVs shows a multimodal distribution,
and taxonomic levels have been defined to follow the valleys of this
distribution [65-67], even if the distribution of evolutionary
distances are not homogeneous throughout the whole PV tree [67].
Over 300 PVs have been identified and have been completely
sequenced, including more than 200 HPVs (see [66] and
Papillomavirus Episteme (PaVE); http://pave.niaid.nih.gov/#home)
(Figure 3). Two PV genomes sharing more than 90% nucleotide
identity in the L1 gene are classified into the same PV type [65].
Although phylogeny provides insight into associations between
viral genotype and clinical presentation of the infection, closely
related HPVs can show distinct pathologies. As an example, HPV16
and HPV31 are sister taxa (sharing 80% sequence identity of their
complete genome) and display similar tropism, but HPV16 is 15
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times more prevalent in cervical cancer than HPV31 [68].
Similarly, the complete genome of HPV6 and HPV11 share 85%
sequence identity, but the former is found more commonly in
anogenital warts than HPV11, which is in turn the primary cause of
laryngeal papilomas [69-71].
The International Agency for the Research on Cancer (IARC)
classifies PVs based on their carcinogenic potential (Figure 3):
HPVs in group 1 (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and
59) are considered carcinogenic and are often referred to in the
literature as high-risk types; HPVs in group 2 (HPV26, 30, 34, 53,
66, 67, 68, 69, 70, 73, 82, 85, and 97) are considered as probably or
possibly carcinogenic; while HPVs in group 3, referred to as lowrisk, (HPV6, 11, 44, 74, 7, 40, 91, 57, 81, 29) are not classifiable as
to their carcinogenicity to humans but are associated with
proliferative, commonly benign lesions.
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Figure 3: PV phylogeny reconstruction. Best-known maximum likelihood (ML)
nucleotide phylogenetic tree of the concatenated E1E2L1L2 gene sequences of
263 PVs. Phylogenetic reconstruction yields four well-supported PV supertaxa.
Colour code highlights the four crown groups: red, Alpha-OmikronPVs; green,
Beta-Xi-PVs; ochre, Lambda-Mu-PVs; blue, Delta-Zeta-PVs and white, PVs
without well-supported phylogenetic relationships. Branches in black correspond
to HPVs and branches in grey to non-HPVs. Outer labels indicate the most
common tropism for the groups encompassing HPVs. Carcinogenicity of HPVs is
indicated: a black dot indicates International Agency for Research on Cancer
(IARC) group 1; a white dot indicates IARC groups 2A or 2B. Animal PVs with
carcinogenic potential are marked with a black triangle. Asterisks on branches
correspond to ML bootstrap support values. Two asterisks indicate maximal
support values; one indicates support values between 90 and 50; values under 50
are not shown (Modified from [27])
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The strong research focus on HPVs and cancer has led to the
description of around 60 types in the Alphapapillomavirus, which
harbors all oncogenic HPVs associated to anogenital cancers [72,
73]. The advent of rolling circle amplification first, and of next
generation sequencing later [74, 75] have largely expanded the
number of HPVs classified as Beta- or GammaPVs, with both
genera spanning now over hundred HPV types [76-78]. Actually,
results from metagenomic surveys suggest that we may have
already identified most human AlphaPVs [79], while most of the
unexplored HPV diversity may belong within the Beta- and
GammaPVs [76]. This trend is also reflected in the evolution of the
number of PV sequences available in the Genbank, with AlphaPVs
reaching a plateau, while BetaPVs steadily increase and the number
of GammaPVs has rocketed (Figure 4).
It is very interesting to note that two PV genera (Mu- and NuPVs)
encompass only four HPVs for which no close relative has been
thus far described. Should this difference in number be true, it
would imply a large variation in differential success for different
PV genera, in terms of number of lineages infecting the same host,
in the sequence GammaPVs ≥ BetaPVs > AlphaPVs >> MuPVs ≥
NuPVs.
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Figure 4: Evolution of the number of PV sequences available in the
GenBank. Data have been extracted at the level of type for the genera
encompassing PVs infecting humans: Alpha-, Beta-, Gamma-, Mu- and NuPVs.
The evolution of the number of different full-length genome HPV16 variants is
also shown. The trends in the number of sequences available indicate that
although the members of AlphaPVs, the best-studied PVs, have reached a
plateau, the number of Beta- and GammaPVs is still increasing. Only four
members within Mu- and NuPVs have been described. Although largely
undersampled and constantly growing, the number of animal PVs represents onethird of the global known PV diversity (Modified from [27])

3. C LINICAL MANIFESTATIONS OF HPV INFECTIONS
The clinical presentation of HPV infection depends on multiple
factors including the viral genotype, the type of epithelium infected
(which could be considered as the phenotype of the host cell), and
other host factors such as the status of host immunity (Table 1).
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Table 1: Clinical presentation of HPV infections
Clinical manifestation

Observations

Refs

Asymptomatic infections
Estimated HPV prevalence of 11-12%. Marked
Genital mucosa variation within and between world regions
(range 8–22%)
Oral mucosa

[80,
81]

Estimated HPV prevalence of 3-5% in
adolescents and 5-10% in adults.

Cutaneous warts
Localized in hands (particularly in fingers),
elbows and knees.
Common warts

Usually induced by HPV2, 7 and less
frequently by HPV26, 27, 29, 57, 77 and 78
(among AlphaPVs)
Estimated prevalence ranges between 5-20% in
children and young adults (ages 12-18).

AlphaPVs

Localized on the sole or toes of the foot
Plantar warts

Mainly associated with HPV2, 57 and 66
(among AlphaPVs)

[8286]

Usually occur in children and young adults,
with an estimated prevalence of 3-30%
Localized on exposed skin areas (face, limbs
and dorsum of the hands)
Flat warts

Commonly associated with HPV3 and related
HPVs: HPV10, HPV28 and HPV29. Less
frequently associated with HPV26 and HPV27
Less frequent cutaneous wart. High prevalence
in children and teenagers (0.3-6%).
Localized predominantly at sites traumatized
during sexual intercourse (vagina, vulva, penis,
anus and perianal area)

Genital warts

Mainly associated with HPV6 and 11 (90%)
Estimated prevalence between 0.1-5% in the
general population
GWs increase the risk for invasive cervical and
anal cancer.
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Oropharyngeal papillomas
Oral condyloma
acuminata

Oral verruca
vulgaris

Oral epithelial
hyperplasia

Located on the tongue, lip, palate and floor of
the mouth
Mostly caused by HPV6 and 11 (75-85%)
Located on the lips, hard palate, gums and
tongue dorsum
Predominantly associated with HPV2 and
HPV57 (70-80%)
Frequently located on the lower lip
Mainly associated with HPV13 (60%) and
HPV32 (36%)
Commonly found in Eskimos and North
American Indians
Benign neoplasms of the larynx and respiratory
tract

[8994]

Mainly associated with HPV6 and 11 (85100%).
Laryngeal
papillomas

Low prevalence rate (among 4 per 100.000 in
children and among 2 per 100.000 in adults)
Tendency to recur and spread throughout the
respiratory tract.

Malignant transformation in 3-7% of the cases
Located in cervix, anus, penis, vagina and
vulva
Anogenital cancer
Account for almost 12% of all cancers in
women
Located in the upper digestive tract (oral
cavity, oropharynx, hypopharynx and larynx)
Marked differences of HPV prevalence
Head and neck
between locations (18.5% in Oropharynx; 3.0%
cancer
in oral cavity and 1.5% in larynx)

[38]

[95,
96]

Beta- and GammaPVs

HPV16 is the most common type (about 75%)
Found in normal skin and plucked hairs of
different body sites from healthy individuals.
Asymptomatic
infections

Cutaneous
papillomas

Prevalence of 55-70% in children and from 40[76,
97, 98]
70% in adults
HPV-8 and HPV-12 were the most frequent
type (each 30%), followed by HPV-17 and
HPV-23 (each 20%)
Mainly associated with HPV4 and HPV65
from the gamma genus
[82]
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The most common malignancies in fair-skinned
populations worldwide
Skin carcinoma with very slow progression
Non-melanoma
Represents approximately 30% of total cancers
skin cancer
HPV prevalence up to 90% in
immunocompromised individuals and up to
50% immunocompetent individuals
EV is a rare genodermatosis associated with
Epidermodysplasi high susceptibility to Beta-HPV infections
a verruciformis
30% of EV patients develop skin cancer
(EV)
Mainly associated with HPV5 and HPV8
(90%)
Preferentially located on a plantar surface
Had a short period of incubation before
Cutaneous
presentation to the physician
papillomas

[99102]

[101,
103,
104]

[105,
106]

Mainly associated to HPV1 (19-44%)

3.1 M UCOSAL HPV INFECTIONS
The association of infection by certain HPVs with cervical disease
has been extensively studied. HPV detection in the absence of
apparent disease is found in 11–12% of all women. Presence of
AlphaPVs DNA is higher in young women (50–80%), and declines
in older age groups [80]. Such clinically unapparent infections are
typically characterized by the simultaneous presence of multiple
HPVs. HPV detection increases with disease severity, with
percentage positivity in low-grade squamous intraepithelial lesions
(LSIL) of between 50–70%. In high-grade squamous intraepithelial
lesions (HSIL) and in invasive cervical cancer (ICC); positivity
rises to between 90% and 100% [68]. Detection of oncogenic HPVs
at other sites varies and in the oral cavity is estimated at around 5%
in apparently asymptomatically infected individuals [81], rising to
ca. 25% in individuals with oropharyngeal cancers [95]
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3.1.1 Anogenital warts
Anogenital warts (GWs) are the most common sexually transmitted
disease with a huge increase in incidence reported in recent years
and an estimated transmission rate between partners of 60% [107].
Incidence and prevalence peaks in late teens/early twenties as a
result of both behavioral and biological factors. Prevalence declines
until around age 50–55, when there is a secondary peak mainly in
western countries, associated either with reactivation of latent virus
or incident new infection due to new sexual partners [85]. GWs
exert a considerable impact on health services, being the costs
associated to the treatment of such lesions higher than the treatment
of cervical cancer [108-110]
GWs represent productive viral infections where the virus replicates
and completes its life cycle in mature superficial squamous
epithelial cells causing distinct cytological changes. These usually
benign epithelial lesions are always associated to HPVs infection,
chiefly HPV6 and HPV11 (~90%) [69, 70, 87, 111-115]. However,
multiple infections including other HPVs, both oncogenic and nononcogenic HPVs, are frequent (20-50%) [87, 111, 116]
Sexual transmission of HPVs is widely recognized as a cause of
GWs [117, 118]. However, not all HPVs are necessarily sexuallytransmitted, as viral DNA can be found in children and in
individuals who report to never have had sexual intercourse [98,
119, 120]. In children, vertical transmission of viral DNA from
mother to child during vaginal delivery is associated with an
increased risk of developing GWs [121, 122]. However, the lack of
24

Introduction

systematic viral genotype specific concordance between mother and
new born suggests the existence of alternative transmission routes
such as horizontal manipulation of the child with infected hands,
bathing, towels and other fomites [118, 123]
3.1.2 Cervical neoplasia and cervical cancer
Cervical cancer progression fits well a stepwise model, starting with
persistent infection by oncogenic HPVs, followed by development
of cervical precancerous lesions, and progressing eventually to ICC
(Figure 5). Progression of precursor lesions to ICC usually requires
a period of more than a decade, allowing time for the identification
and treatment [124].

Figure 5: Stepwise progression model for the development of cervical cancer.

About one-fourth of the HPV DNA-positive women present
cytological abnormalities [125]. The cumulative incidence of minor
cytological abnormalities (LSIL) in HPV-infected women with
initial normal cytology is 25–50% within 1–2 years. The risk of
cytological abnormality declines to baseline level in the population
by 4 years [126]. Persistent HPV infections can cause changes in
the cervical cytology of squamous epithelia that may progress to
HSIL, and less frequently and many years later, to ICC (Figure 5).
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Although risk factors for HPV persistence and subsequent
development of HSILs are not yet well characterized, the precise
HPV genotype is clearly important: HPV16 infections are especially
oncogenic and the cumulative risk for HSIL approaches 40% in
women with persistent HPV16 infections for 3–5 years. Risk for
HSIL is increased in women infected by multiple HPVs, but it is not
clear whether this increased risk implies synergy or it simply
reflects the cumulative risks for each individual viral infection
[127].
Virtually all cases of cervical cancers harbour HPV-DNA, although
the proportion associated with specific oncogenic HPVs is different
in different countries and shows demographic, ethnic and socioeconomic variation [38]. Overall HPV16 and HPV18 cause more
than 70% of cervical cancer cases [68].
Most cervical cancers arise at the cervical transformation zone. The
particular susceptibility of the cervical transformation zone to
cancer progression may be linked to increased likelihood of
infection, particularly at puberty when metaplastic cells are present
at this site [128, 129]. Recent studies have suggested the presence
of cuboidal stem-like cells at the squamo-columnar junction, which
may be prone to cancer progression following infection by
oncogenic HPV types [130].
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3.1.3 Other anogenital cancers
HPV infection has also been associated with other anogenital
cancers including those of the vulva, vagina, penis and anus.
Careful retrospective investigations have shown that infections by
HPVs account for 88% of anal cancer cases in both males and
females [131]. HPV16 has been identified as the most prevalent
HPV in anal cancers (over 80%), with a relative contribution among
HPV DNA-positive cases higher than in other HPV-related
anogenital cancers [131]. Similar to the cervix, the anus presents a
transformation zone that is highly susceptible to HPV infection.
Nevertheless cervical and anal cancers largely differ in their
incidence and prevalence, age at diagnosis as well as in the
repertoire of HPVs and in the contribution of HPV16 to
malignization. The microanatomy of the anal transformation zone is
not identical to that of cervical transformation zone: cells in the
cervical squamous-columnar junction are monolayered, they are in
direct contact with the basal membrane, and they display an
immunophenotype different tumour [44]. Such histochemical
differences between cervical and anal transformation zones most
likely underlie the epidemiological differences between cervical and
anal HPV-induced cancers in terms of incidence, prevalence, and
age at diagnosis.
HPVs are responsible for 74% of vaginal cancer, mostly associated
with HPV16 (54%) followed by HPV18 (8%) [132]. In vulvar
cancers, infections by HPVs have been associated with less than
30% of the cancer cases, mainly associated to HPV16 (more than
27

Introduction

70% of vulvar cancer cases), contributing to a larger proportion
compared to that observed for cervical cancer [133]. The overall
prevalence of HPV in penile cancers is about 33%, mostly
associated with HPV16 (60%), but also to the two most common
non-oncogenic HPVs, HPV6 and 11 (accounting together for the
8% of total penile cancer cases) [134].

Figure 6: Fraction of anogenital and oropharyngeal cancers caused by HPVs
infections. Data should be read as follows, with vaginal cancer as an example:
every year, 9,000 new vaginal cancer cases are diagnosed worldwide, and 74%
of them are associated to infection by HPVs. This is known as PAF, Population
Attributable Fraction. From these, 77.1% are associated with HPV16 or HPV18;
0.9% are associated to HPV6 or HPV11; 13.7% of the rest of HPV-related cases
are associated to HPV31, HPV33, HPV45, HPV52 and/or HPV58; the remaining
8.3% of the vaginal cancer cases are caused by other HPVs. Data was extracted
from the Catalan Institute of Oncology HPV Information Center, last queried on
March 2017 (http://www.hpvcentre.net/)

3.1.4 Head and neck cancer
Infection by oncogenic HPVs is recognized as a major risk factor
for the development of Head and Neck cancer (HNC). The
estimated prevalence of HPV-positive accounts for approximately
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20% of all HNC although it is significantly higher in oropharyngeal
cancers (25%) than in oral (7.4%) or laryngeal carcinomas (5.7%).
HPV16 is the most common genotype, found in almost 90% of
oropharyngeal cancers and above 65% of oral and laryngeal cancers
[95].
3.2 CUTANEOUS HPV INFECTIONS
A broad range of largely different HPVs are found in the healthy
skin of humans [76, 97, 100, 135]. Metagenomic sequencing has
revealed that 95% of the viral sequences present in skin samples
belong mostly to the Beta- and GammaPVs [136]. Moreover,
cutaneous HPVs are commonly found in several skin lesions such
as benign skin warts [137], or non-melanoma skin cancers
(NMSCs) [100].
Some specific clinical presentations of cutaneous HPVs infections
appear in individuals suffering of epidermodysplasia verruciformis
(EV). EV is a rare hereditary cutaneous condition that persists
through life. Individuals suffering from EV are susceptible to
persistent cutaneous HPV infection because of a deficiency in
cutaneous immunity [138]. Benign lesions appear as plane warts or
reddish or brownish plaques and can show malignant progression
[104]. Among the HPVs associated to EV the BetaPVs HPV5 and
HPV8 have been linked to invasive tumours [103, 104].
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4. PREVENTION OF HPVS-RELATED DISEASES
As for other cancers, the research performed during the last decades
has been translated into preventive strategies against HPV-related
disease. Currently, two strategies have been developed: primary
prevention via HPV vaccination and secondary prevention through
screening programmes to detect cervical cancer precursors.
4.1 PRIMARY PREVENTION : HPV VACCINES
At present, three prophylactic HPV vaccines are licenced: the
bivalent vaccine targetting HPV16 and HPV18 [139, 140], the
quadrivalent vaccine additionally targetting HPV6 an HPV11 [141,
142] and, the nonavalent vaccine, an enhanced vaccine including
five additional targets -HPV31, 33, 45, 52 and 58. The three
vaccines contain recombinant L1 proteins that autoassemble into
hollow structures mimicking virions, called virus-like particles.
Despite their incomplete status, these pseudo-viral structures can
elicit protective antibodies [143, 144]. Indeed, immunisation results
in generation of high antibody titters in virtually all individuals
[145].
Following the first approval of an HPV vaccine in 2006,
population-based post-marketing studies have confirmed that within
5 years of introduction of the HPV vaccine, substantial reductions
can be achieved with regard to the prevalence of cervical, vulvar,
vaginal, anal, and oral infections by the HPV types included in the
vaccines; precancerous cervical lesions; as well as GW if the
quadrivalent vaccine is used [146-148].
30

Introduction

4.2 SECONDARY PREVENTION : SCREENING
Among all malignant tumours, cervical cancer is the one that has
been most effectively controlled by screening. Detection of
cytological abnormalities by liquid-based cytological methods, and
subsequent diagnosis and treatment of women with high-grade
abnormalities prevents the development of cancer. In those
countries where the cervical cancer screening has been launched
effectively, cervical cancer has been reduced by 50-90% [149].
Currently, there is enough evidence that HPV DNA detection has
greater sensitivity for pre-cancer than cytology based methods [150153]. Consequently, HPV DNA testing is being introduced into
some countries as a co-test of cytology or as a first screening test
[154].

5. PAPILLOMAVIRUS EVOLUTION
Three assumptions have traditionally dominated PV research: that
PVs have co-evolved with their hosts [155]; that PVs are highly
species-specific [155-157]; and that there are minimal virus–virus
interactions and therefore events such as recombination are rare
[158]. Although all three dogmas have been recurrently challenged
[159-162], it is still a commonplace to assume their validity. PVs
are thus conceived to be well adapted to their hosts, and to evolve
slowly.
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5.1 MUTATION AND SELECTION IN PVS
Papillomaviruses do not encode for a DNA polymerase, and the
viral genome is replicated during S-phase by high-fidelity cellular
polymerases with error-correction. Mutation rates and mutational
biases ought to be thence close to those of the hosts, but genome
composition and codon usage preferences in HPVs do not match
those of the host genome. They are instead enriched in A+T and
display extreme codon usage preferences [163-165], inasmuch as
there is not a single instance of match between the most used
synonymous codon by HPVs and by human genes [163]. These
compositional differences between HPVs and the human host
possibly reflect a bias in the mutation/selection evolutionary
processes that still needs to be understood. It has been classically
claimed that PV codon usage preferences have been selected for
because they decrease viral protein synthesis, thereby lowering
immune exposure [166]. It has also been postulated that codon
usage preferences in PVs may have evolved to match the varying
tRNA profile of the keratinocyte through the differentiation
program [167].
Estimates for PV substitution rate, i.e. the rate at which mutations
are fixed in the PV genome, fit well our common understanding of
viral mutation rates, with dsDNA viruses showing the slowest
evolutionary rates among viruses [168], [169]. Estimates for PV
coding regions render values between 2·10-8-5·10-9 substitutions per
site per year [170, 171], while the non-coding, regulatory region of
the PV genome accumulates mutations around two-times faster than
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the coding regions [6, 172]. These values are slightly higher but
around the same order of magnitude than for mammals, reinforcing
the idea that PVs use the cellular polymerases with proofreading
capacity.
5.2 WITHIN-HOST EVOLUTION
The study of within-host evolution is key for understanding the
evolutionary dynamics of rapidly evolving viruses, such as HIV or
Hepatitis C virus [173, 174]. For PVs, because of the low
evolutionary rate, it is commonly assumed that generation of viral
diversity during the course of PV infection is negligible. However,
given the combination of large population size, large infection time,
and large prevalence, the study of generation of diversity in chronic
PV infections and its connection with the differential outcome of
the disease deserves deeper attention.
A careful analysis of published data reveals that generation of
diversity does occur during chronic PV infections. Retrospective
sequence analysis of human PVs in recurrent respiratory
papillomatosis showed no evidence of strain replacement in 67/70
cases during a median follow-up of four years, with an individual
case of 22 years follow-up [175]. However, in 5% of the patients
the original strain was replaced by another one very closely related,
which could be explained either by viral replacement or by
intrapatient evolution [175]. Similar results have been reported from
the study of PV infections in women in consecutive genital/cervical
samples. In most cases of persistent infection with HPV16, the same
variant is retrieved during serial sampling [176-178]. However,
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changes in the predominant variant, as identified by changes in one
or two nucleotides through consensus sequencing, have been
reported in 4-8% of women during a follow-up of up to two years
[177, 179-181]. Retrieval of the same PV variant during
consecutive samplings is usually interpreted as evidence for
persistent infection, whereas retrieval of a different variant is
interpreted as a novel infection, and never as a result of a bottleneck
or of a selective sweep upon mutation. Claiming the case of
selective sweep requires evidence for generation of diversity during
the course of an infection; indeed deep sequencing of viral genetic
material from clinical lesions showed that 3/7 samples contained
polymorphic sites above the reliable mutation threshold, reaching
frequencies of up to 5% for the minor sequences [182]. The study of
viral persistence has traditionally been assessed through Sanger
sequencing or by amplicon hybridisation with probes targeting
variant-specific polymorphisms, but such approaches are unlikely to
capture the dynamics of slowly evolving viruses.
Conspicuous evidence of PV intrapatient evolution has been
described in two independent cases of lung cancer developed in
patients after a 20-year long history of recurrent respiratory
papillomatosis, associated to HPV6 [183] and to HPV11 [184]. In
both cases, viral genomes retrieved from the malignant lesions
contained duplications of the regulatory region, a feature absent
from the viral genomic sequences retrieved from benign lesions in
the same patient. Colonisation of a novel niche –the lung epithelium
in both cases- may thus have provided with an evolutionary
advantage to a rare mutant that appeared after a recombination
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event resulting in duplication of the regulatory region. These
examples of parallel intrapatient evolution illustrate that highlyprevalent, long-lasting infections by PVs result in viral effective
population size values large enough to efficiently explore sequence
space and to allow mutants with an advantage to be fixed, even if
mutation rate and if recombination rate are (very) low. Along this
line, HPV6 and HPV11 are common in healthy tissue of the female
anogenital tract [80], and appear as the main causative agents of
genital warts [185], but are associated with occasional cases of
anogenital carcinomas [186]. Characterising the PV population in
such rare malignant lesions may help understand the intrapatient
viral dynamics in slow evolving viruses.
5.3 WITHIN-HOST INTERACTION
Viruses causing acute infections usually transform the infected cell
in a virus factory, eventually leading to cell death and release of the
viral progeny, while eliciting a strong, protective immune response
[187]. PVs however do not kill the infected cell. Instead, most PV
infections persist for decades, but are not very productive. Only
warts caused by PVs have a faster clinical course and are highly
productive lesions. Natural infection by PVs elicits specific immune
response in most cases [188, 189], but only a limited number of
individuals develop high antibody titers that provide some degree of
protection against reinfection with the same type [190]. Further,
infections by multiple PVs in healthy women and in low-grade
lesions are more common than single infections [191]. However, it
is not clear whether certain PVs tend to appear together in co35
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infection patterns more often than expected by chance [192-194].
The presence of multiple infections by oncogenic PVs has an
additive effect on the risk of developing high-grade lesions [195].
However,

the

mutual

interactions

between

types

causing

simultaneous infections and the interplay with the host’s immune
system are not necessarily correlated with the occasional
development of cancer, because infectious tumours derive most
likely from a single clonal expansion event [196] and individual
lesions are associated to individual PVs [197].
Malignant growth is a non-adaptive consequence of the increased
potential in oncogenic PV for persistence without eliciting immune
response, and cancers should be conceived as a sink in the
ecological source and flux dynamics of PV infections. In the natural
history of PV infections, cancers are a very particular stage because
they are a double dead-end: i) for the virus, because cancers
virtually do not produce virions and are therefore not infectious and
ii) for the host, because invasive cancers do not spontaneously
revert, while precancerous lesions do spontaneously revert in the
vast majority of cases following immune activation.
Studies on the time trends in HPV type prevalence in cervical
cancer during the last 70 years have shown that the relative
contributions of the different oncogenic HPVs have not varied from
1940 to 2007 [198]. Also, viral DNA similar to HPV18 and to
HPV91 was retrieved from a genital lesion in a female XVI-century
mummy, [199]. Nevertheless, stability of HPV type prevalence
values in cancer does not necessarily imply stability of HPV type
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prevalence values in the healthy population, in the same way that
viral prevalence in cancer [68] does not reflect circulating viral
prevalence [80]. Globally, our ecological understanding of cancers
linked to PV infections is still very poor, especially when compared
to the strong epidemiological research developed around the burden
of HPVs-related diseases.
5.3 LONG-TERM EVOLUTION OF PVS
Coevolution with their hosts has been historically considered as the
main force driving PVs evolution [200]. However, virus-host
coevolution contributes to explain barely one third of all events
needed to reconcile the evolutionary histories of PVs and their hosts
[160]. Other mechanisms such as intra-host duplication, lineage
sorting or host-switch [201] need to be invoked to fully explain the
global diversity of PVs and their relationship with their hosts [159,
160]. These results should however be interpreted with caution
because PV hunting has been systematic in humans but remains
opportunistic in most hosts, thus overestimating the contribution of
intra-host duplication and of lineage sorting [4, 160]. Further,
analyses of virus-host coevolution require knowledge on hostspecificity that is commonly missing, and broad host-range may be
more common than anticipated for PVs [160, 202-205]. Finally,
evolutionary relatedness between HPV16 and HPV18 sequences
retrieved from the same geographical continent has served to
sustain the claim for coevolution between PVs and human
populations in recent times [172, 206], although this match was not
observed for HPV6 [147]. Indeed, a recently published study
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showed for the first time that differential coevolution of HPV16
lineages with different but closely related ancestral human
populations together with recent host-switch events may be largely
responsible for the present-day differential prevalence and
association with cancers for HPV16 lineages [207].
The evolutionary scenario that fits best the current description of the
PV genetic diversity is a series of basal duplication events followed
by limited virus-host coevolution [160] (Figure 7). The E6 and E7
genes are very divergent, and the organisation of these loci is highly
variable across the PV tree. The ancestral PV, containing at least the
core of the E1-E2-L2-L1 genes, may have already infected ancestral
amniotes some 300 Mya, by the time of divergence between the
ancestors of birds and the ancestors of mammals [208]. During
some 100-150 My, mammals evolved a glandular epithelium,
associated to changes in beta-catenin pathways, lipid complexes and
keratinised structures, that resulted in sebaceous, sweat and
mammary glands, and ultimately hairs [209]. Ancestral PVs may
have diversified while colonising these new niches, generating the
ancestors of the extant PV crown groups.
No PVs have been retrieved –yet- from monotremes, but the
presence of a PV pseudogene integrated in the platypus genome
shows that they have been exposed to these viruses [210]. The
single PV genome retrieved from a marsupial host is not basal to all
PVs infecting placentals [211], suggesting that the initial PV
diversification predated the split between both mammalian clades.
The ancestral placentals were thus already infected by several
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ancestral PV lineages, and viruses expanded with their hosts as they
radiated. The Alpha-OmicronPV crown group evolved towards an
essentially mucosal tropism, while the Beta-XiPV crown group
evolved

towards

a

commensal

cutaneous

phenotype.

The

conspicuous absence in the Delta-ZetaPV crown group of PVs
infecting primates suggests an event of lineage sorting.

Figure 7: Global scenario of PV evolution. Ancestral amniotes were already
infected by ancestral PVs. The four PV crown groups (labelled in red, green, blue
and orange) appeared during the evolution of skin glands and hairs (250–150
Mya). Subsequent mammalian radiation triggered further a second wave of PV
diversification (110-60 Mya). (Modified from [27]).

More recently, one recombination event involving the ancestral
AlphaPVs, occurred before the split between old world monkeys
and apes, and led to the integration of small hydrophobic ORFs with
oncogenic activity, the future E5 genes [28]. The novel genomic
resources triggered an adaptive radiation that generated at least
three lineages allowed for a change of tissue tropism and diversified
the phenotypic presentations of the infection (Figure 8, Table 1). In
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one of these lineages the E6 gene evolved later a gain of function
favouring degradation of p53 [212, 213]. All oncogenic PVs
associated to human anogenital cancers stem from this latter lineage
and share a recent common ancestor [28, 214], possibly
contemporaneous with the split between old world monkeys and
apes.
At shallower levels the evolutionary forces driving diversification
and differential ecological success between closely related viruses,
such as the successful HPV16 and the obscure HPV35, are not well
known. Albeit not systematically, experimental interspecies
transmission was explored since the early stages of PV discovery
[215, 216], and cross-species infection occurs under natural
conditions [160, 202, 204, 205]. For certain sister PVs infecting
closely related hosts the barrier to cross-species transmission might
rather be cultural than biological. This may be the case of HPV13,
PtPV1 and PpPV1, causing similar oral proliferative diseases in
humans, chimpanzees and bonobos [217-219]. Such cultural
barriers allowing for isolation and fixation of viral lineages may be
especially effective when viral spread is linked to intimate or sexual
host contact and when the viruses involved mutate slowly, as is the
case for PVs or for certain herpesviruses [220, 221].

40

Introduction
Ph e n ot ype
Genital
papillomas
Late genes (L1, L2)
(Xi/Phi PVs as donors)

Recombination event

Cutaneous and
mucosal
papillomas

Found in cervix

Genital warts
Ancient
mucosal
tropism PV

Gain of Function E6
Gain of Function E6

p53
PDZ

Mucosal lesions

E5

Some of them
carcinogenic
potential

Integration
Shift to cutaneous tropism

E5

Cutaneous warts

E2 L2
E2 E5 L2
Mya

65

90

Mesozoic

40

15

Cenozoic

Figure 8: Zoom into the evolutionary scenario for lineages in the AlphaOmicron-PVs crown group, with individual, rare events largely influencing the
evolutionary history. A recombination event yielded a novel viral lineage with the
early genes from an Alpha-Omicron-PV infecting cetaceans and the late genes
from a Beta-Xi-PV infecting artiodactyls. Separately, in a PV lineage infecting
the ancestor of Old World monkeys and apes, an integration event between
the E2 and the L2 genes introduced a DNA segment encoding for the ancestral E5
ORFs. This integration triggered an adaptive radiation that generated three viral
lineages with different tropism and different clinical manifestations. In one of
these lineages, the E6 proteins acquired the ability to degrade p53. Some viruses
in this lineage are responsible for anogenital and oropharyngeal cancers in
humans (Modified from [27]).

5.4 NOVEL ECOLOGICAL PRESSURES LINKED TO VACCINATION
The introduction of vaccines targeting a subset of the circulating PV
diversity implies a dramatic novelty in the differential ecological
pressures to virus circulation. Therefore evolutionary and ecological
considerations

on vaccines and PV dynamics

have both

fundamental and clinical implications. Such considerations address
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the individual levels of protective immunity elicited by vaccination,
the possible generation of herd immunity, i.e. the protection against
viral infection in non-vaccinated individuals elicited through barrier
effect of vaccinated individuals, and the possibility for the pathogen
to evade immune restrictions through sequence evolution.
Vaccination delivery of the viral antigens via intramuscular and the
presence of adjuvant molecules acting as local immune modulators
are possibly responsible for the very high level of seroconversion
and for the high antibody titers compared with those elicited during
natural infection [222]. Additionally, immunization results in a
partial cross-protection against viruses not included in, but closely
related to those present in the vaccine formulation, essentially
HPV31 and HPV45, close relatives of HPV16 and HPV18
respectively [223-225]. The strong immune response elicited
through vaccination and the sexual transmission dynamics of
infection predicts a strong herd immunity effect [226], compared to
that induced by the limited immune response to natural infection
[227]. Indeed, data on the decrease of incident precancerous
cervical lesions and GW suggest that vaccination results in the
establishment of a herd immunity effect in unvaccinated women
and partly also in unvaccinated young men [224, 228-230]
Pathogens targeted by vaccination may evolve escape mutants that
render the vaccine ineffective. For PVs, such phenomenon is
described in the literature as type replacement. The strong
protective response against the targeted viruses, the induced crossprotection and the low evolutionary rate of PVs have led to the
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consideration that type replacement after massive vaccination is
unlikely [231, 232]. Furthermore, the nonavalent HPV vaccine is
intended to prevent infection by HPVs responsible for the vast
majority of anogenital cancers, and it is envisioned that extending
the repertoire of viruses in the formulation should suffice to cover
eventual type replacement dynamics [232, 233].
The interactions between PVs and the immune system remain
difficult to interpret, as acquisition of a novel infection by HPV33
seems to occur more often in unvaccinated people already exposed
to other oncogenic HPVs [234]. A number of epidemio-ecological
models for anogenital PVs and humans have been developed,
mainly focusing on the trade-off between virion production and
immune exposure [235], on the connection between PV infection,
cell differentiation and epidermal dynamics [236], on the
intrinsically patchy nature of the PV infection in the epithelium and
the competition between simultaneous viral infections and the
immune system [237] and on the impact of acquisition and
clearance of concurrent infections [238]. Although limited and
simplified, results from these models are valuable as they suggest
that many of the common assumptions regarding intrapatient and
epidemiological dynamics of the PV-human interaction may need to
be revised. Specifically, we still need to understand the degree of
protection against reinfection elicited by natural immunity, essential
to make a choice between susceptible-infected-resistant and
susceptible-infected-susceptible models [190]. We need to decipher
whether the interactions between PVs are or not neutral [192-194,
239] and how simultaneous multiple infections may influence the
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probability of clearance of each individual virus, because
predictions on type replacement will largely differ depending on
whether sequential or simultaneous clearance is assumed [238].
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Decades of fundamental research have shown that PVs have a broad
genotypic diversity, have experienced complex evolutionary
histories, are capable of hijacking the cellular and immune systems
at several levels, and are associated with multiple manifestations of
the infection, from asymptomatic to invasive cancer. Genotypically,
HPVs offer a large repertoire of very divergent viral sequences,
well sampled at several different evolutionary scales, suitable for indepth evolutionary analyses. Phenotypically, HPV infections
display large variation gradients in several key phenotypic traits,
such as productivity, prevalence, immunogenicity, oncogenicity and
clinical presentation. Although infections by closely related PVs
tend to display similar clinical presentations, the forces linking viral
genotypic and phenotypic diversity with host/viral ecology have not
been elucidated yet.
The main aim of this PhD thesis is to disentangle the link between
HPV genotypic diversity and the phenotypic, clinical diversity of
the diseases associated with HPV infection. We tackle this question
by means of evolutionary, clinical and ecological approaches in
order to generate an integrative vision that help us to understand
why certain HPVs cause persistent infections and ultimately lead to
cancer, while other cause only benign lesions, and for most HPVs
the infections are asymptomatic.
Aim 1: From an evolutionary point of view, our aim is to
understand the origin and significance of codon usage composition
bias of HPVs with respect to their human host:
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To

determine

whether

variations

in

codon

usage

preferences (CUPrefs) could be explained by differences in
tissue tropism, association with disease and/or timing of
gene expression.


To assess the influence on CUPrefs of the presence of an
overlapping region

Aim 2: From a clinical point of view, our aim is to understand the
causal link between infection by certain PVs and differential
association with disease:


To assess the concordance between high-grade/low-grade
anal and perianal intraepithelial neoplasia lesions and
infection by oncogenic/non-oncogenic HPVs.



To study the presence of cutaneous and mucosal HPVs,
whose presence could not be detected with the current
amplification methods, in mucosal cancer samples.

Aim 3: From an ecological point of view, our aim is to analyze the
intra-host dynamics of HPVs both at the intrapatient and at the
population level:


To study which intra-host processes (niche or neutral) are
more

likely

to

explain

the

epidemiological

(i.e.,

metacommunity) patterns of HPV communities.


To assess the potential impact of the vaccines in HPVs
communities.
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Abstract
Viruses rely completely on the hosts’ machinery for translation of viral transcripts. However, for most viruses infecting humans, codon
usage preferences (CUPrefs) do not match those of the host. Human papillomaviruses (HPVs) are a showcase to tackle this paradox:
they present a large genotypic diversity and a broad range of phenotypic presentations, from asymptomatic infections to productive
lesions and cancer. By applying phylogenetic inference and dimensionality reduction methods, we demonstrate ﬁrst that genes
in HPVs are poorly adapted to the average human CUPrefs, the only exception being capsid genes in viruses causing productive
lesions. Phylogenetic relationships between HPVs explained only a small proportion of CUPrefs variation. Instead, the most important
explanatory factor for viral CUPrefs was infection phenotype, as orthologous genes in viruses with similar clinical presentation
displayed similar CUPrefs. Moreover, viral genes with similar spatiotemporal expression patterns also showed similar CUPrefs. Our
results suggest that CUPrefs in HPVs reﬂect either variations in the mutation bias or differential selection pressures depending on the
clinical presentation and expression timing. We propose that poor viral CUPrefs may be central to a trade-off between strong viral
gene expression and the potential for eliciting protective immune response.
Key words: human viruses, codon usage preferences, mutation, translational selection, immune system, clinical presentation,
genotype–phenotype, warts, cancer, chronic infection, acute infection.

Introduction
Synonymous codons are not used at random (Aota and
Ikemura 1986; Shields and Sharp 1987). Codon usage preferences (CUPrefs) vary between species, and between genes
within the same genome (Marin et al. 1989). CUPrefs have
arisen from a complex interplay between several evolutionary
processes, essentially mutation and selection (Bulmer 1991).
The mutational model postulates that the main factor
inﬂuencing average codon usage is nucleotide composition
(Guanine-Cytosine [GC] content) in the genome (Chen et al.
2004). This model considers changes in synonymous codon
usage neutral: It assumes that no ﬁtness effect is associated

with the preferential use of a given synonymous codon
(Plotkin and Kudla 2011). The selection-related model postulates coadaptation between synonymous codon usage and
the translation machinery (e.g., differential transfer RNA
[tRNA] abundance) to optimize translational speed and enhance translational accuracy (Sharp et al. 1995; Duret 2000;
Rocha 2004). Hence, the selection model claims that synonymous mutations can indeed inﬂuence the ﬁtness of an organism (Plotkin and Kudla 2011). The mutation model and the
selection model are not mutually exclusive. In fast-growing
organisms with large population sizes, such as Escherichia
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encode for capsid proteins that are strongly immunogenic
(Zheng and Baker 2006).
Human PVs belong to ﬁve monophyletic genera
(supplementary ﬁg. S1, Supplementary Material online):
Alphapapillomaviruses (AlphaPVs), Betapapillomaviruses
(BetaPVs),
Gammapapillomaviruses
(GammaPVs),
Mupapillomaviruses (MuPVs), and Nupapillomaviruses
(NuPVs) (Bernard et al. 2010). In PV taxonomy, two PV genomes sharing more than 60% nucleotide identity in the L1
gene belong to the same PV genera (de Villiers et al. 2004).
Different human PV lineages have adapted to speciﬁc epithelial niches, with different types showing differences in cell
tropism, natural history of the infection, prevalence, and association with disease (Bravo and Felez-Sanchez 2015). The
large majority of the hitherto known human PVs, essentially
Beta- and GammaPVs, cause asymptomatic infections and
can be detected in healthy skin swabs or, for a reduced
number of GammaPVs, also in mucosal rinses (Nindl et al.
2007). Mu- and NuPVs cause conspicuous, productive cutaneous lesions usually at palmar and plantar epithelial sites
(Bernard et al. 2010). Finally, AlphaPVs are very diverse in
terms of tropism and clinical manifestation of the disease.
They include viruses with cutaneous tropism causing warts
in the hands, lips, or eyelids; viruses with a very deﬁned tropism and causing sexually transmitted warts and condylomas;
and viruses causing less productive, long-lasting infections associated with certain human cancers, such as cervical cancer,
other anogenital cancers, and a fraction of head and neck
tumors (Bernard et al. 2010). Thus, there is no sharp correspondence between clinical manifestation and phylogenetic
relationships for human PVs, as members from different
genera could produce similar clinical presentations (e.g.,
Beta- and GammaPVs essentially causing asymptomatic mucocutaneous lesions [MucCutAsym]), but certain viruses belonging to the same genera could cause different clinical
presentations (e.g., AlphaPVs can cause cutaneous warts
[CutW], genital warts [GenW], or other mucosal lesions
[MucL]).
PVs do not encode for any element of the transcription or
the translation machinery. They rely on the host cellular apparatus for gene expression and it would be expected that PV
CUPrefs match those of the host. It is thus puzzling, however,
that CUPrefs in human PVs are different from CUPrefs in
humans (Zhao et al. 2003; Bravo and Müller 2005): the preferred codons in human PV genes are the less-preferred
codons in the average human genes (Bravo and Müller
2005) and show a strong bias toward codons ending with
Adenine/Thymine [A/T] (Bravo and Müller 2005; Cladel et al.
2010). These compositional differences possibly reﬂect a bias
in the mutation/selection evolutionary processes that still
needs to be understood. Hitherto, two adaptive explanations
for the biased CUPrefs in PV genes have been proposed. First,
it has been suggested that PV CUPrefs have been selected for
because they decrease viral protein synthesis, thereby
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coli or Saccharomyces cerevisiae, experimental evidence supports the idea that translation selection is the main factor
conditioning CUPrefs (Stenico et al. 1994; Moriyama and
Powell 1997). In contrast, in slowly growing organisms with
small population sizes, such as mammals, natural selection
may be inefﬁcient to strongly pattern CUPrefs, and its effect
on codon usage remains controversial (Duret 2002). Besides
selection for translational efﬁciency and accuracy, the choice
of synonymous codons may also be under the selective pressure for optimal translation kinetics, to ensure correct messenger RNA (mRNA) structure and protein folding (Plotkin and
Kudla 2011). Inappropriate CUPrefs may impair translation
kinetics, thus leading to ﬁtness costs associated to low quantity of functional protein, but also to waste of cellular resources incurred through accumulation of erroneous and
misfolded protein, increased toxicity, and cleaning costs
(Gingold and Pilpel 2011).
Codon usage in viruses seems to be shaped both by selection and mutation. On one side, all viruses depend on host
translational machinery, in particular viruses that do not
encode their own tRNAs (as it is the case for human viruses),
and CUPrefs in viral genes tend to match protein-speciﬁc requirements (Akashi and Eyre-Walker 1998): proteins required
in large amount are usually encoded by genes optimized to
the host CUPrefs, while maladaptation of CUPrefs results in
reduced protein production (Bahir et al. 2009). On the other
side, genomic GC content is often a strong predictive variable
for codon usage in viruses (Sharp and Li 1986; Karlin et al.
1990), revealing that genome-wide mutational pressures play
an important role in patterning viral CUPrefs (Shackelton et al.
2006). Other studies suggest that additional selective factors
such as ﬁne-tuning selection on translation kinetics and
escape from antiviral cellular responses may also underlie
viral CUPrefs (Sugiyama et al. 2005; Aragones et al. 2008,
2010).
Papillomaviruses (PVs) are nonenveloped, double-stranded
DNA viruses with a circular genome of approximately 8 kbp.
PVs infect epithelia in a wide spectrum of vertebrates, at cutaneous and mucosal sites (Bravo and Felez-Sanchez 2015).
The PV life cycle depends on keratinocyte differentiation
(Bedell et al. 1991). Viral genomes are primarily present as
nuclear episomes, which replicate in parallel to cell division.
As the daughter cell migrates upwards and undergoes differentiation, the viral DNA is ampliﬁed and the viral expression
pattern is modiﬁed, eventually leading to nonlytic virion release (Longworth and Laimins 2004). PV genomes typically
contain eight well-deﬁned open reading frames (ORFs) classiﬁed as early (E1, E2, E4, E5, E6, and E7) and late (L1 and L2)
based on their temporal expression during viral life cycle. The
early E5, E6, and E7 oncoproteins induce cell immortalization
and transformation; E1 and E2 are associated with viral
genome replication; and the E4 protein is associated with
cytokeratin ﬁlament collapse. The late L1 and L2 genes
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lowering immune exposure (Tindle 2002; Cid-Arregui et al.
2003). Second, it has been postulated that PV CUPrefs may
have evolved to differentially match the varying tRNA proﬁle
of the host cell in which viral protein actually occurs: the differentiating keratinocyte (Zhou et al. 1999; Gu et al. 2004;
Aragones et al. 2010; Cladel et al. 2010).
We have analyzed here the CUPrefs for 156 human PVs
from ﬁve distinct phylogenetic groups to determine whether
variations in CUPrefs could be explained by differences in
tissue tropism, association with disease, and/or timing of
gene expression. Due to the high dimensionality of CUPrefs
data, dimensionality reduction techniques were applied:
Multidimensional scaling (MDS), correspondence analysis
(CA), and cluster analyses.

Detailed codon composition for each genus is provided in
supplementary table S4, Supplementary Material online.
Patterns of synonymous codon usage were analyzed in the
E1, E2, E4, E6, E7, L1, and L2 genes. The E5 gene was excluded from the analysis because it is absent in most human
PVs. The relative frequency (RF) distribution of 59 codons (excluding Met, Trp, and stop codons) was calculated using an inhouse PERL script. The abundance of each codon in a gene
was calculated and pondered by a factor corresponding to the
sum of all synonymous codons:
RFac ¼

nac
ta
X
nac

Materials and Methods

where nac is the number of events in which the c-th codon for
the a-th amino acid is used, and ta the total number of synonymous codons that encode the ath amino acid. The ﬁnal
representation of the codon usage data for each gene is
thus a vector of 59 positions with values between 0 and 1.
We calculated the pairwise CUPrefs distances as the
Euclidean distances between the RF vectors of the corresponding human PVs.

Human PVs Gene Sequences
The ORFs of all human PVs available at the Papillomavirus
Episteme Database (http://pave.niaid.nih.gov ) were collected
between March and April 2013. Using an in-house PERL script,
the ORFs were examined by checking the start codon, stop
codon, and internal stop codons to guarantee that only true
ORFs were used. The ﬁnal data set included 156 HPV types: 63
AlphaPVs, 45 BetaPVs, 45 GammaPVs, 2 MuPVs, and 1 NuPV.
Names, accession numbers, and other information are detailed in supplementary table S1, Supplementary Material
online.

Codon Adaptation Index
To analyze the relationship of CUPrefs between human PVs
and humans, we employed the codon adaptation index
(CAI) (Sharp and Li 1987). This index evaluates the match
between the CUPrefs of a particular gene and those in a
reference set. In our case, the reference values were the
average CUPrefs in the human genome, as retrieved from
the Kazusa codon usage database, under http://www.
kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=9606,
last accessed April 2013) (Nakamura et al. 2000). CAI
values were calculated for all human PV genes. CAI
values were also calculated for the subset of human
genes differentially expressed in the epithelium. Epithelial
genes were retrieved from the UCSC browser in May 2015
(Kent et al. 2002) ﬁltering skin genes by their expression
(log2(tissue/reference) with a maximum value of 5 and
minimum of 5). No differences in CUPrefs were identiﬁed
in genes underexpressed or overexpressed in skin compared with the average CUPrefs. We therefore chose the
CAI values for the subset of epithelial genes as a reference
(supplementary ﬁg. S2, Supplementary Material online).
CAI was calculated using in-house PERL Scripts. For each
gene, the output of the CAI calculation was a single value,
between 0 and 1, with higher values reﬂecting a higher
similarity in CUPrefs to the reference. The maximum value
of 1 is only achieved if, for each synonymous codons set, all
amino acids in the considered gene are encoded by the
most used codon in the reference set.

Clinical Manifestations of Human PV Infections
Human PVs were classiﬁed according to their phenotypic clinical presentation characteristics. This classiﬁcation took into
account both the nature of the infection and its tropism. As
for the nature of the infection, most human PVs are recovered
from healthy skin and healthy mucosa, and generate unapparent, nonproductive infections. Other PVs cause highly productive infections that cause self-limited benign proliferative
lesions, chieﬂy warts. Finally, a few human PVs cause longlasting, low productive infections that can lead to the
development of malignant proliferative lesions, essentially
anogenital cancers (Doorbar et al. 2012). As for tropism,
human PV infections are either mucosal or cutaneous. The
following four groups were deﬁned (supplementary ﬁg. S1,
Supplementary Material online, and supplementary table S1,
Supplementary Material online): Mucocutaneous asymptomatic (MucCutAsym), including Beta and GammaPVs that cause
unapparent infections; GenW group, including AlphaPVs
causing proliferative lesions at mucosal sites; MucL group contained AlphaPVs causing other lesions at mucosal sites and
with potential for malignisation; ﬁnally, the CutW group included Alpha-, Mu-, and NuPVs causing proliferative cutaneous lesions.
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Dimensionality Reduction Methods: Multidimensional
Scaling and Correspondence Analysis

performed the ICA, and obtained the projections of
codons on the ﬁrst axis of the ICA. Repeating this 1,000
times rendered a distribution of projections that informed
us on how reliable the ICA analysis is with regards to sampling from a population.

Our ﬁnal data set for analysis was a matrix in which the
rows correspond to the genes of one human PV genome
and the columns to the 59 codons, such that each row has
the codon usage information for a speciﬁc gene, in terms
of relative frequencies. This data set was subjected to dimensionality reduction techniques to analyze similarities
among codon usage of human PV genes, by applying
MDS and CA.
MDS refers to a broad class of procedures that create lowdimensional representations of complex data with preservation of the similarities between data points (Cox TF and Cox
MAA 1994). In an n-dimensional representation, samples with
very similar codon usage proﬁles are displayed close together.
We performed a nonmetric MDS with column wise Z-transformation of the variables using SPSS Statistics Version 17.0
(IBM, Chicago IL). For MDS analysis, the matrix based on
codon RF values was used in order to avoid biases linked to
amino acid composition. In order to determine the appropriate dimensionality in which data should be scaled, we used
scree plots (data not shown), which display stress as a function
of dimensionality. Based on the stress values and on interpretability, we chose two dimensions as the “best” solution to
plot our data.
CA consists in a multivariate statistical method widely used
to summarize the lack of independence between objects represented through rows and columns of a matrix (here genes
and codons, respectively) as a small number of derived variables, called axes. By deﬁnition, the axes are ordered according to the amount of variance in the data explained by them.
Data were plotted on the ﬁrst two axes with the information
on the amount of variance explained in these two-dimensional
representations.
CA of codon usage data is a widely used method in
sequence analysis, which can be reﬁned through internal
correspondence analysis (ICA) to account for the variability
in amino acid composition between proteins as a confounding factor when one wants to analyze synonymous
codon usage variability. ICA, which is basically a double
within-between-CA, has been found to be the best
method in generating axes that reﬂect variations in synonymous codon usage (Suzuki et al. 2008). This method further allows distinguishing within and between group
variability with respect to genotype, gene, or clinical manifestations. ICA was run in R-3.0.1 with package ade41.5.2 and cross-checked with the implementations in
vegan-2.0.9 and FactoMineR-1.25. We additionally used
seqinr-3.0.7 for computing codon usage counts and
boot1.3-11 for bootstrapping to assess the variance in
each codon’s contribution to the ﬁrst principal axis under
sampling from a sequence population. Here, we sampled
with replacement from the population of all PVs,

Cluster Analysis

Phylogenetic Analysis
Amino acid sequences were aligned with MUSCLE (Edgar
et al. 2004) and back-translated into codon-aligned nucleotide
sequences. Informative positions were ﬁltered with GBLOCKS
under nonstringent conditions (Castresana 2000).
Phylogenetic relationships were inferred in a maximum likelihood framework using RAxML v.8 (http://www.exelixis-lab.
org/) (Stamatakis 2014) at the nucleotide level. We used the
GTR+ 4 model, considering three partitions (one per codon
position). The number of required bootstrap cycles was determined with the –autoMRE command (Stamatakis 2014).
Pairwise evolutionary distances between terminal taxa were
estimated on the best-known maximum likelihood tree using
RAxML.

Statistical Analysis
The Huber’s M-estimator calculated with R was used as robust
central estimator for CAI values. The signiﬁcance of the differences in CAI values between PV genes and human genes was
tested with a Wilcoxon and Mann–Whitney (WMW) test, implemented in R package stats. The effect of clinical presentation and gene (and their interaction) on CAI values was tested
through a two-way analysis of variance (ANOVA) followed by
Tukey post hoc test (SPSS Statistics; IBM). Pearson’s correlations (implemented in R) were used to determine if there was
a relationship between evolutionary and codon usage-based
distances. Moreover, in order to identify major sources of variation among human PVs on the axes generated by ICA, we
tested for the correlation between projections to the ﬁrst principal axis with CAI and average GC content at the third position in 4-fold family codons and also for the 4-fold component
in the 6-fold family codons, for each gene separately.
Pearson’s correlation (r) was calculated. The square of r indicated the percentage of the variance in the ﬁrst axis that is
explained by the variance in the gene feature values.
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Statistical clustering was used to determine the optimal
number of natural conglomerates within the data, and to
classify each individual gene into one of the identiﬁed conglomerates (Kent and Kongsted 2012). We applied the statistical clustering technique implemented as two-step cluster
analysis (SPSS Statistics; IBM). The ﬁrst step groups the cases
into many small subclusters. The second step groups the
subclusters into the ﬁnal, optimal number of clusters, estimated using the Bayesian information criterion (BIC).
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our case the human average CUPrefs. CAI values were calculated for each gene in the human PV data set. Because human
PVs infect epithelial cells, CAI values were also calculated for
the subset of human genes expressed in the epithelium.
Figure 1 shows the cumulative frequency of CAI for human
epithelial genes and for each gene in the human PVs. For all
human PV genes, frequency distributions are shifted to lower
CAI values compared with the reference human epithelial

Results
Genes in Human PVs Do Not Follow Human Codon
Usage Preferences
We ﬁrst evaluated the global adaptation of CUPrefs in human
PV genes to the human CUPrefs, by calculating the CAI (Sharp
and Li 1987). This index evaluates the match between the
CUPrefs of a particular gene and those in a reference set, in

Downloaded from http://gbe.oxfordjournals.org/ by guest on September 10, 2015

FIG. 1.—Cumulative frequency plot showing the distribution of CAI values of HPVs and human epithelial genes. CAI values for HPV genes were
calculated for every gene separately, using the human mean codon usage as a reference set. CAI values of HPV genes are represented in black. CAI values for
human genes expressed at epithelial cells are represented in grey. Statistical differences in CAI values between human and HPV genes were assessed by a
WMW test.
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genes. WMW tests showed that for each of the seven human
PV genes, the median CAI value is signiﬁcantly lower than the
median CAI value for the human epithelial genes (P < 0.001).
A Kolmogorov–Smirnov (KS) test demonstrated further that
for all human PV genes the distribution of the CAI values were
signiﬁcantly different from that of human genes (P < 0.001).
All these results point toward a low level of adaptation of the
human PV genes to the CUPrefs of their host.

Capsid Genes in Human PVs Causing Cutaneous Warts
Present a Greater Adaptation to Human Codon Usage
In order to understand the link between CUPrefs and virus
clinical presentation, we analyzed CAI values stratifying
human PVs by their clinical presentation, essentially in terms
of productivity of the lesion and tropism. Four groups were
deﬁned (supplementary ﬁg. S1, Supplementary Material
online, and supplementary table S1, Supplementary Material
online): MucCutAsym PVs including mucocutaneous human
PVs typically associated with unapparent infections belonging
to BetaPVs and GammaPVs; GenW group including AlphaPVs
causing proliferative lesions at mucosal sites; MucL group including other AlphaPVs causing other lesions at mucosal sites
and with potential for malignization; and ﬁnally, the cutaneous warts group (CutW) including Alpha-, Mu-, and NuPVs
causing proliferative cutaneous lesions.
We observed that CAI values to the human average for all
viral genes and for all viral clinical presentations were statistically lower than CAI values for human epithelial genes (WMW
test, P < 0.001; KS test, P < 0.001). The only exception was
the L1 capsid gene of human PVs causing cutaneous warts
(WMW test, P > 0.5). CAI cumulative distributions for each
gene and clinical presentation are represented in ﬁgure 2
and central values are given in supplementary table S2,
Supplementary Material online. All genes in human PVs are
thus poorly adapted to the average human CUPrefs, independently of their clinical presentation, to the exception of one of
the capsid genes in the very productive group of viruses causing cutaneous warts.
A two-way ANOVA with clinical presentation, gene, and
their interaction as factors was performed to analyze its effect
on CAI values (table 1). This analysis revealed that all factors
had a signiﬁcant effect. The signiﬁcant “clinical presentation  gene” interaction indicated that different genes from
human PVs with different clinical presentation had different
degrees of adaptation to the average human CUPrefs. Then a
one-way ANOVA followed by Tukey test was performed for
each gene with clinical presentation as factor (supplementary
table S2, Supplementary Material online). For the E1, E6, L1,
and L2 genes, human PVs causing cutaneous warts showed
signiﬁcantly greater adaptation to human CUPrefs (P < 0.005,
Tukey post hoc test) than those with other clinical presentations. The lowest level of adaptation in L1 and L2 was found in
the MucCutAsym group (P < 0.005, Tukey post hoc test). In

The E2 Hinge Region Shows Higher Adaptation to
Human CUPrefs than the Overlapping E4 Gene
The E4 ORF is nested within the E2 sequence in a different
reading frame, with the E4 coding sequence overlapping the
so-called hinge region of the E2 gene (ﬁg. 3A). To assess the
inﬂuence of the presence of an overlapping region on
CUPrefs, we calculated the CAI values for the E2 hinge
region, containing E4, as well as for the nonoverlapping
region (ﬁg. 3B). We performed a WMW paired test in order
to compare the adaptation of these two regions for each
human PV. We found that the CAI values for the hinge
region were signiﬁcantly higher than those for the nonoverlapping region. Moreover, the E2 hinge region also showed
signiﬁcantly higher degree of adaptation compared with E4
(P < 0.005, WMW paired test). We performed the same analysis but stratifying each human PV by their clinical manifestation (supplementary ﬁg. S4, Supplementary Material online).
The results of the WMW paired test indicated again that for all
clinical manifestations the CAI values for the E2 hinge region
were signiﬁcantly higher than those for the nonoverlapping
region (supplementary ﬁg. S4, Supplementary Material
online). Also, for all clinical manifestations, the CAI values
for E2 hinge region were signiﬁcantly higher than for E4.
Finally, we found that for MucL and GenW, E4 genes were
signiﬁcantly less adapted than E2 genes. On the contrary, for
MucCutAsym and CutW, we found the opposite pattern, with
E2 being signiﬁcantly less adapted than E4 (supplementary ﬁg.
S4, Supplementary Material online).
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contrast, for the E1 and E6 genes, the lowest level of adaptation was seen in mucosal PVs (P < 0.005, Tukey post hoc test).
For E2, the highest level of adaptation was found in the
MucCutAsym group, and the lowest in PVs causing MucLs
(P < 0.005, Tukey post hoc test) (ﬁg. 2 and supplementary
table S2, Supplementary Material online). Finally, for E7 and
E4, all cutaneous PVs—MucCutAsym and CutW—showed
higher adaptation to the average human CUPrefs than mucosal PVs—GenW and MucL (ﬁg. 2 and supplementary table S2,
Supplementary Material online).
We also performed a one-way ANOVA followed by Tukey
test for each clinical manifestation with gene as a factor (ﬁg.
S2 and supplementary table S2, Supplementary Material
online). For Human PVs causing CutW, GenW, and MucL,
the L1 gene showed the highest level of adaptation to
human CUPrefs (P < 0.005, Tukey post hoc test). In contrast,
for MucCutAsym human PVs, late genes (L1 and L2) showed
the lowest level of adaptation. The highest level of adaptation
in MucCutAsym was found in E4, whereas for GenW and
MucL, the E4 gene exhibited the lowest level of adaptation
(P < 0.005, Tukey post hoc test) (supplementary ﬁg. S3,
Supplementary Material online, and supplementary table S2,
Supplementary Material online).
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FIG. 2.—Cumulative frequency plot of CAI values for human and HPV genes stratiﬁed by clinical manifestation. CAI values of each HPV gene were
computed on the basis of CUPrefs in human genes. In green are represented CAI values of mucocutaneous asymptomatic HPVs (both Beta- and
GammaPVs). In red, HPVs that cause mucosal lesions. In yellow, HPVs that cause genital warts. In blue, HPVs causing cutaneous warts. In black, human
epithelial genes.

Table 1
Effect of Clinical Manifestation and Gene on CAI

Evolutionary Distances Explain only a Low Proportion of
Codon Usage Differences

Factor

df

F ratio

P value

Clinical manifestation
Gene
Clinical manifestation  gene

3
6
18

74.52
33.16
16.69

<0.001
<0.001
<0.001

In order to address the relationship between CUPrefs in
human PVs and their evolutionary history, we analyzed the
correlation between pairwise evolutionary distances and pairwise CUPrefs distances for each of the seven genes studied
(ﬁg. 4). Pairwise evolutionary distances were calculated from
the best-known tree reconstructed by maximum likelihood
techniques (see Methods). Pairwise CUPrefs distances were

NOTE.—A two-way ANOVA was performed to assess the inﬂuence of clinical
manifestation (mucocutaneous asymptomatic, mucosal lesions, genital warts, and
cutaneous warts) and gene (E6, E7, E1, E2, E4, L1, and L2) on CAI. Both factors and
their interaction show a signiﬁcant effect on CAI. df, degree of freedom.

Genome Biol. Evol. 7(8):2117–2135. doi:10.1093/gbe/evv129 Advance Access publication July 1, 2015

59

2123

GBE
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Orthologous Genes in Viruses with Similar Clinical
Presentation Display Similar Codon Usage Preferences

FIG. 3.—(A) Schematic map of the E2 and E4 genes. The E4 ORF
overlaps the hinge region of the E2 gene. This region is a ﬂexible, essentially disordered connector between the functionally conserved transcription activation domain and the DNA-binding domain. (B) Cumulative
frequency plot of E2 and E4 genes, and the overlapping and nonoverlapping region of both genes. CAI values of each HPV gene were computed
on the basis of CUPrefs in human genes. Code for genes: Orange, E2;
brown, E4; violet, E2 hinge region; and green, E2 nonoverlapping region
with E4.

calculated as the Euclidean distances between relative frequencies vectors of synonymous codon usage. They represent
the similarities in terms of codon usage between pairs of
PVs. The correlation between both variables was signiﬁcant
and positive for all genes, with r2 ranging from 0.01 (E4) to
0.41 (E2) with a median value of 0.19. This means that on
average, evolutionary distances explained only a ﬁfth of the
variance in codon-based distance. No clear trend was obvious
depending on gene expression timing, as early genes displayed both the highest and the lowest r2, for E2 and E4,
respectively.
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In order to elucidate common patterns on CUPrefs among
human PVs, MDS in combination with cluster analysis was
performed for each gene independently. The 59 RF variables
in the CUPrefs matrix were reduced to two dimensions using
MDS procedure (ﬁg. 5). The closer to one another two points
lie in this two-dimensional space, the more similar the two
corresponding taxa are in terms of codon usage. However,
MDS does not classify individuals into clusters, and it is impossible to capture all the variability of the multidimensional data
in a lower dimensional display. Hence, in parallel and independently of MDS, we performed a tag-free two-step cluster analysis on the 59 relative frequencies variable matrix for each
gene independently. The optimal number of clusters was
also inferred blindly using the BIC. The results of the cluster
analysis were incorporated into the MDS plot in ﬁgure 5 (see
also clustering analysis results in table 2).
In line with our previous ﬁndings (ﬁg. 4), common ancestry
did not explain similarity in CUPrefs, as the cluster analysis did
not identify the three main genera, Alpha-, Beta-, and
GammaPVs (supplementary table S3, Supplementary
Material online), for any gene. Instead, the main factor driving
codon usage-based grouping was virus clinical presentation,
as MucCutAsym including Beta- and GammaPVs appeared
together for all genes, both for cluster and MDS analysis.
Human PVs in the MuPV genus, which cause cutaneous
warts, grouped together with very distant PVs in the
AlphaPV genus and associated with similar clinical manifestations. Furthermore, HPV41, the only member in the NuPV
genus, which has been associated with cutaneous warts, clustered together with the MucCutAsym group. HPV4 and
HPV65, classiﬁed as GammaPVs but associated to cutaneous
warts, also appeared together with CutW group. The analyses
also revealed that for all genes (except for E6, due to
the absence of this gene in certain GammaPVs) three
GammaPVs (in species Gamma-6) grouped with the phylogenetically distant GenW group. Finally, we found that HPV32
and HPV54, belonging to the GenW group, appeared together with CutW group in L1 and L2 for HPV32 and L1 for
HPV54.
Viruses in the AlphaPVs genus (encompassing viruses
with different clinical presentations, namely GenW, CutW,
and MucL) clustered together only for the E7 and E4
genes, but grouped separately for other genes, according to
their clinical presentation (ﬁg. 5). For E6, the main driving
factor for CUPrefs was productivity of the infections, as
CutW and GenW groups clustered together, separate
from MucL. On the other hand, for E1, E2, L2, and L1, the
main driving factor seemed to be tropism, as the GenW
and MucL groups (both with mucosal tropism) clustered
separately from viruses in the CutW group (cutaneous
tropism).
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FIG. 4.—Scatter plot of the evolutionary distances and the CUPref-based distances in the complete data set for each HPV gene. For all plots, x-axis
represents evolutionary pairwise distances and y-axis represents CUPref-based pairwise distances. Phylogenetic distances were obtained with RAxML for
every gene separately. The correlation coefﬁcient and P value obtained after Pearson’s analysis are reported for each bivariate analysis.

Differences in GC Content in the Third Position and in
Codon Adaptation Index Partly Account for Codon
Usage Preferences
In order to identify major sources of variation among genes on
the axes generated by ICA of codon usage data, we assessed
separately for each gene the linear correlation between projections on the ﬁrst principal axis and values of CAI and of
average GC content in the third codon position of 4-fold
degenerate codon families and in the 4-fold component of

We also performed ICA, a different method of dimensionality reduction, in order to cross-validate the MDS results
(ﬁg. 6). ICA is a powerful CA method for the analysis of synonymous codon usage (Suzuki et al. 2008). It is able to dissociate the effects of amino acid composition from the effects
directly related to synonymous codon usage. Both
approaches, ICA and MDS, rendered globally similar results,
further sustaining the claim that clinical presentation was the
main driving factor of CUPrefs in human PVs.
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FIG. 5.—MDS plot of codon usage differences among HPVs. The different HPVs are classiﬁed by an unsupervised two-step clustering algorithm, and
visualized by MDS dimension reduction. The clusters are colored yellow (cluster1), blue (cluster 2), and green (cluster 3), respectively. Cluster analysis has been
conducted for each gene separately; for this reason, “cluster 1” represents a totally independent set of PVs for each gene. Each symbol represents one
individual HPV, and the distance between points is proportional to the overall dissimilarity of CUPrefs. Codes for phenotypic presentation of the infection:
Squares, mucocutaneous asymptomatic; dots, mucosal lesions; inverse triangles, genital warts; triangles, cutaneous warts.

6-fold degenerate codon families (GC3_4) (ﬁg. 7 and supplementary ﬁgs. S5–S11, Supplementary Material online). Both
CAI and average GC content appeared as important sources
of variation in L1 and L2 genes. For E6 and E1 genes, only GC

content correlated signiﬁcantly with the ﬁrst ICA axis. For E7,
E2, and E4, none of these gene features correlated with the
ﬁrst axis of the ICA. These results demonstrate that both gene
features contribute to variations in synonymous codon usage
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Table 2
Distribution of HPVs by their Clinical Presentation in Each Conglomerate Obtained by Two-Step Cluster Analysis
E6a, %

MucCutAsym (n = 90)
MucL (n = 25)
GenW (n = 13)
CutW (n = 28)

E7, %

Cluster1

Cluster2

Cluster3

Cluster1

Cluster2

97.8
—
—
3.6

—
100
—
—

2.2
—
100
96.4

94.4
—
—
3.6

5.6
100
100
96.4

E1, %
Cluster1

Cluster2

Cluster3

Cluster1

Cluster2

Cluster3

Cluster1

Cluster2

94.4
—
—
3.6

3.4
100
100
—

94.4
—
—
3.6

94.4
—
—
3.6

3.4
100
100
—

2.2
—
—
96.4

94.4
—
—
3.6

5.6
100
100
96.4

L2, %

MucCutAsym (n = 90)
MucL (n = 25)
GenW (n = 13)
CutW (n = 28)

E4, %

L1, %

Cluster1

Cluster2

Cluster3

Cluster1

Cluster2

Cluster3

94.4
—
—
3.6

3.4
100
92.3
—

2.2
—
7.7
96.4

94.4
—
—
3.6

3.4
100
84.6
—

2.2
—
15.4
96.4

Table should be read as follows, taking E7 as an example: For E7, two-step cluster analysis identiﬁes two different clusters: Cluster 1 spans 94.4% (n = 85) of MucCutAsym
HPVs and 3.6% (n = 1) of HPVs causing CutW. Cluster 2 spans 100% (n = 25) of HPV causing mucosal lesions, 100% (n = 13) of HPVs causing GenW, 96.4% (n = 27) of HPVs
causing CutW and 5.6% (n = 5) of HPVs causing MucCutAsym infections.
a
CutA in E6, n = 87.

among genes, but their contributions vary among different
genes as also may vary the correlations between GC3_4 content and CAI.

Discussion
We have sought to understand the differential contribution of
the different evolutionary forces shaping human PV CUPrefs.
We ﬁrst assessed adaptation to the host’s CUPrefs, and
showed that all genes in human PVs display poor adaptation
to human CUPrefs. Our null, most parsimonious, hypothesis
was that CUPrefs in human PVs should be close to CUPrefs in
humans, because: 1) PVs do not encode for any element involved in translation and rely completely on their host’s cell
machinery to translate their genes and 2) the relationship of
these viruses with their amniote hosts lineage is ancient
(Garcia-Vallve et al. 2005; Gottschling et al. 2011; Bravo
and Felez-Sanchez 2015). Deviation from host’s CUPrefs
may lead to inefﬁcient translation, in terms of decreased
amount of translated protein, decreased quality of the synthesized protein, and/or decreased amount of properly folded
protein (Bravo and Müller 2005; Drummond and Wilke 2008).
We tried then to evaluate whether closely related PVs displayed closely related CUPrefs. Our analyses revealed however
that evolutionary distances between PVs explain only a small
fraction of CUPref variation among human PVs (ﬁg. 4). Similar
analyses in Herpesviruses had also shown that codon usage
cannot be explicitly tied to species evolution (Roychoudhury
and Mukherjee 2009). Furthermore, we found that Euclidean

Differences in Gene Temporal Expression Largely
Determine Differential Codon Usage Preferences
Finally, we approached the connection between CUPrefs of
the different genes and the corresponding gene expression
patterns, analyzing separately the three main genera, that is,
Alpha-, Beta-, and GammaPVs, by means of unsupervised
two-step clustering. For each genus, the optimal number of
clusters was automatically determined using the BIC criterion.
For every genus, gene temporal expression was the main
factor driving data clustering (ﬁg. 8 and table 3), and genes
expressed simultaneously during virus life cycle showed similar
CUPrefs and clustered together. For AlphaPVs, the late genes
largely differed in CUPrefs from the early genes, which
showed a larger variability. Two-step clustering also clustered
late stage genes L1 and L2 together for BetaPVs and
GammaPVs in combination with some early stage genes
(ﬁg. 8). We conﬁrmed the results obtained by MDS using
ICA, which however shows subtle differences in particular
for the E2 gene (ﬁg. 9).
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FIG. 6.—ICA plots of synonymous CUPrefs among HPVs. The different HPVs are classiﬁed by an unsupervised two-step clustering algorithm. Cluster
analysis has been conducted for each gene separately; for this reason, “cluster 1” represents a totally independent set of PVs in for each gene. Each symbol
represents an individual HPV, and the distance between points is proportional to the overall dissimilarity of CUPrefs. Codes for phenotypic presentation of the
infection: Squares, mucocutaneous asymptomatic; dots, mucosal lesions; inverse triangles, genital warts; triangles, cutaneous warts.
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FIG. 7.—Projections of the ﬁrst principal axis in combination with either CAI or GC content at the third position of 4-fold degenerated codon families and
at the 4-fold component of the 6-fold degenerated codon families (GC3_4). Codes for phenotypic presentation of the infection: Squares, mucocutaneous
asymptomatic; dots, mucosal lesions; inverse triangles, genital warts; triangles, cutaneous warts.

Genome Biol. Evol. 7(8):2117–2135. doi:10.1093/gbe/evv129 Advance Access publication July 1, 2015

65

2129

GBE
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Table 3
Distribution of Genes Stratiﬁed by Genera in Each Conglomerate of the Two-Step Cluster Analysis
AlphaPVs, % (n = 63)

E6
E7
E1
E2
E4
L2
L1

GammaPVsa, % (n = 45)

BetaPVs, % (n = 45)

Cluster 1

Cluster 2

Cluster 3

Cluster 1

Cluster 2

Cluster 3

Cluster 1

Cluster 2

Cluster 3

100
100
—
—
100
—
—

—
—
100
100
—
—
—

—
—
—
—
—
100
100

—
100
—
—
—
—
—

100
—
100
100
—
100
100

—
—
—
—
100
—
—

100
100
—
—
—
—
—

—
—
100
100
—
100
100

—
—
—
—
100
—
—

NOTE.—Table should be read as follows taking AlphaPVs as an example: For AlphaPVs, two-step cluster analysis distinguishes three different clusters. Cluster 1 groups E6,
E7, and E4 genes. Cluster 2 groups E1 and E2 genes. Finally, cluster 3 groups L1 and L2 genes.
a
For E6, n = 42.

distances within AlphaPVs based on CUPrefs were larger than
within BetaPVs or within GammaPVs distances (supplementary ﬁg. S12, Supplementary Material online). We interpret
that large Euclidean CUPrefs-based distances between
AlphaPVs reﬂect the broad diversity in clinical presentations
for these viruses, spanning viruses with cutaneous and mucosal tropisms. Our results suggest that clinical variables related
to tropism, productivity, and immune exposure could be responsible for variation in CUPrefs in PVs. Indeed, detailed analyses by means of different methods of dimensionality
reduction (MDS and ICA) showed that orthologous genes in
viruses with similar clinical presentation display similar patterns
of CUPrefs.
A major ﬁnding obtained through unsupervised cluster
analysis of viral CUPrefs was an almost perfect match between

groups of viruses showing similar CUPrefs and the clinical,
phenotypic presentation of the infection in terms of tropism,
productivity, and potential for malignization (ﬁgs. 5 and 6). A
reduced number of human PVs were initially possible exceptions to this pattern, as they presented a tissue tropism different from the rest of their sister taxa. However, a closer
analysis showed that indeed viruses with exceptional tropism
also displayed exceptional CUPrefs compared with their genetically close counterparts: 1) Gamma-6 PVs phylogenetically
group with asymptomatic cutaneous GammaPVs, but were
isolated from cervical lesions (Chen et al. 2007; Nobre et al.
2008), and CUPrefs of Gamma-6 PVs are similar in all six genes
to those of AlphaPVs causing GenW, and not to GammaPVs;
2) two members of Gamma-1 PVs (HPV2 and HPV65) exhibited similar CUPrefs to those of CutWarts, consistent

2130 Genome Biol. Evol. 7(8):2117–2135. doi:10.1093/gbe/evv129 Advance Access publication July 1, 2015

66

Downloaded from http://gbe.oxfordjournals.org/ by guest on September 10, 2015

FIG. 8.—MDS plot of codon usage differences for HPV genes within each genus. HPVs are classiﬁed by an unsupervised two-step clustering algorithm
and visualized by MDS dimension reduction. The clusters are colored yellow (cluster1), blue (cluster 2), and green (cluster 3), respectively. Codes for genes:
Squares, E6; diamonds, E7; triangles, E1; inverse triangles, E2; crosses, E4; stars, L2; circles, L1.
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with their association with skin warts (Chen et al. 1993; Iftner
et al. 2003); and 3) MuPVs, causing cutaneous warts, shared
common CUPrefs in all genes with AlphaPVs also causing cutaneous warts, although these viruses show large phylogenetic distances. Remarkably, HPV41, the only member of
NuPV genus, showed similar CUPrefs to viruses causing
MucCutAsym infections. Although this virus has been associated to cutaneous warts, it has also been associated with
squamous cell carcinoma lesions as it has also been the case
for some BetaPVs (Forslund et al. 2007).
We tried ﬁnally to evaluate whether gene expression pattern during the virus life cycle could also inﬂuence CUPrefs.
We found a strikingly sharp pattern with genes expressed at
similar stages of the viral infection cycle sharing similar
CUPrefs (ﬁgs. 7 and 8). In AlphaPVs, genes clustered separately into three groups depending on their CUPrefs. Early
genes involved in replication exhibited similar patterns of
codon usage, which differ from codon usage patterns of oncogenes (E4, E6, and E7). Finally, structural genes (L1 and L2)
expressed in differentiated keratinocytes also shared patterns
of CUPrefs. It had been described that early genes (E1 and E2)
in AlphaPVs differed in codon usage from late genes (L1 and
L2) (Cladel et al. 2010). Our results thus suggest that in
AlphaPVs, differential CUPrefs match differences in temporal
expression. Such differences may reﬂect changes in tRNA
availability, as it has been reported that keratinocytes express
different tRNA proﬁles as they differentiate (Zhao et al. 2005).
In Beta- and GammaPVs, the gene clustering based on
CUPrefs was different from that found in AlphaPVs. Life

cycle in Beta- and GammaPVs has not been studied in detail
and little information is available about the temporal expression of the genes from these viruses (Doorbar et al. 2012).
Their transcription patterns, life cycle, and other molecular
characteristics are often inferred by homology with those of
the best-described AlphaPVs. This might lead to an overgeneralization of the HPV biology, overlooking the fact that different PVs within a given genus are not genetically
homogeneous and that different PVs infecting the same
host (here human PVs within Alpha- and BetaPVs) might
indeed present different biologies (Cladel et al. 2010; Bravo
and Felez-Sanchez 2015). We propose that studying CUPrefs
of PVs infecting the same host could allow inferring life-cycle
characteristics that could then be experimentally explored.
The E4 gene is expressed following a splice event including
a small number of amino acids from the E1 gene, while most
of the coding sequence overlaps the hinge region of the E2
gene in a different reading frame. The E2 hinge region is
a ﬂexible connector between the functionally conserved
transcription activation domain and the DNA-binding
domain (ﬁg. 3A) (Ham et al. 1991; Eriksson et al. 1999). We
have evaluated the inﬂuence of the overlapping nature of the
E2 and E4 reading frames on their CUPrefs (ﬁg. 3). Our analyses revealed ﬁrst that for all clinical manifestations the E4
gene was less adapted to human CUPrefs than the E2 hinge
region; and second that the E2 nonoverlapping region was
also signiﬁcantly less adapted than the hinge region (ﬁg. 3B).
This is a striking result for two main reasons. On the one hand,
because previous studies on the differential evolution of these
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FIG. 9.—ICA showing variance of synonymous CUPrefs between genes of HPV genera. The difference between genes in terms of synonymous codon
usage is shown for Alpha-, Beta-, and GammaPVs (from left to right). Codes for genes: Squares, E6; diamonds, E7; triangles, E1; inverse triangles, E2; crosses,
E4; stars, L2; circles, L1.
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primate lineage, possibly reﬂecting an arms race between
virus and host (Munk et al. 2012). In this sense, the decreased
GC content in human PVs, but also in most human DNA viruses, could reﬂect the sustained edition pressure by the
APOBEC3 proteins (Vartanian et al. 2010). Additionally,
some experimental studies (Chen et al. 2010; Turabelidze
et al. 2014) have shown differences in APOBEC3 expression
patterns between oral mucosa and cutaneous skin, thus allowing for differential edition of PV genomes depending on
their tropism. Third, viral genome replication in PVs infecting
sun-exposed keratinocytes will be subject to a higher mutation
rate via the error-prone mechanisms of resolution and repair
of cyclobutane pyrimidine dimers (Protic-Sabljic et al. 1986).
Thus, nucleotide bias in human PV genes with respect to
human genes may be accounted for to some extent by differences in biochemical environment and in gene expression context in infected cells compared with the germinal line.
Regarding adaptation, CUPrefs can increase viral ﬁtness by
directly modulating protein production and by indirectly modulating immune exposure and expression timing. The counterintuitive result of selection on PV CUPrefs is that expression of
PV genes in human cell culture from the wild-type gene sequence leads to very low protein amounts, independently of
the promoter and the cell line used. Instead, high gene expression levels are only achieved when the gene sequence has
been “humanized” by modiﬁcation of CUPrefs (Liu et al.
2002; Cid-Arregui et al. 2003; Disbrow et al. 2003;
Mossadegh et al. 2004; Samorski et al. 2006; Gruener et al.
2007; Cladel et al. 2008). We communicate here a correlation
between the adaptation to human codon usage and CUPrefs
of different viral clinical presentations in E6, L1, and L2 (ﬁg. 7),
suggesting an important role of adaptation in shaping
CUPrefs of at least these genes in human PVs. Our analyses
reveal that the only exceptions to the systematic CUPrefs maladaptation are the capsid genes (L1 and L2) of human PVs
causing cutaneous warts, which show the highest similarity to
human CUPrefs. We interpret that the observed variation in
mismatch between human PV genes and human CUPrefs is
related to differential virus clinical presentation. Cutaneous
warts are very productive lesions, and the infected keratinocytes contain a large amount of virions that are released when
dead cells shed off from skin surface (Doorbar et al. 2012).
Productive lesions require large amounts of the capsid proteins
and we propose that the increased similarity with human
CUPrefs in late genes of PVs causing cutaneous warts enhances gene expression by facilitating capsid protein synthesis.
For viruses in other viral families, the highest levels of adaptation of viral proteins to host’s CUPrefs are also observed for
proteins appearing abundantly in the virion (Karlin et al. 1990;
Bahir et al. 2009). Although GenW are also productive lesions,
capsid genes in human PVs responsible for these infections do
not show a higher adaptation to human CUPrefs. We suggest
that differences on their human codon usage adaptation may
arise from differences in productivity between the two wart
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overlapping ORFs had shown that the E4 region presents an
excess of synonymous mutations, compared with and excess
of nonsynonymous mutation in the E2 hinge region (Hughes
AL and Hughes MA 2005; Narechania et al. 2005). Hence,
diversifying selection in the hinge region of E2 coexists with
purifying selection on the overlapping region of E4
(Narechania et al. 2005). In this context, our results suggest
that purifying selection in E4 concurs with deadaptation to
human CUPrefs, thus implying that lowering CAI values to
the human average could indeed be adaptive. On the other
hand because the E2 hinge region is essentially disordered but
displays the highest CAI values to the human average
(Rancurel et al. 2009)This is in sharp contrast with previous
ﬁndings showing that disordered proteins tend to be encoded
by genes with poor CUPrefs (Zhou et al. 2015). Overall our
results for the E2/E4 gene pair suggest that we are still far from
understanding the evolutionary interplay between overlapping genes, and that CUPrefs may play a major role that
may not be captured by the standard dN/dS analyses.
The evolutionary forces shaping CUPrefs are basically mutation and/or selection, and they are not always easy to disentangle. Mutational pressures are produced by differential
probability of different nucleotide exchange types, leading
to nucleotide composition biases and eventually shaping
CUPrefs (Shackelton et al. 2006; Belalov and Lukashev
2013). We have shown that nucleotide composition of
human PV genes differs from that of human genes, in line
with previous results (Bravo and Müller 2005; Cladel et al.
2010). Our analysis also revealed a correlation between GC
composition and CUPrefs of different viral clinical presentations for the E1, E6, L1, and L2 genes (ﬁg. 7). As some authors
assume that GC3_4 composition reﬂects to some extent mutational pressure, this correlation would suggest that mutational pressures have a role patterning CUPrefs of human PVs
genes, as it has been proposed for other DNA viruses
(Shackelton et al. 2006). However, PVs do not encode for
any element of the genome replication machinery and rely
instead in cellular polymerases for replication (Park et al.
1994). Mutational biases associated to viral DNA replication
should thus a priori be similar to those associated with cellular
DNA replication, but it does not seem to be the case. Several
mutation-based explanations between viral and cellular replication may account for the observed compositional differences. First, nucleotide composition biases in the human
genome reﬂect mutational biases during replication in the
germinal line, while nucleotide composition biases in PVs reﬂect mutational biases during replication in somatic cells
(Martincorena et al. 2015). Analogously, the spectrum of mutations accumulated in human cancers is different from that
arising through common ancestry (Temiz et al. 2015). Second,
PV DNA is the target of the APOBEC3 internal mutators, a
family of cellular cytidine deaminases that introduce directional C > T substitutions (Vartanian et al. 2008). The
APOBEC3 locus has been under strong selection in the
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types, as it has been demonstrated that human PVs causing
GenW produce fewer virions compared with those producing
cutaneous warts (Peh et al. 2002). In contrast, Beta- and
GammaPVs also have a mucocutaneous tropism but different
clinical presentation (asymptomatic infections) and showed
lower adaptation to human CUPrefs in the capsid components
of the virion (L1 and L2). CUPref maladaptation could be adaptive if decreased protein synthesis lead to a less intense host
immune response (Tindle 2002). Because L1 and L2 are the
most immunogenic proteins (Hibma 2012), we propose that
limiting the expression of structural proteins by means of
codon usage maladaptation allows these viruses to better
escape immune surveillance for a prolonged period of time
without compromising their life cycle. These ﬁndings are supported by previous reports showing that seroprevalence
against Beta- and GammaPVs exhibits a delayed but long-lasting antibody response: the immune response was low in children and increased continuously with age (Iftner et al. 2010).
In human PVs causing MucCutAsym infections, the highest
level of adaptation to human CUPrefs was found in the E4
gene. In some cutaneous infections, E4 can be expressed at
higher levels than the virion coat proteins, and can account for
as much as 30% of the total protein content (Doorbar 2013).
We hypothesize that an evolutionary trade-off exists in virus
clinical presentation between a potential for strong gene expression and a potential for eliciting strong immune responses.
Modulation of viral CUPrefs with respect to the host’s CUPrefs
may help push the equilibrium in one direction or another. For
viruses associated to chronic infections, such as human PVs,
the adaptive strategy could thus be to sacriﬁce virion productivity to avoid the generation of strong, protective immune
responses, resulting in long-lasting infections and allowing
for reinfection of a previously infected host. For viruses associated to acute infections, on the contrary, large virion production is accompanied by induction of a strong immune
response that may eventually render the infected host nonsusceptible to subsequent reinfections by closely related viruses.
Experimental evidence of innate immune activity of the schlafen 11 gene against viral infections further sustains our hypothesis. Expression of schlafen 11 is triggered by cellular
exposure to interferon, as a response to viral infections
(Sohn et al. 2007). The activity of schlafen 11 protein is to
selectively inhibit translation from mRNAs enriched in A/Tending codons (Li et al. 2012), and many viruses infecting
mammals are enriched precisely in A/T-ending codons
(Jenkins and Holmes 2003; Shackelton et al. 2006). The
result is that, as a response against a viral infection, the cellular
machinery shuts down speciﬁcally the translation of transcripts
that are potentially of viral origin, using CUPrefs as a guide for
pinpointing viral transcripts.
In summary, we have presented here a thorough analysis of
CUPrefs in human PV genes, connecting codon preferences
with virus infection clinical presentation and with gene expression patterns. We have shown that, for viruses with a well-

characterized infection cycle, genes expressed simultaneously
tend to show similar CUPrefs. Furthermore, closely related viruses did not necessarily display closely related CUPrefs, while
orthologous genes in distantly related viruses but with similar
tropism tend to show similar CUPrefs. Finally, we propose that
modulation of viral CUPrefs, as a result of differential mutation
and/or selection pressures, may have an adaptive value, as
they may strongly condition expression efﬁciency, virion production, immune exposure, and propensity toward chronic/
acute virus lifestyle. Comparative research, with insight into
the different life-history traits of virus lifestyle and not remaining merely on descriptions of preferences, will be required to
elucidate the role and the evolutionary forces fuelling the evolution of viral CUPrefs.

Supplementary tables S1–S4 and ﬁles S1–S12 are available at
Genome Biology and Evolution online (http://www.gbe.
oxfordjournals.org/).
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Figure S1: Evolutionary relationships between Papillomaviruses. HPVs
comprise five evolutionary groups with different epithelial tropisms and disease
associations. The AlphaPVs are divided into cutaneous (blue) and mucosal types,
and the mucosal types are further subdivided into HPVs that cause genital warts
(yellow) and HPVs that cause other mucosal lesions (red). BetaPVs (green) and
GammaPVs (light green) include asymptomatic cutaneous HPVs, certain
BetaPVs have been implicated in the development of non-melanoma skin cancer
(NMSC). MuPVs (esmerald) and NuPVs (light blue) cause proliferative
cutaneous lesions. In grey, PVs that non-human hosts. The image shows the bestknown maximum likelihood phylogenetic tree for the E1E2L1L2 genes of 263
PVs. The sequences were aligned at the amino acid level with MUSCLE, filtered
with GBLOCKS, and the corresponding codon sequences concatenated.
Phylogenetic inference was performed with RAxML including three partitions
per gene, one per codon, using the GTR+G4 model.
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Figure S2: Cumulative frequency plot showing the distribution of CAI values
for the entire human gene dataset and the subset of human genes expressed
in the epithelium. Overexpressed epithelial genes (821 genes) were retrieved
from the UCSC browser (Kent et al. 2002) filtering skin genes with an expression
ranged from 1 to 5 (log2(tissue/reference) with values ranging from -5 to 5).
Underexpressed genes (3812 genes) were retrieved from the UCSC browser
(Kent et al. 2002) filtering skin genes with an expression ranged from -5 to -1.
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Figure S3: Cumulative frequency plot of CAI values for human and HPV
genes for each clinical manifestation. CAI values of each HPV gene were
computed on the basis of codon usage preferences in human genes. Code for
genes: green, E6; Dark green, E7; Red, E1; Orange, E2; Brown, E4; Dark blue,
L2; and, Blue, L1.
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Fig.S4: Cumulative frequency plot of E2 and E4 genes, and the overlapping
and non-overlapping region of both genes stratified by clinical manifestation.
CAI values of each HPV gene were computed on the basis of codon usage
preferences in human genes. Code for genes: green: Orange, E2; Brown, E4;
Violet, E2 hinge region; and, Green, E2 non-overlapping region with E4.
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Figure S5: Synonymous Correspondence Analysis, correlation of first axis
with CAI and GC content at the third position of codons codifying for amino
acids encoded by 4 codons (GC3,4) and bootstrapped projections of codons
on first axis for E1 (red: g/c at third codon position, blue a/t at third codon
position).
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Figure S6: Synonymous Correspondence Analysis, correlation of first axis
with CAI and GC content at the third position of codons codifying for amino
acids encoded by 4 codons (GC3,4) and bootstrapped projections of codons
on first axis for E2 (red: g/c at third codon position, blue a/t at third codon
position).
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Figure S7: Synonymous Correspondence Analysis, correlation of first axis
with CAI and GC content at the third position of codons codifying for amino
acids encoded by 4 codons (GC3,4) and bootstrapped projections of codons
on first axis for E4 (red: g/c at third codon position, blue a/t at third codon
position).
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Figure S8: Synonymous Correspondence Analysis, correlation of first axis
with CAI and GC content at the third position of codons codifying for amino
acids encoded by 4 codons (GC3,4) and bootstrapped projections of codons
on first axis for E6 (red: g/c at third codon position, blue a/t at third codon
position).
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Figure S9: Synonymous Correspondence Analysis, correlation of first axis
with CAI and GC content at the third position of codons codifying for amino
acids encoded by 4 codons (GC3,4) and bootstrapped projections of codons
on first axis for E7 (red: g/c at third codon position, blue a/t at third codon
position).
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Figure S10: Synonymous Correspondence Analysis, correlation of first axis
with CAI and GC content at the third position of codons codifying for amino
acids encoded by 4 codons (GC3,4) and bootstrapped projections of codons
on first axis for L1 (red: g/c at third codon position, blue a/t at third codon
position).
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Figure S11: Synonymous Correspondence Analysis, correlation of first
axis with CAI and GC content at the third position of codons codifying
for amino acids encoded by 4 codons (GC3,4) and bootstrapped
projections of codons on first axis for L2 (red: g/c at third codon
position, blue a/t at third codon position).
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Figure S12: Scatter plot of the evolutionary and the codon usage based intragenera distances for HPV genes. In X-axis, evolutionary pair-wise distances
obtained from RAxML for each of the genes analysed. In Y-axis, Euclidean codon
usage based distances derived from the MDS analysis. Pair-wise distances are
colored in blue (intra-Alpha), green (intra-Beta) and red (intra-gamma). The
correlation coefficient (R2) and the P-value (P) obtained from Pearson’s analysis
are reported for each bivariate analysis

84

Viral codon usage and infection phenotype
Supplementary material

Table S1: Complete list of HPV types used for the codon usage analysis.
Virus

Species Name

HPV1

MuPV 1

Accession
number
V01116

HPV2

AlphaPV 4

X55964

HPV3

AlphaPV 2

HPV4

Reference

Clinical presentation
Cutaneous Warts

X74462

Danos et al., 1982
Hirsch-Behnam et al.,
1990
Delius and Hoffman 1994

GammaPV 1

X70827

Egawa et al., 1993

HPV5

BetaPV 1

M17463

Zachow et al., 1987

HPV6

AlphaPV 10

X00203

Schwarz et al., 1983

HPV7

AlphaPV 8

X74463

Delius and Hoffman 1995

HPV8

BetaPV 1

M12737

Fuchs et al., 1986

HPV9

BetaPV 2

X74464

Delius and Hoffman 1994

HPV10

AlphaPV 2

X74465

Delius and Hoffman 1994

HPV11

AlphaPV 10

M14119

Dartmann et al., 1986

HPV12

BetaPV 1

X74466

Delius and Hoffman 1994

HPV13

AlphaPV 10

X62843

Van Ranst et al., 1992

HPV14

BetaPV 1

X74467

Delius and Hoffman 1994

HPV15

BetaPV 2

X74468

Delius and Hoffman 1994

HPV16

AlphaPV 9

K02718

Seedorf et al., 1985

HPV17

BetaPV 2

X74469

Delius and Hoffman 1994

HPV18

AlphaPV 7

X05015

Cole and Danos 1987

HPV19

BetaPV 1

X74470

Delius and Hoffman 1994

HPV20

BetaPV 1

U31778

Kremsdorf et al., 1984

HPV21

BetaPV 1

U31779

Kremsdorf et al., 1984

HPV22

BetaPV 2

U31780

Kremsdorf et al., 1984

HPV23

BetaPV 2

U31781

Kremsdorf et al., 1984

HPV24

BetaPV 1

U31782

Kremsdorf et al., 1984

HPV25

BetaPV 1

X74471

Delius and Hoffman 1994

HPV26

AlphaPV 5

X74472

Delius and Hoffman 1994

Genital warts
Muco-Cutaneous
Asymptomatic
Genital warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Mucosal lesions
Muco-Cutaneous
Asymptomatic
Mucosal lesions
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Mucosal lesions

HPV27

AlphaPV 4

X74473

Delius and Hoffman 1994

Cutaneous warts

HPV28

AlphaPV 2

U31783

Delius and Hoffman 1994

Cutaneous warts

HPV29

AlphaPV 2

U31784

Delius and Hoffman 1994

Cutaneous warts

HPV30

AlphaPV 6

X74474

Delius and Hoffman 1994

Mucosal lesions

HPV31

AlphaPV 9

J04353

Goldsborough et al., 1989

Mucosal lesions

HPV32

AlphaPV 1

X74475

Delius and Hoffman 1994

Genital warts
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Cutaneous warts
Cutaneous warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Genital warts
Genital warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Cutaneous warts
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Virus

Species Name

HPV33

AlphaPV 9

Accession
number
M12732

HPV34

AlphaPV 11

X74476

HPV35

AlphaPV 9

HPV36

Reference

Clinical presentation

Cole and Streek 1986

Mucosal lesions

Delius and Hoffman 1994

Mucosal lesions

X74477

Marich et al., 1992

BetaPV 1

U31785

Kawashima et al., 1986

HPV37

BetaPV 2

U31786

Scheulen et al., 1986

HPV38

BetaPV 2

U31787

Scheulen et al., 1986

HPV39

AlphaPV 7

M62849

Volpers and Streek 1991

Mucosal lesions
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Mucosal lesions

HPV40

AlphaPV 8

X74478

Delius and Hoffman 1994

Genital warts

HPV41

NuPV 1

X56147

Hirt et al., 1991

Cutaneous warts

HPV42

AlphaPV 1

M73236

Phillip et al., 1992

Genital warts

HPV43

AlphaPV 8

AJ620205

Lorincz et al., 1989

Genital warts

HPV44

AlphaPV 10

U31788

Delius and Hoffman 1994

Genital warts

HPV45

AlphaPV 7

X74479

Delius and Hoffman 1994

HPV47

BetaPV 1

M32305

Kiyono et al., 1990

HPV48

GammaPV 2

U31789

Muller et al., 1989

HPV49

BetaPV 3

X74480

Delius and Hoffman 1994

HPV50

GammaPV 3

U31790

Favre et al., 1989

HPV51

AlphaPV 5

M62877

Lungu et al., 1991

Mucosal lesions
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Mucosal lesions

HPV52

AlphaPV 9

X74481

Delius and Hoffman 1994

Mucosal lesions

HPV53

AlphaPV 6

X74482

Delius and Hoffman 1994

Mucosal lesions

HPV54

AlphaPV 13

AF436129

Delius and Hoffman 1994

Genital warts

HPV56

AlphaPV 6

X74483

Mucosal lesions

HPV57

AlphaPV 4

X55965

HPV58

AlphaPV 9

D90400

Delius and Hoffman 1994
Hirsch-Behnam et al.,
1990
Kirii et al., 1991

HPV59

AlphaPV 7

X77858

Rho et al., 1994

HPV60

GammaPV 4

U31792

Matsukura et al., 1992

HPV61

AlphaPV 3

U31793

Delius and Hoffman 1994

Mucosal lesions
Muco-Cutaneous
Asymptomatic
Cutaneous warts

HPV62

AlphaPV 3

AY395706

Fu et al., 2004

Cutaneous warts

HPV63

MuPV 2

X70828

Egawa et al., 1993

HPV65

GammaPV 1

X70829

Egawa et al., 1993

HPV66

AlphaPV 6

U31794

Delius et al., unpublished

Cutaneous Warts
Muco-Cutaneous
Asymptomatic
Mucosal lesions

HPV67

AlphaPV 9

D21208

Kirii and Matsukuru 1998

Mucosal lesions

HPV68

AlphaPV 7

DQ080079

Wu et al., 2009

Mucosal lesions

HPV69

AlphaPV 5

AB027020

Mucosal lesions

HPV70

AlphaPV 7

U21941

HPV71

AlphaPV 14

AB040456

HPV72

AlphaPV 3

X94164

Kino et al., 2000
Forslund and Hansson
1996
Matsukura and Sugase
2001
Volter et al., 1996
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Cutaneous warts
Mucosal lesions

Mucosal lesions
Cutaneous warts
Cutaneous warts
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Virus

Species Name

HPV73

AlphaPV 11

Accession
number
X94165

HPV74

AlphaPV 10

AF436130

HPV75

BetaPV 3

Y15173

Delius et al., 1998

HPV76

BetaPV 3

Y15174

Delius et al., 1998

HPV77

AlphaPV 2

Y15175

Delius et al., 1998

HPV78

AlphaPV 2

KC138720

Siling et al., Unpublished

HPV80

BetaPV 2

Y15176

Delius et al., 1998

HPV81

AlphaPV 3

AJ620209

Delius et al., unpublished

Cutaneous warts
Muco-Cutaneous
Asymptomatic
Cutaneous warts

HPV82

AlphaPV 5

AB027021

Kino et al., 2000

Mucosal lesions

HPV83

AlphaPV 3

AF151983

Brown et al., 1999

Cutaneous warts

HPV84

AlphaPV 3

AF293960

Terai and Burk 2001

Cutaneous warts

HPV85

AlphaPV 7

AF131950

Chow and Leong 1999

Mucosal lesions

HPV86

AlphaPV 3

AF349909

Terai and Burk 2001

Cutaneous warts

HPV87

AlphaPV 3

AJ400628

Menzo et al., 2001

HPV88

GammaPV 5

EF467176

Kullander et al., 2008

HPV89

AlphaPV 3

AF436128

Terai and Burk 2002

Cutaneous warts
Muco-Cutaneous
Asymptomatic
Cutaneous warts

HPV90

AlphaPV 14

AY057438

Terai and Burk 2002

Cutaneous warts

HPV91

AlphaPV 8

AF419318

Terai and Burk 2002

HPV92

BetaPV 4

AF531420

Forslund et al., 2003

HPV93

BetaPV 1

AY382778

Vasiljevic et al., 2007

HPV94

AlphaPV 2

AJ620211

HPV95

GammaPV 1

AJ620210

de Villiers and Gunst 2009
Egawa Cop and de Villiers
unpublished

HPV96

BetaPV 5

AY382779

Vasiljevic et al., 2007

HPV97

AlphaPV 7

DQ080080

Chen et al., 2007

HPV98

BetaPV 1

FM955837

de Villiers and Gunst 2009

HPV99

BetaPV 1

FM955838

de Villiers and Gunst 2009

HPV100

BetaPV 2

FM955839

de Villiers and Gunst 2009

HPV101

GammaPV 6

DQ080081

Chen et al., 2007

HPV102

AlphaPV 3

DQ080083

Chen et al., 2007

HPV103

GammaPV 6

DQ080078

Chen et al., 2007

HPV104

BetaPV 2

FM955840

de Villiers and Gunst 2009

HPV105

BetaPV 1

FM955841

de Villiers and Gunst 2009

HPV106

AlphaPV 14

DQ080082

Chen et al., 2007

HPV107

BetaPV 2

EF422221

Vasiljevic et al., 2008

Genital warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Cutaneous warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Mucosal lesions
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Cutaneous warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Cutaneous warts
Muco-Cutaneous
Asymptomatic

Reference

Clinical presentation

Volter et al., 1996
Terai and Burk
unpublished

Mucosal lesions
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Asymptomatic
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Virus

Species Name

Accession
number

Reference

HPV108

GammaPV 6

FM212639

Nobre et al., 2008

HPV109

GammaPV 7

EU541441

Ekstrom et al., 2010

HPV110

BetaPV 2

EU410348

Vasiljevic et al., 2008

HPV111

BetaPV 2

EU410349

Vasiljevic et al., 2008

HPV112

GammaPV 8

EU541442

Ekstrom et al., 2010

HPV113

BetaPV 2

FM955842

de Villiers and Gunst 2009

HPV114

AlphaPV 3

GQ244463

Ekstrom et al., 2010

HPV115

BetaPV 3

FJ947080

Chouhy et al., 2010

HPV116

GammaPV 9

FJ804072

Li et al., 2009

HPV117

AlphaPV 2

GQ246950

Kohler et al., 2010

HPV118

BetaPV 1

GQ246951

Kohler et al., 2011

HPV119

GammaPV 8

GQ845441

Bernard et al., 2010

HPV120

BetaPV 2

GQ845442

Bernard et al., 2010

HPV121

GammaPV 10

GQ845443

Bernard et al., 2010

HPV122

BetaPV 2

GQ845444

Bernard et al., 2010

HPV123

GammaPV 7

GQ845445

Bernard et al., 2010

HPV124

BetaPV 1

GQ845446

Bernard et al., 2010

HPV125

AlphaPV 2

FN547152

Kovanda et al., 2011

HPV126

GammaPV 11

AB646346

Egawa et al., 2011

HPV127

GammaPV 12

HM011570 Schowalter et al., 2010

HPV128

GammaPV 13

GU225708

Kohler et al., 2011

HPV129

GammaPV 9

GU233853

Kohler et al., 2011

HPV130

GammaPV 10

GU117630

Kohler et al., 2011

HPV131

GammaPV 14

GU117631

Kohler et al., 2011

HPV132

GammaPV 12

GU117632

Kohler et al., 2011

HPV133

GammaPV 10

GU117633

Kohler et al., 2011

HPV134

GammaPV 7

GU117634

Kohler et al., 2011

HPV135

GammaPV 15

HM999987 Bottalico et al., 2011

HPV136

GammaPV 11

HM999988 Bottalico et al., 2011
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Clinical presentation
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Cutaneous warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Cutaneous warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Cutaneous warts
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
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Virus

Species Name

Accession
number

HPV137

GammaPV 16

HM999989 Bottalico et al., 2011

HPV140

GammaPV 11

HM999992 Bottalico et al., 2011

HPV141

GammaPV 11

HM999993 Bottalico et al., 2011

HPV142

GammaPV 10

HM999994 Chen et al., Unpublished

HPV143

BetaPV 1

HM999995 Bottalico et al., 2011

HPV144

GammaPV 17

HM999996 Bottalico et al., 2011

HPV145

BetaPV 2

HM999997 Bottalico et al., 2011

HPV148

GammaPV 12

GU129016

Kohler et al., 2011

HPV149

GammaPV 7

GU117629

Kohler et al., 2011

HPV150

BetaPV 5

FN677755

Kocjan et al., 2005

HPV151

BetaPV 2

FN677756

Kocjan et al., 2005

HPV152

BetaPV 1

JF304768

HPV153

GammaPV 13

JN171845

Sturegard et al.,
Unpublished

HPV155

GammaPV 7

JF906559

Ekstrom et al., 2011

HPV156

GammaPV 18

JX429973

Chouhy et al., 2013

HPV159

BetaPV 2

HE963025

Kocjan et al., 2013

HPV161

GammaPV 19

JX413109

Li et al., 2012

HPV162

GammaPV 19

JX413108

Li et al., 2012

HPV163

GammaPV 20

JX413107

Li et al., 2012

HPV164

GammaPV 8

JX413106

Li et al., 2012

HPV165

GammaPV 12

JX444072

Li et al., 2012

HPV166

GammaPV 19

JX413104

Li et al., 2012

HPV169

GammaPV 11

JX413105

Li et al., 2012

HPV170

GammaPV 7

JX413110

Li et al., 2012

Reference
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Clinical presentation
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
Muco-Cutaneous
Asymptomatic
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Table S2: Mean values of CAI for HPVs genes stratified by clinical
presentation. Background grey color corresponds to not statistically different
Human PV genes in WMW test compared to human codon usage. One way
ANOVA followed by Tukey’s test was performed for each gene separately. For
each gene, means labeled with the same letter are not statistically different. One
way ANOVA followed by Tukey’s test was also performed for each clinical
manifestation separately. For each clinical manifestation, means labeled with the
same number are not statistically different.

E6
E7
E1
E2
E4
L2
L1

!!Mucocutaneous!
!!!Cutaneous!Warts!
Asymptoma/c!
c'
a'
0.73±0.02'
0.75±0.02'
2'
2'
a'
a'
0.73±0.03'
0.73±0.03'
2'
3'
b'
a'
0.71±0.01'
0.72±0.02'
3'
3'
a'
a'
0.73±0.01'
0.73±0.01a,2'
2'
2'
a'
a'
0.74±0.01'
0.75±0.04'
1,2'
1,2'
c'
a'
0.70±0.01'
0.74±0.01'
3'
2'
c'
a'
0.71±0.01'
0.77±0.01'
3'
1'
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!!!Genital!Warts!
0.74±0.01'
0.71±0.02'
0.71±0.01'
0.72±0.02'
0.68±0.02'
0.71±0.01'
0.73±0.01'

b'
1'
b'
2'
b'
2'
b'
1,2'
b'
3'
b'
2'
b'
1'

!!!Mucosal!lesions!
0.72±0.02'
0.71±0.03'
0.69±0.01'
0.70±0.01'
0.68±0.03'
0.71±0.01'
0.72±0.01'

c'
1,2'
b'
2,3'
c'
3'
c'
3'
b'
3'
b'
2'
c'
1'
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Table S3: Distribution of HPVs by their genus in each cluster obtained
by two-step cluster analysis.
E6*,%%%%
Cluster1) Cluster2) Cluster3)

Cluster1)

AlphaPVs%(n=63)%%

60.3)

3)

39.7)

100)

BetaPVs%(n=45)%%
GammaPVs%(n=45)%%
MuPVs%(n=2)%%
NuPVs%(n=1))

3)
4.8)
100)
3)

100)
95.2)
)3)
100)

3)
3)
3)
3)

3)
11.1)
100)

AlphaPVs%(n=63)%%
BetaPVs%(n=45)%%
GammaPVs%(n=45)%%
MuPVs%(n=2)%%
NuPVs%(n=1))

E7,%%%%
Cluster2))
100)
88.9)
3)
100)

E1,%%%%
E2,%%%%
E4,%%%%
Cluster1) Cluster2) Cluster3) Cluster1) Cluster2) Cluster3) Cluster1) Cluster2))
3)
60.3)
39.7)
3)
60.3)
39.7)
100)
3)
100)
88.9)
3)
100)

3)
6.7)
3)
3)

3)
4.4)
100)
3)

100)
88.9)
3)
100)

L2,%%%%

3)
6.7)
3)
3)

3)
4.4)
100)
3)

L1,%%%%

Cluster1) Cluster2) Cluster3) Cluster1) Cluster2) Cluster3)
AlphaPVs%(n=63)%%

3)

58.7)

41.3)

3)

57.1)

42.9)

BetaPVs%(n=45)%%

100)

3)

3)

100)

3)

3)

GammaPVs%(n=45)%%

88.9)

6.7)

4.4)

88.9)

6.7)

4.4)

MuPVs%(n=2)%%

3)

3)

100)

3)

3)

100)

NuPVs%(n=1))

100)

3)

3)

100)

3)

3)

*For)GammaPVs)n=42)
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3)
11.1)
100)
3)

100)
88.9)
3)
100)
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Table S4: Compositional codon description of each gene analyzed in each
genus. The first four columns give the percentage of each codon within each
synonymous codon family; the last column gives the number of tRNA genes
corresponding to each codon in the human genome.
Leu

Codon
CTA
CTC
CTG
CTT
TTA
TTG

AlphaPVs
16
2
16
10
35
21

BetaPVs
12
5
12
14
37
20

GammaPVs
11
3
11
14
40
20

Human
7
20
40
13
7
13

tRNA genes
2
0
6
13
8
6

Ser

AGC
AGT
TCA
TCC
TCG
TCT

15
28
16
15
4
22

13
23
21
15
5
24

12
25
20
10
5
28

24
15
15
22
6
19

7
0
5
0
4
10

Arg

AGA
AGG
CGA
CGC
CGG
CGT

26
19
11
14
11
19

36
20
14
11
8
11

46
15
15
9
5
10

21
21
11
19
20
8

5
4
7
0
5
9

Gly

GGA
GGC
GGG
GGT

25
24
23
29

31
19
20
30

35
15
17
33

25
34
25
16

5
11
8
0

Val

GTA
GTC
GTG
GTT

34.2
6.1
36.5
23.2

31.6
10.3
25.8
32.4

33.4
8.3
21.2
37.1

12
24
47
18

5
0
19
20

Pro

CCA
CCC
CCG
CCT

31.9
18.9
8.9
40.3

39
15.9
7.4
37.7

37.4
11.6
7.1
43.9

27
33
11
28

10
0
4
11

Ala

GCA
GCC
GCG
GCT

46.5
20.8
8.7
24

41.5
15
7.1
36.4

40.6
11.5
6.7
41.2

23
40
11
26

5
0
5
25

Thr

ACA
ACC
ACG
ACT

46
20.4
9.4
24.2

41.7
19.8
6.7
31.7

41.8
14.2
6.3
37.6

28
36
11
24

10
0
7
8

Cys

TGC
TGT

36.4
63.6

33.5
66.5

26.6
73.4

55
45

30
0

Lys

AAA
AAG

65.6
34.4

68.3
31.7

73.4
26.6

43
57

16
22
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Disagreement in high-grade/low-grade intraepithelial neoplasia and highrisk/low-risk HPV infection: clinical implications for anal cancer precursor
lesions in HIV-positive and HIV-negative MSM
V. N. Pimenoff1,2, M. Félez-Sánchez1,2, S. Tous1, O. Clavero1, J. M. Godínez1,2, J. Klaustermeier1,3, M. Saunier1,2, A. Molijn4,
L. Alemany1,2,3, W. Quint4, F. X. Bosch1,2, S. de Sanjosé1,2,3, J. McCloskey5 and I. G. Bravo1,2
1) Infections and Cancer Unit, Cancer Epidemiology Research Programme, Catalan Institute of Oncology, 2) Bellvitge Institute of Biomedical Research
(IDIBELL), 3) CIBER in Epidemiology and Public Health (CIBERESP), Barcelona, Spain, 4) DDL Diagnostic Laboratory, Rijswijk, The Netherlands and 5) Sexual
Health Clinic, Royal Perth Hospital, School of Laboratory and Pathology Medicine, University of Western Australia, Perth, Australia

Abstract
Anal condylomata are common in HIV-positive individuals and among men who have sex with men (MSM). Generally attributable to infection
by low-risk human papillomaviruses (HPVs), condylomata are considered benign low-grade squamous intraepithelial lesions (SILs). However,
anal condylomata have occasionally been linked to high-grade SIL and to oncogenic, high-risk HPVs. Here we describe the range of
intraepithelial lesions and of the associated HPVs in heterosexual men and women and MSM. Perianal and anal condylomata were
collected from 243 patients (56 heterosexual women, 61 heterosexual men and 126 MSM, including 41 HIV-positive MSM). We assessed
lesion histology and HPV genotype. Prevalence estimates and Poisson models were used. Irrespective of HIV infection status, MSM
showed a higher proportion of condylomata as high-grade SILs compared to heterosexual men/women. High-grade SILs were also more
prevalent in anal than in perianal lesions in all patient groups. HIV-positive MSM exhibited increased prevalence ratio (4.6; 95%
conﬁdence interval 2.1–10.0) of perianal low-grade SILs containing only high-risk HPVs compared to HIV-negative MSM. In addition,
more than 64% of anal SILs with a high-grade component, regardless of HIV infection, were exclusively associated with low-risk HPVs. In
anal condylomata, both high-grade and low-grade SILs can be associated with high-risk and/or low-risk HPVs. Particularly, low-grade
perianal SILs associated with high-risk HPVs were common in HIV-positive MSM, while presence of only low-risk HPVs in high-grade SILs
were common in both MSM groups. Our ﬁndings sound a note of caution for the common clinical practice for the treatment of anal
condylomata as benign lesions in MSM and HIV-positive patients.
Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All
rights reserved.
Keywords: Anal, benign proliferation, cancer, condyloma, HIV, human papillomaviruses, malignant proliferation, multiple infections, perianal,
sexually transmitted infection
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More than 200 human papillomaviruses (HPVs) belong to ﬁve
genera: Alpha, Beta, Gamma, Mu and NuPV. A handful of
phylogenetically related AlphaPVs are associated with 70% to
100% of cervical and anal cancer cases [1,2]. Additionally, a
global trend towards an increase in the incidence of
papillomavirus-related anal cancer has been reported [3]. The
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International Agency for Research on Cancer classiﬁes HPVs
into 12 carcinogenic and 15 probably or possibly carcinogenic
agents, while HPV6 and HPV11 are considered noncarcinogenic
to humans but are associated instead with proliferative,
commonly benign condyloma lesions. AlphaPVs classiﬁed as
carcinogenic are often referred to in the literature as high-risk
types, while noncarcinogenic AlphaPVs are usually referred to as
low-risk HPVs.
Anal canal intraepithelial HPV infections may progress into
histologically different types of lesions depending on the HPV
involved. Infections by low-risk HPVs, mainly HPV6 and
HPV11 (~90%), lead mostly to condyloma (condyloma acuminata), benign cauliﬂower-shaped genital wart lesion, while
infection by high-risk HPVs are associated with high-grade anal
intraepithelial neoplasia (AIN) [4]. However, persistent anal
infection either of low-risk or high-risk HPVs and related anal
AIN have all been associated with an increased risk for invasive
anal cancer [3 –5]. In other words, AIN may be considered as
an anal cancer precursor lesion, in analogy to the cervical
intraepithelial neoplasia [3,4]. However, the precise criteria
for deﬁning precursor lesion are still wanting [6]. Earlier
studies have shown that anal condyloma, considered a variant
of grade 1 AIN [4], may also harbour foci of high-grade
dysplasia or even invasive carcinoma [6,7]. Thus, although
clinically considered as benign anal condyloma, the same lesion
might be histologically deﬁned as AIN2 or AIN3 [6]. This lack
of coherence between clinical and histopathologic diagnosis
for HPV-related anal cancer precursor lesions has led to a
recommendation of a more robust, two-tier histopathologic
classiﬁcation: low-grade anal squamous intraepithelial lesion
(LSIL) for AIN1 including condyloma, and high-grade squamous intraepithelial lesion (HSIL) for AIN2 or AIN3 lesions
[6,8]. Furthermore, to follow the logic of the possible clonal
nature of warts, recently revisited as “one virus, one lesion”
[9], it has been suggested that the combination of LSIL with a
foci of HSIL reﬂects the occurrence of adjacent lesions with
separate progressive HPV infections [10]. This pattern of
mixed LSIL and HSIL lesions with multiple HPV infection is
observed especially in immunocompromised patients [6,10].
Thus, anal lesions diagnosed as condylomata are recommended to be carefully examined and assessed regarding the
presence or absence of HSIL, especially when arising in
immunocompromised patients (e.g. HIV infected) or in patients otherwise considered to be at high risk, e.g. men who
have sex with men (MSM) [6].
The present cross-sectional study was designed to address
the HPV type distribution in a large Australian biopsy sample set
(n = 324) of anogenital SILs collected from nonvaccinated patients. Here we report a comprehensive HPV genotyping of one
of the largest histologically conﬁrmed case series of perianal and
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anal SILs among heterosexual men and women, and MSM
(n = 243), including HIV-positive MSM.

Materials and methods
Samples
A total of 324 formalin-ﬁxed, parafﬁn-embedded surgical anal
canal SIL samples were collected from 243 patients with known
HIV status attending the Sexual Health Clinic at Royal Perth
Hospital, Perth, Australia, between 1995 and 2011 (Fig. 1).
None of the patients in our study had been vaccinated against
HPV at the time of presentation with anogenital lesions.
Each sample was clinically identiﬁed as condyloma and
described by the operating clinician as (a) perianal if the lesion
was excised from perianal skin, or as (b) anal if the lesion was
excised from colorectal, transitional or squamous zone regarding
the dentate line of the surgical anal canal. Histology and site of
each lesion sample was further evaluated by a separate pathologist to conﬁrm the level of neoplasia in each lesion sample and
the perianal or anal origin of the lesions. This study was approved
by the ethical committee of the Royal Perth Hospital, and both
collaborating research institutes approved the study as part of a
retrospective review. Written informed consent was obtained
from each patient before sample collection.
Genotyping
Samples were processed as previously described [11]. Brieﬂy,
total DNA was obtained by proteinase K incubation. Presence
and genotyping of HPV DNA was determined using two
different detection methods, SPF10-DEiA-LiPA25 (version 1)
[12,13] and HSL-PCR/Luminex [14] systems, globally targeting
at least 68 HPV types within Alpha, Gamma, Mu and NuPV
genera. Tissue samples testing negative for the genotype assays
but that were SPF10 DNA enzyme immunoassay (DEiA) positive were further tested with three broad-papillomavirus PCR
primer sets: (a) CP4/CP5 targeting the E1 gene [15], (b) FAP59/
FAP64 targeting the L1 gene [16] and (c) GP5+GP6+ broad
spectrum, also targeting the L1 gene [17]. All the applied protocols are available in Supplementary Table S1.
Analyses
Data analysis was performed with the 243 patients data shown
in Fig. 1 using Perl (Strawberry Perl v5.14.2) and Stata (StataCorp, USA). Eighty-one patients contributed both perianal and
anal samples, and data were thus analysed separately for both
anatomic sites (Fig. 1). The ﬁnal data set for both perianal and
anal analysis was stratiﬁed into groups of heterosexual men,
heterosexual women and MSM with known HIV status, i.e.
presence or absence of HIV antibodies. Given that anal
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FIG. 1. Schematic diagram. SIL samples used in this study. Condyloma (Condyloma acuminata), HPV X (unidentiﬁed HPV type), heterosexual women
(Women), heterosexual men (Men) and MSM. Excluded from analysis were two HIV-negative homosexual women in both perianal and anal categories,
three HIV-positive heterosexual men contributing three cases in the perianal category and one case in the anal category. For clinical diagnosis, each
sample was clinically identiﬁed as condyloma and described by the operating clinician as perianal if the lesion was excised from perianal skin and as anal
if the lesion was excised from colorectal, transitional or squamous zone regarding the dentate line of the surgical anal canal. For the histologic diagnosis,
using hematoxylin and eosin staining, the biopsy samples were further evaluated by a pathologist in relation to the epithelial types present, thus
afﬁrming the origin of the lesion as perianal if a trace of skin tissue was observed in the sample. In parallel, samples stated as anal by the operating
clinician and showing traces of glandular, squamous or anal transition zone epithelium where afﬁrmed as anal lesions. In histologic review, each sample
was further evaluated regarding the presence or absence of three-tier perianal/anal intraepithelial neoplasia (P/AIN) and as recommended [6,8] for anal
lesion diagnosis, each sample was classiﬁed as either LSIL or LSIL with foci of HSIL (L + H SIL) for further analysis.

condyloma often show foci of HSIL [6], we analysed each patient group in two categories: ﬁrstly, samples of only LSIL lesions and secondly, samples of LSIL combined with HSIL (Fig. 1).
HPV prevalences were compared using a two-sample test of
proportion and estimating Simpson’s diversity index. For
baseline characteristics and association analysis between HIV
status groups, an appropriate statistical method (i.e. chi-square,
Fisher’s exact and t tests) for calculating p values was used.
Prevalence ratios (PRs) among MSM were estimated using three
different Poisson regression models with robust variance.
Descriptive baseline characteristics of the patient groups are
shown in Supplementary Table S2.

145 anal formalin-ﬁxed, parafﬁn-embedded samples from 243
patients showed adequate DNA quality and were included in
this study. A total of 300 samples (92.6%) tested positive for the
presence of HPVs DNA using SPF10-DEIA-LiPA25 or HSL-PCR
and Luminex bead-based assays. The remaining 24 samples
(7.4%) were negative for the genotype assays but were SPF10DEiA HPV positive. PCR with additional broad spectrum
primer pairs [15–17] produced sequences speciﬁc for a one
particular HPV type in 17 (14 HPV6/HPV11 cases) out of these
24 samples. In seven SPF10-DEiA-positive cases, we could not
amplify any HPV DNA using the universal primers (i.e. CP4/
CP5, FAP59/FAP64, GP5+/6+) [15–17], and the samples were
further labeled as HPV X (Fig. 1).

Results

Prevalence
Table 1 shows that LSIL with foci of HSIL were more
prevalent in anal compared to perianal lesions, irrespective
to patient group; this was also the case when excluding the
81 patient samples contributing to both anatomic sites or

Data
Fig. 1 summarizes the study algorithm, including clinical and
histologic diagnosis, with the following details: 179 perianal and
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TABLE 1. Anal canal HSIL-positive cases per total number of patients

Women
Lesion

Perianal, n (%)

Men
Anal, n (%)

Perianal, n (%)

Anal, n (%)

All SIL lesions from all patients
LSIL
45 (97.8)
17 (70.8)
51 (98.1)
6 (50.0)
(L + H) SIL
1 (2.2)
7 (9.2)
1 (1.9)
6 (50.0)
Cases of only perianal or anal SIL in each patient
LSIL
31 (96.9)
7 (70.0)
42 (97.7)
0
(L + H) SIL
1 (3.1)
3 (30.0)
1 (2.3)
3 (100)
p-value
0.036
<0.001
Cases of both perianal and anal SIL in each patient
LSIL
14 (100)
10 (71.4)
9 (100)
6 (66.7)
(L + H) SIL
0
4 (28.6)
0
3 (33.3)
p-value
0.049
0.103
Anal canal HSIL-positive cases per total number of patients (anatomic site ignored)
(L + H) SIL
8 (14.3)
–
7 (11.5)
–
Patients (n = 243)
56
61
p-value
0.429e
p-value
<0.001g
<0.001h

HIV negative

HIV positive

MSM

MSM

Perianal, n (%)

Anal, n (%)

Perianal, n (%)

Anal, n (%)

46 (90.2)
5 (9.8)

33 (47.1)
37 (52.9)

21 (84.0)
4 (16.0)

22 (61.1)
14 (38.9)

12 (80.0)
3 (20.0)

15 (44.1)
19 (55.9)
0.020

4 (80.0)
1 (20.0)

11 (68.8)
5 (31.2)
1.00

34 (94.4)
2 (5.6)a

18 (50.0)
18 (50.0)b
<0.001

17 (85.0)
3 (15.0)c

11 (55.0)
9 (45.0)d
0.041

–

17 (41.5)
41

–

40 (47.1)
85

0.345f

<0.003i

HSIL, high-grade squamous intraepithelial lesion; LSIL, low-grade anal squamous intraepithelial lesion; MSM, men who have sex with men; SIL, squamous intraepithelial lesion.
a
Anal lesions from these patients also exhibited foci of HSIL.
b
Total of 16 patients among these anal cases exhibited perianal LSIL.
c
One patient exhibited foci of HSIL in both perianal and anal cases and two patients only at perianal cases.
d
Total of eight patients among these anal cases exhibited perianal LSIL.
e
Fishers’s exact test p value between heterosexual women and men.
f
Fishers’s exact test p value between HIV-negative and HIV-positive MSM.
g
Fishers’s exact test p value between heterosexual women and HIV-negative MSM.
h
Fishers’s exact test p value between heterosexual men and HIV-negative or HIV-positive MSM.
i
Fishers’s exact test p value between heterosexual women and HIV-positive MSM.

only among these patients contributing to both perianal and
anal SILs. Ignoring the anatomic site and calculating the anal
canal HSIL-positive cases per patient, HIV-negative and HIVpositive MSM showed similar proportions of HSIL (47.1% and
41.5%, respectively, p 0.345) but a signiﬁcantly higher proportion of HSILs compared to heterosexual men or women
(p-value between <0.001 and <0.003, Table 1). Heterosexual
women and men did not show signiﬁcant deviations from one
another in the ratio of LSIL to LSIL with HSIL cases within
either the perianal (45/1 vs. 51/1, p = 0.721) or anal (17/7 vs.
6/6, p = 0.195) site, between the total number of patients
with HSIL (p = 0.429, Table 1) or with baseline characteristics (except age; Supplementary Table 2). These male and
female samples were therefore analysed together in further
analyses.
Full HPV type-speciﬁc prevalence distribution observed in
each patient group among LSILs or among all SILs is presented
in Table 2. In perianal LSILs, among HIV-positive MSM, HPV6
accounted for 12.1% of the HPV occurrences, i.e. ﬁve times
lower than the contribution of HPV6 among HIV-negative MSM
(68.7%, p = 0.015) and among heterosexual patients (78.1%, p =
0.001). This pattern was not observed in anal cases (Table 2).
Furthermore, perianal LSILs and SILs showed the broadest
richness (S) of different HPV types (19 for both categories) and
the highest diversity index (0.943 for both categories) among
HIV-positive MSM compared to any other sample group or
anatomic site (Table 2).

Associations
The prevalence contribution of HPV6 single infections was
signiﬁcantly lower in HIV-positive (3.3%) compared to HIVnegative MSM (63.0%) in perianal LSILs (p < 0.001, Table 3)
but not in anal LSILs (p = 0.785, Table 4). Poisson regression
analysis revealed the exclusive, more than ﬁve times higher
contribution of multiple HPVs infections (76.2%) for the perianal LSILs among HIV-positive compared to HIV-negative MSM
(17.4%, p < 0.001, Table 3). Using only low-risk HPV-infected
cases as a reference for the Poisson regression model, the results showed signiﬁcantly different (p < 0.001) HPV type distribution in LSILs among both perianal and anal cases between
HIV-negative and HIV-positive MSM (Tables 3 and 4, respectively). However, only perianal LSILs showed a signiﬁcant PR of
4.6 (95% conﬁdence interval 2.1–10.0) for high-risk HPV infections without HPV6 or HPV11 (or other low-risk types)
infections for HIV-positive compared to HIV-negative MSM
(Table 3). Similarly, a signiﬁcant PR of 3.4 (95% conﬁdence interval 1.5–7.9) for HPV6 or HPV11 infections with other highrisk HPVs was observed among perianal LSILs for HIV-positive
compared to HIV-negative MSM.
Among the anal cases, more than a third—a signiﬁcantly
higher fraction of LSIL with foci of HSIL (37.8% vs. 7.1%, p =
0.041)—was exclusively associated with HPV6 single infections
in HIV-negative compared to HIV-positive MSM, respectively
(Table 4). Similarly, although not signiﬁcantly different, we
identiﬁed most anal LSIL + HSIL cases exclusively associated
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TABLE 2. Proportional prevalence of HPV types
Perianal

Anal

HIV negative
Heterosexual
Virus
HPV6+11 (%)
HPV 6

MSM

HIV positive

HIV negative

MSM

Heterosexual

HIV positive
MSM

MSM

Species

LSIL

SIL

LSIL

SIL

LSIL

SIL

LSIL

SIL

LSIL

SIL

LSIL

SIL

α-10

91.6%
79 (78.1)

90.3%
79 (77)

86.3%
35 (68.7)

80.3%
38 (64.5)

32.3%
5 (12.1)*

82.6%
17 (63)

84.7%
28 (69.4)

83.6%
22 (58.3)

87.8%
42 (51.8)

76.3%
17 (59.5)

72.5%
23 (45.6)

14 (13.5)
—
—

14 (13.3)
—
—

11 (17.6)
—
1 (1.1)

11 (15.8)
—
1 (1)

8 (20.2)
1 (1.2)
2 (2.5)

32.5%
7 (15.5)
**
8 (17)
3 (4.3)
2 (2.1)

5 (19.6)
—
1 (2.2)

6 (15.3)
—
1 (1.4)

11 (25.3)
—
1 (1)

30 (36)
—
1 (0.5)

5 (16.8)
—
—

13 (26.9)
—
—

HPV 11
HPV 44
HPV 74
HPV
HPV
HPV
HPV
HPV

16
31
33
52
35/52

α-9

—
—
—
—
—

— (1)
—
—
—
—

—
1 (1.1)
—
—
—

5 (5.2)
1 (1)
—
—
—

3 (4.5)
2 (3.6)
1 (2.4)
2 (4.8)
—

5 (6.5)
2 (3)
1 (2)
2 (4)
—

—
—
—
1 (2.2)
1 (4.3)

1 (1.4)
—
—
1 (1.4)
1 (2.8)

—
1 (1.5)
—
1 (1.5)
—

2 (2.1)
1 (0.7)
—
2 (1.4)
—

—
1 (0.9)
—
2 (3.2)
—

2 (2.1)
1 (0.6)
—
3 (2.4)
—

HPV
HPV
HPV
HPV

7
40
43
91

α-8

1 (0.5)
2 (1)
—
—

1 (0.5)
2 (1)
—
—

—
1 (2.2)
1 (1.1)
1 (1.1)

—
1 (2)
1 (1)
3 (2.3)

5
2
3
3

5
4
3
3

—
—
—
—

—
1 (2.8)
—
—

—
1 (3)
—
—

—
1 (1.4)
—
—

1 (0.9)
1 (1.1)
2 (3.4)
—

2
2
3
1

HPV 18
HPV 39
HPV 45

α-7

1 (0.5)
—
—

1 (0.5)
—
—

1 (0.5)
—
—

1 (0.5)
—
—

1 (1.6)
1 (1.2)
—

2 (3.3)
1 (1)
—

1 (2.2)
—
1 (2.2)

1 (1.4)
—
1 (1.4)

—
—
—

1 (0.7)
—
—

4 (7.2)
—
—

6 (7.2)
—
2 (1.2)

HPV 53
HPV 56
HPV 66

α-6

—
—
1 (0.5)

—
—
1 (0.5)

—
1 (0.7)
1 (0.5)

—
1 (0.7)
1 (0.5)

3 (5.6)
2 (6.3)
2 (4)

3 (4.7)
2 (5.3)
2 (3.3)

—
—
—

—
—
—

1 (1)
—
—

1 (0.5)
—
1 (0.5)

—
1 (4.5)
—

1 (0.5)
2 (3.2)
1 (0.7)

51
57
81
3
29

α-5
α-4
α-3
α-2

1 (0.5)
1 (0.5)
1 (1)
—
1 (0.5)

1 (1)
1 (0.5)
1 (1)
—
1 (0.5)

1 (1.1)
—
—
—
—

2 (1.6)
—
—
—
—

2 (3.6)
—
—
—
—

2 (3)
—
—
—
—

2 (4.3)
—
—
—
—

2 (2.8)
—
—
—
—

2 (3.8)
—
—
1 (0.8)
1 (0.8)

3 (2.3)
—
—
1 (0.4)
1 (0.4)

—
—
—
—
—

—
—
—
—
—

α-7/11
μ

—
—
3 (3.1)
11
0.418

—
—
3 (3.1)
11
0.418

—
—
2 (4.3)
12
0.592

—
—
2 (3.9)
13
0.661

1 (1.6)
—
—
19
0.943

1 (1.3)
—
—
19
0.943

—
—
—
8
0.638

—
—
—
10
0.564

—
—
1 (3)
11
0.682

—
—
1 (1.4)
14
0.66

1 (0.9)
1 (1.5)
—
11
0.756

1 (0.6)
1 (0.9)
—
16
0.823

HPV
HPV
HPV
HPV
HPV

HPV 68/73
HPV 1
HPV X
S
1-D

(9.7)
(2.8)
(4.9)
(7.5)

(8.1)
(5)
(4.1)
(6.3)

(1.3)
(1.6)
(4.9)
(0.5)

In the case of multiple HPVs, the individual contribution of each HPV type in each single sample was proportionally calculated as 1/ni, where ni is the number of infections per
individual sample. Prevalence data are presented as n (%) unless otherwise indicated.
1-D, Simpson’s diversity index; HPV, human papillomavirus; HPV6+11, combined prevalence of HPV6 and HPV11 infection; LSIL, low-grade squamous intraepithelial lesion; S,
measure of richness; SIL, squamous intraepithelial lesion.
*Signiﬁcantly lower prevalence compared to HIV-negative MSM (68.7%, p = 0.015) or heterosexual group (78.1%, p = 0.001) within LSIL category among perianal cases.
**Signiﬁcantly lower prevalence compared to HIV-negative MSM (64.5%, p = 0.016) or heterosexual group (77.0%, p < 0.001) within all SILs among perianal cases.

with low-risk HPVs in both HIV-negative (n = 32, 86.5%) and
HIV-positive (n = 9, 64.3%) MSM (Table 4). Notably, the
observed associations did not change in replicate analyses
excluding the 81 patients that contributed to both anatomic
sites (data not shown).

prevalence of multiple infections in our data set, we have opted
for the proportional prevalence for each HPV type. Comparing
global HPV type distribution between studies of anogenital lesions is further complicated as a result of the differential
sensitivity and efﬁciency of different sampling techniques or
different genotyping methods, but also as a result of the lack of
histologic analysis of the studied sample sets [16,19]. In this
study, we report the HPV type distribution both at the level of
histologically deﬁned SILs and among any SILs.
Ignoring the anatomic site, and calculating the anal canal HSILpositive cases among patients, we found that irrespective of HIV
infection, MSM had signiﬁcantly more anal canal lesions with foci
of HSIL compared to heterosexual men or women. In agreement
with the seminal study by Frisch and colleagues and later reports
[20,21], we also found that anal lesions had higher proportion of
LSIL with foci of HSIL compared to perianal lesions in all patient

Discussion
Anal condyloma often presents a high proportion of multiple
HPV infections [18]. The weighted estimate approach,
commonly used in prevalence estimates of, e.g., anal and cervical cancer cases [1,2], overweighs the contribution in multiple
infections of the HPV types more frequently present in single
infections while underweighting that of HPV types less
frequently present in single infections. Given the high
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TABLE 3. Perianal SIL prevalence contribution and association of HPV6 single infections, HPV multiple infections, and low-risk/
high-risk HPV infections among 126 MSM.
LSIL
Characteristic

HIV negative (n [ 46)

HPV6 single infection
No
17 (37.0%)
Yes
29 (63.0%)
p, Fisher’s exact test
<0.001
p, Wald test
All multiple HPV infections
No
38 (82.6%)
Yes
8 (17.4%)
p, Fisher’s exact test
<0.001
p, Wald test
Only low-risk HPVs
40 (87.0%)
Low- and high-risk HPVs 4 (8.7%)
Only high-risk HPVs
—
HPV X
2 (4.4%)
p, Fisher’s exact test
<0.001
p, Wald test

(L + H) SIL
HIV positive (n [ 21)

PR (95% CI)

HIV negative (n [ 5)

HIV positive (n [ 4)

PR (95% CI)

20 (98.7%)
1 (3.3%)

Ref.
0.1 (0.0–0.6)

5 (100%)
—
0.444

3 (75.0%)
1 (25.0%)

Ref.
0.1 (0.0–1.3)

1 (20.0%)
4 (80.0%)
1.000

1 (25.0%)
3 (75.0%)

Ref.
6.4 (1.8–22.8)

—
3 (60.0%)
2 (40.0%)
—
1.000

1 (25.0%)
2 (50.0%)
1 (25.0%)
—

0.005
Ref.
13.7 (0.4–447.6)
16.7 (0.2–1638.2)
—

0.011

0.077

5 (23.8%)
16 (76.2%)

Ref.
4.4 (1.9–10.4)

8 (38.1%)
5 (23.8%)
8 (38.1%)
—

<0.001
Ref.
3.4 (1.5–7.9)
4.6 (2.1–10.0)
0 (0)
<0.001

0.204

PRs and 95% CIs are provided for three different robust Poisson multivariate regression models adjusted for signiﬁcant covariables. Different categorizations of HPVs infection were
used (i.e. two dichotomous variables: HPV6 single infections vs. all other HPV-infected cases; multiple infections vs. single infections and one multinomial variable with the following
categories: low-risk HPV infections; low- and high-risk HPV infections; only high-risk HPV infection; unidentiﬁed HPV X) to evaluate the associations between HPV types and HIV
status, stratifying by SIL (LSIL or L + H SIL) and site (perianal or anal). Low-risk HPV infections were used as reference group (Ref) in multinomial variable. High-risk HPV types:
HPV16, HPV18, HPV31, HPV33, HPV39, HPV45, HPV51, HPV52, HPV56, HPV68 and HPV73.
CI, conﬁdence interval; HPV, human papillomavirus; L + H SIL, low-grade squamous intraepithelial lesions with high-grade squamous intraepithelial lesions; LSIL, low-grade anal
squamous intraepithelial lesion; PR, prevalence ratio; SIL, squamous intraepithelial lesion; p, p-value.

and sample categories. HPV6 and HPV11 were the most prevalent HPVs among perianal or anal lesion cases in each patient
and histology group (Table 2). These values are in agreement
with previous studies of anogenital lesions among HIV-negative
patients reporting HPV6 and HPV11 combined prevalence between 87% and 95% using biopsy samples or between 74% and
85% using swab samples [19,22,23]. The most intriguing ﬁnding
in our study is the observed 12.1% HPV6 prevalence among HIVpositive MSM for perianal LSILs, which is ﬁve to six times lower
than among HIV-negative MSM (68.7%, p = 0.015), or among the

heterosexual group (78.1%, p = 0.001). This striking difference is
exclusive to perianal lesions, as it is not observed in anal lesions.
Indeed, we identify that HIV-positive MSM with perianal LSILs
have a more than fourfold increased risk for high-risk HPV infections without the presence of HPV6 or HPV11 compared to
HIV-negative MSM. This ﬁnding is in line with the proposed
cofactors enhancing anal carcinogenesis in MSM [3] but contrasts
with a study among HIV-negative patients describing higher
prevalence of oncogenic HPVs in anal compared to perianal
squamous cell carcinomas [20].

TABLE 4. Anal SIL prevalence contribution and association of HPV6 single infections, HPV multiple infections, and low-risk/highrisk HPV infections among 126 MSM.
LSIL
Characteristic

HIV negative (n [ 33)

HPV6 single infection
No
16 (48.5)
Yes
17 (51.5)
p, Fisher’s exact test
0.785
p, Wald test
All multiple HPV infections
No
26 (78.8)
Yes
7 (21.2)
p, Fisher’s exact test
0.429
p, Wald test
Only low-risk HPVs
27 (81.8)
Low- and high-risk HPVs 4 (12.1)
Only high-risk HPVs
1 (3.0)
HPV X
1 (3.0)
p, Fisher’s exact test
0.395
p, Wald test

L + H SIL
HIV positive (n [ 22)

PR (95% CI)

HIV negative (n [ 37)

HIV positive (n [ 14)

PR (95% CI)

12 (54.5)
10 (45.5)

Ref.
1.0 (0.5–1.8)

23 (62.2)
14 (37.8)
0.041

13 (92.9)
1 (7.1)

Ref.
0.2 (0.0–1.3)

30 (81.1)
7 (18.9)
0.038

7 (50.0)
7 (50.0)

Ref.
2.3 (1.0–5.2)

32 (86.5)
4 (10.8)
1 (2.7)
—
0.191

9 (64.3)
4 (28.6)
1 (7.1)
—

0.047
Ref
2.1 (0.8–5.4)
1.9 (0.3–10.7)
—

0.924
14 (63.6)
8 (36.4)

Ref.
1.3 (0.7–2.4)

15 (68.2)
6 (27.3)
1 (4.6)
—

<0.001
Ref.
1.4 (0.8–2.5)
1.4 (0.5–4.2)
0 (0)
<0.001

0.090

0.299

PRs and 95% CIs are provided for three different robust Poisson multivariate regression models adjusted for signiﬁcant covariables. Different categorizations of HPVs infection were
used (i.e. two dichotomous variables: HPV6 single infections vs. all other HPV-infected cases; multiple infections vs. single infections and one multinomial variable with the following
categories: low-risk HPV infections; low- and high-risk HPV infections; only high-risk HPV infection; unidentiﬁed HPV X) to evaluate the associations between HPV types and HIV
status, stratifying by SIL (LSIL or L + H SIL) and site (perianal or anal). Low-risk HPV infections were used as reference group (Ref) in multinomial variable. High-risk HPV types:
HPV16, HPV18, HPV31, HPV33, HPV39, HPV45, HPV51, HPV52, HPV56, HPV68 and HPV73.
CI, conﬁdence interval; HPV, human papillomavirus; L + H SIL, low-grade squamous intraepithelial lesions with high-grade squamous intraepithelial lesions; LSIL, low-grade anal
squamous intraepithelial lesion; PR, prevalence ratio; SIL, squamous intraepithelial lesion; p, p-value.
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that GammaPVs may only play a marginal aetiologic role, if any,
in the development of anogenital SIL, including condyloma.
Anogenital lesions arising in a particular epithelium retain the
ancestral architecture and keratinization degree of the tissue in
which they originate, which is further modiﬁed by dysplasia
[27]. Upon infection, especially by oncogenic HPVs, different
tissues are thought to produce different epithelial immune responses [27,28]. More speciﬁcally, reduced levels of Langerhans
cells have been reported in cutaneous lesions but not in
mucosal lesions [29]. Furthermore, a previous study has reported a drastic depletion of Langerhans cells and a higher rate
of dysplasia in perianal lesions compared to mucosal lesions in
HIV-infected individuals [27]. Essentially, HIV infection is
considered on the one hand to deplete the cell-mediated
Langerhans cell response to HPV infections, and on the other
hand to disrupt the epithelial tight junctions, thus enhancing
persistent HPV infection and subsequent cancer development
[30,31]. Globally, considering previous studies and our results,
we speculate that local immunodeﬁciency caused by HIV
infection may play a speciﬁc role in the development of perianal
lesions associated with oncogenic HPVs, as observed among
MSM in this study. Nevertheless, we are aware that our study
includes a limited number of HIV-infected MSM cases and also
lacks HIV-infected cases from heterosexual groups. Future
studies encompassing larger patient numbers from groups with
increased risk of anal cancer will allow researchers to discern
the possible differences in the patterns of HPVs infections in
anal lesions between HIV-positive and HIV-negative individuals.
From a clinical perspective, high-grade SIL associated with
HPV infections are considered cancer precursor lesions in the
anal canal, but the role of condylomata, i.e. low-grade SILs in
anal cancer aetiology, still remains elusive. We showed, in line
with previous studies [3,4,7], that MSM irrespective of HIV
infection had a higher proportion of anal canal high-grade SIL
lesions compared to heterosexual men or women. The most
relevant ﬁndings of this study, however, highlight that among
HIV-positive MSM, more than a third of perianal low-grade
lesions were only associated with high-risk HPVs, while more
than 64% of anal SILs with a high-grade component and irrespective of HIV infection were exclusively associated with lowrisk HPVs (i.e. HPV6 or HPV11). Among HIV-positive MSM, the
most evident anal cancer risk group, the increased prevalence
of low-grade perianal lesions driven only by high-risk HPVs may
have important clinical and follow-up implications. We also
remark on the concordance between the increased prevalence
of single infections by HPV6/11 in anal cancer (3%) [2]
compared to cervical cancer (<1%) [1], and the high prevalence in our study of anal SIL containing foci of high-grade SIL
exclusively driven by single HPV6/11 infections among HIVnegative MSM. Altogether, our results might have signiﬁcant

Furthermore, a signiﬁcant fraction of LSILs with a foci of
HSIL in the anal region were exclusively associated with lowrisk HPV single infections (mainly HPV6 and HPV11) in both
HIV-status MSM groups of this study, in agreement with previous descriptions [24]. The ecologic richness of HPV types was
higher in perianal lesions among HIV-positive MSM than in any
other sample group (Table 2). The increased number of lifetime
partners among patients in the MSM groups compared to those
in the heterosexual group may have contributed at least in part
to the high HPV diversity observed among MSM
(Supplementary Table S2). The paired perianal and anal samples
from the 81 patients available in this study showed similarity in
HPV type infection pattern between perianal and anal lesions
among HIV-negative patients (n = 61, Spearman correlation
0.11, p = 0.627). However, this infection pattern between
perianal and anal lesions was signiﬁcantly different among HIVinfected patients (n = 20, Spearman correlation 0.4, p = 0.036).
Altogether, our data indicate that the pattern of HPVs infections slightly differs between anal and perianal lesions, but
mainly if the patient is also HIV infected. For clarity, none of the
samples presented in this study showed discrepancy in lesion
localization between the operating clinician and pathology review (Fig. 1). However, in 11 cases (six MSM and ﬁve female
samples) clinically diagnosed as perianal by the operating clinician (and referred to as perianal in this study), the histology
review did not show skin tissue; nor did it show remnants of
glandular, anal transition zone or squamous tissue. In 12 cases
(11 MSM and one female subject) clinically diagnosed as anal
disease by the operating clinician (and referred to as anal in this
study), the histology review did not show glandular, anal transition zone or squamous tissue remnants, nor traces of skin
tissue. Although the histology of these 23 samples could not be
conﬁrmed, it was also not rebutted by review. Excluding these
samples from the analysis did not change any of the signiﬁcant
results (Supplementary Tables S3 and S4).
Beyond the frequently observed AlphaPV species, we found
that the presence of HPV3 and HPV29, two AlphaPVs and HPV1,
a MuPV, were rarely reported in anal canal LSILs (Table 2).
Furthermore, we did not ﬁnd DNA from any of the targeted
GammaPVs in any SIL specimen. Most studies performed up to
date do not include GammaPVs as targets for detection, but
recent ﬁndings had suggested the presence of GammaPVs DNA
in a signiﬁcant number of condyloma samples [23] and in anal
canal of MSM [25] as well as in the male genital surface.
However, previous studies of anal canal [25] and condyloma
samples [23] used swab sampling for detecting virus DNA. This
approach is likely to sample HPV DNA present in the adjacent
tissue or present only on the surface of the lesion, which may
not necessarily be linked to the proliferation itself [26]. Thus,
on the basis of our ﬁndings on a biopsy repository, we suggest
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added value for the clinical treatment of anal condylomata
irrespective of HIV infection status in MSM, which are a risk
population for anal cancer, and which have not thus far been
included in the vaccination programs; nor are they expected to
receive the effects of herd immunity from current vaccination
programs. Finally, we would like to stress the importance of
careful examination and alternative treatment algorithms for
low-grade perianal lesions among MSM and among HIV-positive
heterosexual patients, especially and if focal high-grade dysplasia
and/or presence of high-risk HPV are observed.
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Supplementary Table S1. Protocols and HPV types targeted in this study.
EXTRACTION
Immersion of the paraffin tissue sections in 250μL of Proteinase K solution
overnight at 56°C
10mg/mL proteinase K, Tris-HCl 50mM, pH 8.3
Further incubation at 95°C for 10 minutes and stored at -20°C.
SPF10 PCR and DEIA hybridizationa
according to Kleter and coworkers [13] and using 1:10 dilution of the DNA
extract
LiPA reverse hybridization line probe assay for SPF10 genotyping
according to Kleter and coworkers [12]
detects 25 AlphaPVs: HPV6,11,16,18,31,33,34,35,39,40,
42,43,44,45,51,52,53,54,56,58,59,66,68,70,74
HSL-PCR for Luminex bead-based multiplex genotypingb
according to de Koning and coworkers [14]
detects 13 Alpha-PVs: HPV2,3,7,10,27,28,29,40,43,57,77,91 and 94.
and 6 GammaPVs: HPV4,65,48,50, 60,95; two MuPVs: HPV1 ,63 and one
NuPV HPV41.
Broad-PV PCR primer setsc
1. CP4/CP5 primers targeting the E1 gene [15]
2. FAP59/FAP64 primers targeting the L1 gene
[16]
3. GP5+/GP6+ broad-spectrum primers targeting
the L1 gene [17]
TUBULIN PCRd
1:10 dilution of the DNA
extract
Buffer: ABI Buffer II
15 µL final volumen
0.3 µM of each primer
0.2mM of each dNTP
(Invitrogen)
MgCl2: 2.5 mM final concentration
0.02U/µL of DNA AmplitaqGold Polymerase (Roche Applied Biosystems,
Branchburg, USA)
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Forward primer

TCCTCCACTGGTACACAGGC

Reverse primer

CATGTTGCTCTCAGCCTCGG

Cycling conditions of a samplee
Pre-activation 9 min at 95ºC
Annealing temperature: 58ºC
Cycling times
Denaturation

30s

Annealing

45s

Extension

45s

Final extensión

5 min

Number of cycles: 40
a

Specimens that were SPF10- LiPA25 assay negative were further tested for HPV positivity with
a SPF10 PCR and DEIA hybridization, a method recognizing, at least, 68 mostly mucosal
AlphaPV genotypes.
b
For Luminex hybridization, 10 µL of each PCR reaction were analyzed using Luminex 200TM
System (Luminex Corporation, Austin, TX) with twenty-four genotyping probes designed to
detect the different HPV genotypes.12 The detection was expressed as the median fluorescence
intensity (MFI) of at least 100 beads per sample. For each HPV type-specific probe, the MFI
values in hybridization reactions with no template were considered background values and for all
types a conventional cut-off of 70 MFI was used. Each PCR experiment included a DNA
negative control and one sample with a reference plasmid as a positive control.
c
For samples testing negative for SPF10-LiPA25, HSL-PCR and Luminex bead-based assays,
but that were DEIA-positive. PCR products were sequenced on the two strands and the retrieved
consensus sequences were used to query the non-redundant protein sequences within the
Papillomaviridae
dataset
(taxid:
151340),
using
BLASTX
at
the
NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
d
Human-specific PCR amplifying 65bp fragment of the tubulin gene was performed on SPF10DEIA negative samples to confirm either the presence or absence of human DNA, as a proxy of
DNA quality in the sample.
e
Five μL of the amplified material were analyzed by electrophoresis in 2% agarose gel (Lonza
Rockland, ME, USA) in TBE buffer containing SyBRsafe DNA gel stain (2mg/mL, Invitrogen).
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Supplementary Table S2A. Baseline characteristics of the perianal lesion
patients. 95% CI, 95 % Confidence interval; ND = not determined; * significantly different
between two MSM group; ** significantly different between HIV-negative MSM and MEN
groups; *** significantly different between HIV-negative MEN and WOMEN groups.
SITE
HIV status
Patient group
N
Mean age in years (95% CI)
Age range (yrs)
Number of lifetime partners
< 10
10 to 50
> 50
ND
Smoking status
Never smoker
Current
Former smoker
ND
Herpes simplex virus type 2
(HSV2)
No
Yes
ND
Syphilis
No
Yes
ND
Gonorrhoea
No
Yes
ND
Chlamydia
No
Yes
ND
Hepatitis A
Not immune
Immune
ND
Hepatitis B
Not immune
Immune post-infection
Immune post-vaccination
ND
Hepatitis C
No
Yes
ND

PERIANAL
HIV-NEGATIVE
MSM
MEN
51
52
30.3 [27.533.3 [30.633.1]
36.0]
P< 0.001*
18-72
14-54
N (%)
N (%)
P<0.001**
8 (15.7)
17 (32.7)
13 (25.5)
10 (19.2)
20 (39.2)
3 (5.8)
10 (19.6)
22 (42.3)
P=0.020**
20 (39.2)
11 (21.2)
14 (27.5)
29 (55.8)
3 (5.9)
4 (7.7)
14 (27.5)
8 (15.4)

HIV-POSITIVE
MSM
25
39.8 [35.644.0]
25-64
N (%)
3 (12.0)
9 (36.0)
9 (36.0)
4 (16.0)
6 (24.0)
14 (56.0)
5 (20.0)

20 (80.0)
4 (16.0)
1 (4.0)
21 (84.0)
3 (12.0)
1 (4.0)

45 (88.2)
6 (11.8)
P=0.038*
50 (98.0)
1 (2.0)
-

18 (72.0)
6 (24.0)
1 (4.0)

43 (84.3)
8 (15.7)
-

20 (80.0)
4 (16.0)
1 (4.0)

43 (84.3)
8 (15.7)
-

11 (44.0)
12 (48.0)
2 (8.0)

WOMEN
46
28.6 [25.631.6]
P=0.023***
17-65
N (%)
23 (50.0)
4 (8.7)
4 (8.7)
15 (32.6)
14 (30.4)
19 (41.3)
4 (8.7)
9 (19.6)

45 (86.5)
4 (7.7)
3 (5.8)

43 (93.5)
1 (2.2)
2 (4.3)

52 (100)
P=0.014**
51 (98.1)
1 (1.9)
-

46 (100)
43 (93.5)
3 (6.5)
42 (91.3)
4 (8.7)
-

10 (40.0)
8 (32.0)
6 (24.0)
1 (4.0)

22 (43.1)
20 (39.2)
9 (17.7)
P=0.018*
24 (47.1)
3 (5.9)
22 (43.1)
2 (3.9)

50 (96.2)
2 (3.8)
P=0.014**
26 (50.0)
8 (15.4)
18 (34.6)
P=0.015**
39 (75.0)
1 (1.9)
10 (19.2)
2 (3.9)

20 (80.0)
2 (12.0)
2 (8.0)

44 (86.3)
1 (2.0)
6 (11.7)

39 (75.0)
2 (3.9)
11 (21.1)

29 (63.0)
1 (2.2)
16 (34.8)
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33 (71.7)
9 (19.6)
4 (8.7)
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Supplementary Table S2B. Baseline characteristics of the anal lesion patients.
95% CI, 95 % Confidence interval; ND = not determined; * significantly different between
two MSM group; ** significantly different between HIV-negative MSM and MEN groups;
*** significantly different between HIV-negative MEN and WOMEN groups.
SITE
HIV status
Patient group
N
Mean age in years (95% CI)
Age range (yrs)
Number of lifetime partners
< 10
10 to 50
> 50
ND
Smoking status
Never smoker
Current
Former smoker
ND
Herpes simplex virus type 2
(HSV2)
No
Yes
ND
Syphilis
No
Yes
ND
Gonorrhoea
No
Yes
ND
Chlamydia
No
Yes
ND
Hepatitis A
Not immune
Immune
ND
Hepatitis B
Not immune
Immune post-infection
Immune post-vaccination
ND
Hepatitis C
No
Yes
ND

ANAL
HIV-NEGATIVE
MSM
MEN
70
12
32.0 [29.433.4 [29.334.7]
37.6]
P<0.001*
20-72
24-46
N (%)
N (%)
P<0.001**
7 )10.0)
6 (50.0)
22 (31.4)
25 (35.7)
1 (8.3)
16 (22.9)
5 (41.7)

HIV-POSITIVE
MSM
36
42.3 [38.446.1]
23-64
N (%)
5 (13.9)
3 (8.3)
13 (36.1)
15 (41.7)

WOMEN
24
33.8 [28.339.2]
17-65
N (%)
12 (50.0)
4 (16.7)
4 (16.7)
4 (16.7)

13 (36.1)
14 (38.9)
2 (5.6)
7 (19.4)

34 (48.6)
17 (24.3)
7 (10.0)
12 (17.1)

5 (41.7)
5 (41.7)
2 (16.7)

5 (20.8)
6 (25.0)
3 (12.5)
10 (41.7)

28 (77.8)
7 (19.4)
1 (2.8)

62 (88.6)
8 (11.4)
-

11 (91.7)
1 (8.3)
-

21 (87.5)
1 (4.2)
2 (8.3)

32 (88.9)
3 (8.3)
1 (2.8)

67 (95.7)
3 (4.3)
-

12 (100)
-

24 (100)
-

26 (72.2)
9 (25.0)
1 (2.8)

61 (87.1)
9 (12.9)
-

12 (100)
-

22 (91.7)
2 (8.3)
-

30 (83.3)
5 (13.9)
1 (2.8)

59 (84.3)
11 (15.7)
-

22 (91.7)
2 (8.3)
-

17 (47.2)
16 (44.4)
3 (8.3)

27 (38.6)
36 (51.4)
7 (10.0)

10 (83.3)
2 (16.7)
P=0.012**
9 (75.0)
1 (8.3)
2 (16.7)

15 (41.7)
7 (19.4)
12 (33.3)
2 (5.6)

30 (42.9)
5 (7.1)
33 (47.1)
2 (2.9)

7 (58.3)
4 (33.3)
1 (8.3)

16 (66.7)
6 (25.0)
2 (8.3)

30 (83.3)
2 (5.6)
4 (11.1)

65 (92.9)
5 (7.1)

11 (91.7)
1 (8.3)
-

18 (75.0)
6 (25.0)
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10 (41.7)
2 (8.3)
12 (50.0)

109

< 0.001
36 (85.7)
4 (9.5)
2 (4.8)
< 0.001

32 (76.2)
8 (19.1)

< 0.001

8 (40.0)
4 (20.0)
8 (40.0)
-

5 (25.0)
15 (75.0)

19 (95.0)
1 (5.0)

16 (38.1)
26 (61.9)

<0.001
Ref.
2.8 [1.2-6.9]
3.7 [1.6-8.7]
0 [0]

Ref.
3.6 [1.6-8.2]

0.007

Ref.
0.1 [0.0-0.5]

PR [95% CI]

1.000

0.375

3 (60.0)
2 (40.0)
0.679

1 (20.0)
4 (80.0)

5 (100)
-

HIV-negative
N=5
N (%)

1 (33.3)
1 (33.3)
1 (33.3)
-

1 (33.3)
2 (66.7)

2 (66.7)
1 (33.3)

L+H SIL
HIV-positive
N=3
N (%)

Ref.
2.0 [0.0-134.1]
1.4 [0.0-287.2]
-

0.003

Ref.
6.7 [1.9-23.1]

0.058

Ref.
0.1 [0.0-1.1]

PR [95% CI]

Wald test p-value
< 0.001
0.831
Prevalence ratios (PRs) and 95% confidence intervals [CIs] for three different robust Poisson multivariate regression models adjusted for significant co-variables. Different
categorizations of HPVs infection were used (i.e., two dichotomous variables: HPV6 single infections versus all other HPV infected cases; Multiple infections versus single
infections and one multinomial variable with the following categories: low-risk HPV infections; low and high-risk HPV infections; only high-risk HPV infection; unidentified
HPV X) to evaluate the associations between HPV types and HIV-status, stratifying by SILs (LSIL or L+H SIL) and site (perianal or anal). Low-risk HPV infections used as
reference group (Ref) in multinomial variable. Low-grade squamous intraepithelial lesion (LSIL), low-grade squamous intraepithelial lesions with high-grade squamous
intraepithelial lesions (L+H SIL). High-risk HPV types: HPV16, HPV18, HPV31, HPV33, HPV39, HPV45, HPV51, HPV52, HPV56, HPV68 and HPV73.

PERIANAL
HPV6 single infections
No
Yes
Fisher´s exact test p-value
Wald test p-value
All multiple HPV infections
No
Yes
Fisher´s exact test p-value
Wald test p-value
only low-risk HPVs
low and high-risk HPVs
only high-risk HPVs
HPV X
Fisher´s exact test p-value

LSIL
HIV-positive
20
N (%)

HIV-negative
N=42
N (%)

Supplementary Table S3. Perianal SILs prevalence contribution and association of HPV6 single infections, HPV multiple infections
and low-risk/high-risk HPV infections among 126 MSM excluding the 23 samples in which histology could not be re-reaffirmed by
histology review.
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24 (82.8)
3 (10.3)
1 (3.5)
1 (3.5)

22 (75.9)
6 (20.7)

0.339

0.387

0.339

12 (66.7)
5 (27.8)
1 (5.6)
-

11 (61.1)
7 (38.9)

10 (55.6)
8 (44.4)

13 (44.8)
16 (55.2)

< 0.001
Ref.
1.4 [0.6-3.5]
1.4 [0.4-4.7]
0 [0]

Ref.
1.5 [0.7-2.9]

0.693

Ref.
0.9 [0.4-1.8]

PR [95% CI]

31 (86.1)
4 (11.1)
1 (2.8)
-

30 (83.3)
6 (16.7)

22 (61.1)
14 (38.9)

0.100

0.009

0.010

HIV-negative
N=36
N (%)

7 (58.3)
4 (33.3)
1 (8.3)
-

5 (41.7)
7 (58.3)

12 (100)
-

L+H SIL
HIV-positive
N=12
N (%)

Ref
2.2 [0.8-6.2]
2.1 [0.3-12.1]
-

0.020

Ref.
3.3 [1.2-9.2]

< 0.001

Ref.
0.0 [0.0-0.0]

PR [95% CI]

Wald test p-value
< 0.001
0.298
Prevalence ratios (PRs) and 95% confidence intervals [CIs] for three different robust Poisson multivariate regression models adjusted for significant co-variables. Different
categorizations of HPVs infection were used (i.e., two dichotomous variables: HPV6 single infections versus all other HPV infected cases; Multiple infections versus single
infections and one multinomial variable with the following categories: low-risk HPV infections; low and high-risk HPV infections; only high-risk HPV infection; unidentified
HPV X) to evaluate the associations between HPV types and HIV-status, stratifying by SILs (LSIL or L+H SIL) and site (perianal or anal). Low-risk HPV infections used as
reference group (Ref) in multinomial variable. Low-grade squamous intraepithelial lesion (LSIL), low-grade squamous intraepithelial lesions with high-grade squamous
intraepithelial lesions (L+H SIL). High-risk HPV types: HPV16, HPV18, HPV31, HPV33, HPV39, HPV45, HPV51, HPV52, HPV56, HPV68 and HPV73.

ANAL
HPV6 single infections
No
Yes
Fisher´s exact test p-value
Wald test p-value
All multiple HPV infections
No
Yes
Fisher´s exact test p-value
Wald test p-value
only low-risk HPVs
low and high-risk HPVs
only high-risk HPVs
HPV X
Fisher´s exact test p-value

LSIL
HIV-positive
N=18
N (%)

HIV-negative
N=29
N (%)

Supplementary Table S4. Anal SILs prevalence contribution and association of HPV6 single infections, HPV multiple infections and
low-risk/high-risk HPV infections among 126 MSM excluding the 23 samples in which histology could not be re-reaffirmed by
histology review.
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a b s t r a c t
Human Papillomaviruses (HPVs) are involved in the etiology of anogenital and head and neck cancers. The HPV
DNA prevalence greatly differs by anatomical site. Indeed, the high rates of viral DNA prevalence in anal and cervical carcinomas contrast with the lower fraction of cancer cases attributable to HPVs in other anatomical sites,
chieﬂy the vulva, the penis and head and neck. Here we analyzed 2635 Formalin Fixed Parafﬁn Embedded surgical samples that had previously tested negative for the presence of HPVs DNA using the SPF10/DEIA procedure, in
order to identify the presence of other PVs not explicitly targeted by standard molecular epidemiologic approaches. All samples were reanalyzed using ﬁve broad-PV PCR primer sets (CP1/2, FAP6064/FAP64, SKF/SKR,
MY9/MY11, MFI/MFII) targeting the main PV main clades. In head and neck carcinoma samples (n = 1141),
we recovered DNA from two BetaHPVs, namely HPV20 and HPV21, and from three cutaneous AlphaPVs, namely
HPV2, HPV57 and HPV61. In vulvar squamous cell carcinoma samples (n = 902), we found one of the samples
containing DNA of one cutaneous HPV, namely HPV2, and 29 samples contained DNA from essentially mucosal
HPVs. In penile squamous cell carcinoma samples (n = 592), we retrieved the DNA of HPV16 in 16 samples.
Our results show ﬁrst that the SPF10/DEIA is very sensitive, as we recovered only 2.1% (55/2635) false negative
results; second, that although the DNA of cutaneous HPVs can be detected in cancer samples, their relative contribution remains anyway minor (0.23%; 6/2635) and may be neglected for screening and vaccination purposes;
and third, their contribution to malignancy is not necessarily warranted and needs to be elucidated.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Human Papillomaviruses (HPVs) are involved in the etiology of
anogenital and oropharyngeal cancers (Forman et al., 2012). Within
Papillomaviridae, HPVs belong into ﬁve different genera, namely
Alpha-, Beta-, Gamma-, Mu- and NuPVs (Bernard et al., 2010). The
large majority of HPVs, essentially Beta- and GammaPVs, cause asymptomatic infections and can be detected in healthy skin swabs and, for
some GammaPVs, also in mucosal rinses (Bottalico et al., 2011;
Gottschling et al., 2009). AlphaPVs is a very heterogeneous clade regarding tropism and clinical manifestation of the disease. Although
most infections by human AlphaPVs are clinically asymptomatic some
of them cause productive cutaneous warts; other cause productive
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mucocutaneous warts; ﬁnally a number of human AlphaPVs with mucosal tropism can induce malignant transformation after decades of
persistent infection and are identiﬁed as carcinogenic or possibly/probably carcinogenic for humans (Doorbar et al., 2012; IARC, 2007).
Careful retrospective investigations have shown that infections by
human AlphaPVs are the most likely etiologic cancer agent, accounting
for nearly 100% of cervical cancer cases (de Sanjose et al., 2010), 88% of
anal cancer cases in both males and females (Alemany et al., 2015) and
for 74% of cancers of the vagina (Alemany et al., 2014). These high rates
of viral DNA prevalence contrast with the lower fraction of cancer cases
attributable to HPVs in other anogenital sites, chieﬂy the vulva and the
penis. In vulvar cancers, infections by HPVs have been associated with
less than 30% of the cancer cases (de Sanjose et al., 2013) while HPV
DNA is found in around 30% of penile cancer (Alemany et al., 2016). Finally, in head and neck (HN) cancers, the most consistent ﬁndings relate
to oropharyngeal cancers, where HPV DNA has been detected in 25% of
cancer cases in contrast with the rest of the oral cavity, where HPV DNA
is found in less than 10% of the cases (Castellsague et al., 2016; D'Souza
et al., 2007).
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The development of PCR methods using general primers for ampliﬁcation of a broad-range of HPVs had a major impact on the molecular
epidemiology of viral-related infections. Many different primer sets
targeting the L1 gene have been designed and used for the detection
of a broad-range of HPVs, as this gene is the most conserved one at
the nucleotide level (Mengual-Chulia et al., 2016). Given their overwhelming contribution to cancer, most of these consensus primers
were designed to target oncogenic AlphaPVs. Among these are the single pair of consensus primers GP5/6 (Snijders et al., 1990) and its extended version GP5 +/6 + (de Roda Husman et al., 1995); and the
MY09/11 (Manos et al., 1989) and its extended version PGMY09/11
pair of degenerate primers (Gravitt et al., 2000). PCR methods using
PGMY09/11 primers have been extensively used in epidemiologic studies of HPVs (Giuliano et al., 2001; Richardson et al., 2005; Richardson
et al., 2003; Schiffman et al., 2005; Tabrizi et al., 2005). The MY-based
method generates an amplicon of 450 bp and targets a wide spectrum
of HPVs, including all known possibly/probably/oncogenic AlphaPVs.
The GP5+/6+ primer set has also been extensively used in many epidemiologic HPVs studies, either directly (Frisch et al., 1997; Hampl
et al., 2006; Madsen et al., 2008; Skapa et al., 2007) or nested, after
the MY primer ampliﬁcation (Fox et al., 2005; Hampl et al., 2007;
Piketty et al., 2003). This GP-based PCR generates an amplicon of
150 bp and can amplify at least 20 mucosal AlphaPVs (de Roda
Husman et al., 1995). The SPF10 primer set has been extensively used
in epidemiological studies due to its high sensitivity and speciﬁcity.
This method is able to amplify 69 known AlphaPVs generating a small
fragment (65 bp) of the L1 gene (Kleter et al., 1998). Tests that rely on
shorter fragments of the viral genome are considered to be more sensitive and usable for less preserved specimens. None of these widely used
methods of HPVs detection are generally able to detect Beta- or
GammaPVs. Another system widely used is the FAP primer set, which
is very useful in identifying new PVs (Forslund et al., 2002; Forslund
et al., 1999). This system is able to detect a broad-spectrum of PVs
from both human and animal species (Antonsson et al., 2000;
Antonsson and Hansson, 2002) and is usually the choice for detecting
the presence of unknown, largely divergent PVs (Antonsson and
McMillan, 2006; Bzhalava et al., 2014; Garcia-Perez et al., 2014).
The aim of the present study was to reanalyze samples from squamous cell carcinomas of the HN, penis and vulva that had previously
tested negative for the presence of HPVs DNA using the SPF10/DEIA procedure in order to identify the presence of other PVs not targeted by
standard epidemiologic approaches, covering mucosal as well as cutaneous HPVs.
2. Materials and methods
2.1. Sample collection
Samples were obtained from a Formalin Fixed Parafﬁn Embedded
(FFPE) repository from a retrospective cross-sectional study coordinated by the Catalan Institute of Oncology (ICO), Barcelona, Spain, designed
and constructed for the assessment of the HPV contribution to a number
of anogenital and HN human tumours (Alemany et al., 2016; Alemany
et al., 2015; Alemany et al., 2014; Castellsague et al., 2016; de Sanjose
et al., 2013; de Sanjose et al., 2010). All specimens were tested for the
presence of tumour tissue as well as for the presence of HPV DNA
using a two-step SPF10/DEIA/LiPA25 protocol (Kleter et al., 1999). Ampliﬁcation products testing positive for the presence of HPVs DNA but
that resulted negative for LiPA25 genotyping were Sanger-sequenced
to identify the nature of the viral DNA ampliﬁed. The detailed protocols
and results for cervical (de Sanjose et al., 2010), anal (Alemany et al.,
2015), vaginal (Alemany et al., 2014), vulvar (de Sanjose et al., 2013),
penile (Alemany et al., 2016) and HN cancers (Castellsague et al.,
2016) are described elsewhere. For the purpose of this study, only squamous cell carcinoma samples from the vulva, penis and HN cancer that
had tested negative for the presence of HPV DNA using the SPF10/DEIA

114

199

protocol were included in the analyses. As positive controls, for each anatomical location we included further 5–10% samples of the same study
that had tested positive for the presence DNA from a single HPV. The
ﬁnal dataset for the present work consisted of 1141 cases randomly chosen among all HPV DNA negative squamous head-and-neck cancers
(380 cases from the larynx, 380 cases from the oral cavity and 381
cases from the pharynx) and 59 controls for squamous head-and-neck
cancers, 902 cases and 83 controls for squamous vulvar cancers and
592 cases and 57 controls for squamous penile cancers.
2.2. PCR and sequencing
DNA was released from FFPE material by incubation of four 5 μm
slices with 250 μL of Proteinase K solution (10 mg/mL proteinase K,
50 mM Tris-HCl, pH 8.0) overnight at 56 °C. Samples were subsequently
incubated at 95 °C for 8 min to inactivate proteinase K and stored at
−80 °C until use. To serve as a control for the presence of input DNA,
the human tubulin gene was targeted to generate an amplicon of
65 bp, the same length as the one generated by the SPF10 primers on
the HPVs genomes (Alemany et al., 2015). For vulvar and penile cancer
samples, the DNA solutions obtained after proteinase K treatment had
been stored for several months at −80 °C. For samples from these locations, to facilitate the release of DNA adsorbed to the plastic walls, tubes
were heated at 60 °C during 48 h prior to aliquot withdrawing for PCR.
Samples were analyzed using different sets of previously described
primers, listed in Table S1, designed to detect a broad range of mucosal
and cutaneous PVs: i) CPI/CPII (Tieben et al., 1993); ii) FAP6085/FAP64
(Li et al., 2013); iii) MY9/MY11 (Manos et al., 1989); iv) SKF/SKR
(Sasagawa and Mitsuishi, 2012). Additionally, we designed a new set
of broad-HPV primers by using CODEHOP (Rose et al., 2003), (MFI/II)
speciﬁcally targeting the E1 gene of cutaneous AlphaPVs. The MFI/II
primer set was designed in order to complement the HPV detection of
the SK primer set, as not all cutaneous AlphaPVs can be detected by
using the SK primer set.
All PCRs reaction mixtures contained: 0.05 U/μL DNA Polymerase
(Biotools), 1.0 × PCR reaction buffer (10 ×), 1.5 mM MgCl2, 0.4 mM
dNTPs (Invitrogen), 0.2 μM of each primer (Biolegio) and 100 ng of
DNA. Each PCR mixture underwent 40 ampliﬁcation cycles with different annealing temperatures for each primer set: 45 °C for SKF/R; 50 °C
for CPI/II, FAP6084/64, MFI/II; and 47 °C for MY09/11. Finally, PCR products from those samples with an amplicon were sequenced at the
Genoscreen facilities (Lille, France) in both strands, using the same
primers used for ampliﬁcation.
For all samples previously classiﬁed as SPF10/DEIA-negative in
which we identiﬁed by Sanger-sequencing the presence of DNA from
an HPV included in the 69 AlphaPVs detected by DEIA, we additionally
performed a fresh SPF10 PCR followed by the LiPA25 genotyping assay
(Kleter et al., 1999).
3. Results
We have tested a total of 2635 FFPE surgical samples from squamous
carcinomas of the HN, penis and vulva that had previously tested negative for the presence of HPV DNA using the SPF10/DEIA procedure.
For squamous cancers of the HN, we were able to properly identify
and genotype the HPV-DNA present in 31 out of 59 controls (53%)
(Table 1). In all cases, the HPV hereby identiﬁed matched the one previously genotyped by LiPA25. We tested 1141 SPF10/DEIA-negative HN
cancer samples, and we retrieved sequences speciﬁc for a one particular
HPV in 15 out of these 1141 (1.3%) samples (Table 1, Table S2). In ten
out of these 15 samples (66.7%), we detected DNA from mucosal
HPVs, namely HPV16 (n = 8), HPV51 (n = 1) and HPV74 (n = 1). Finally, we recovered DNA from two BetaHPVs, namely HPV20 and HPV21,
and from three cutaneous AlphaPVs, namely HPV2, HPV57 and HPV61.
Although ten from these 15 samples were expected to have tested positive for the initial SPF10/DEIA screening (i.e. those containing either
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Table 1
Concordance between SPF10-DEIA and HPV broad-spectrum PCR (CPI/II, SKF/R, FAP6064/
64, MY09/11 and MFI/II) in Head-and-neck (N = 1200), Penile (N = 649) and Vulvar (N
= 985) squamous cell carcinoma samples.
Head and neck squamous cell
carcinoma

Vulvar squamous cell carcinoma

Penile squamous cell carcinoma

Broad-HPV
PCR
+
–
Total
Broad-HPV
PCR
+
–
Total
Broad-HPV
PCR
+
–
Total

SPF10-DEIA
+
–
N %
N
31 50.8 15a
30 49.2 1126
61 100 1141
SPF10-DEIA
+
–
N %
N
62 74.7 30b
21 25.3 872
83 100 902
SPF10-DEIA
+
–
N %
N
37 64.9 16c
20 35.1 576
57 100 592

Total
%
1.3
46
98.7 1156
100 1202
Total
%
3.3
92
96.7 893
100 985
Total
%
2.7
53
97.3 596
100 649

a
HPVs detected: HPV20 (n = 1, BetaPV), HPV21 (n = 1, BetaPV), HPV2 (n = 1,
AlphaPV), HPV57 (n = 1, AlphaPV), HPV61 (n = 1, AlphaPV), HPV16 (n = 8, AlphaPV),
HPV51 (n = 1, AlphaPVs), HPV74 (n = 1, AlphaPVs).
b
HPVs detected: HPV2 (n = 1, AlphaPVs), HPV16 (n = 18, AlphaPVs) HPV33 (n = 1,
AlphaPVs), HPV45 (n = 2, AlphaPVs), HPV52 (n = 1, AlphaPV), HPV53 (n = 1, AlphaPV),
HPV56 (n = 1, AlphaPV), HPV66 (n = 1, AlphaPV), HPV70 (n = 1, AlphaPVs) and HPV74
(n = 3, AlphaPVs).
c
HPVs detected: HPV16 (n = 16, AlphaPV).

HPV16, 51 or 74, targeted by the SPF10/DEIA) they resulted negative.
When we performed a new SPF10/LiPA25 test, we recovered ﬁve of
them (50%) as positive for HPV-DNA, matching in all cases the HPV genotype identiﬁed with the broad-spectrum primers, including HPV16
(n = 3), HPV51 and HPV74.
For vulvar cancer samples, we were able to identify and genotype 62
out of 83 (75%) SPF10/DEIA-positive control samples. We tested further
902 SPF10/DEIA-negative samples and found HPV-DNA in 30 of them
(3.3%) (Table 1, Table S3). One of the samples contained DNA of one cutaneous HPV, namely HPV2, while the remaining 29 samples contained
DNA from essentially mucosal HPVs, namely HPV16 (n = 18) HPV33
(n = 1), HPV45 (n = 2), HPV52 (n = 1), HPV53 (n = 1), HPV56
(n = 1), HPV66 (n = 1), HPV70 (n = 1) and HPV74 (n = 3). All
these 29 samples should have tested positive for the initial SPF10/
DEIA screening, and indeed 16 of them (55%) resulted positive when
we performed a new SPF10/LiPA25 on them, the results matching
those obtained with the broad primer sets. Speciﬁcally, we detected
HPV16 (n = 9), HPV33 (n = 1), HPV45 (n = 2), HPV52 (n = 1),
HPV70 (n = 1) and HPV74 (n = 2).
Finally, for penile cancer control samples, we successfully identiﬁed
the presence of HPVs DNA in 37 out of 57 (65%). Among the 592 SPF10/
DEIA-negative samples, we identiﬁed the presence of HPV DNA in 16 of
them (2.7%), and in all cases the retrieved sequences corresponded to
HPV16 (Table 1, Table S5). When we performed a new SPF10/LiPA25
genotyping on these 16 samples, four of them (25%) tested indeed positive and revealed the presence of HPV16 DNA.

4. Discussion
We present here the largest study assessing the presence of DNA
from cutaneous and mucosal HPVs in squamous cell carcinomas of the
vulva, penis and HN, aiming at HPVs beyond those already identiﬁed
as (probable/possible) oncogenic factors for these sites. We conﬁrmed
by multiple PCR tests the presence of DNA from a number of cutaneous
HPVs in a very small number (6/2635) of cancer cases that seem to be
truly negative for oncogenic HPVs. Nevertheless, it is important to

keep in mind that the presence of viral DNA alone does not necessarily
imply causation or relation to malignancy.
In the present study we have analyzed HPV-negative cancer cases of
the HN, vulva and penis, previously tested by SPF10/DEIA/LiPA25 protocol. In HN samples, we detected HPV DNA in 15 out of 1141 (1.3%) samples previously diagnosed as HPV negative by SPF10/DEIA technology.
Among them, ﬁve types corresponded to cutaneous HPVs: two belonging to BetaPVs (HPV20 and HPV21) and three belonging to AlphaPVs
(HPV2, HPV57 and HPV61). All these samples came from the oral cavity
except the HPV20, which was retrieved from a laryngeal cancer sample.
In the same repository, we already conﬁrmed the presence of two single
infections by cutaneous HPVs (Table 3) (Castellsague et al., 2016). Studies on HPV prevalence demonstrated a high prevalence (more than
60%) of cutaneous HPVs in the oral cavity of healthy individuals
(Bottalico et al., 2011; Lang Kuhs et al., 2013). Our results suggest that
the contribution of these cutaneous types to cancer remains minor
and may be neglected for screening and vaccination purposes. A prospective investigation (Agalliu et al., in press) reported a positive association between infections with Beta and/or GammaPVs and increased
head-and-neck cancer risk. Indeed, the authors reported that Beta1,
Gamma11 and Gamma12 species were associated with 3.3 to 5.5-fold
higher risk of HN carcinomas after adjusting for smoking, alcohol consumption and HPV16 detection. However, residual confounding cannot
be ruled out as an explanation of these ﬁndings (Rollison and Gillison, in
press).
Other studies have also analyzed the presence of cutaneous HPVs in
malignant head-and-neck tumours (Agalliu et al., in press; Koskinen
et al., 2003; Lindel et al., 2009; Paolini et al., 2012). Lindel et al. (2009)
found a high prevalence of cutaneous HPVs in head-and-neck carcinomas samples (16/18 HPV-DNA positive tumours) by PCR ampliﬁcation
with multiple primers. The authors reported the presence of BetaPVs
DNA as a single infection in eleven samples, and in two samples they
found a multiple infection of two (or three) BetaPVs; ﬁnally, in three
samples they found a multiple infection of a cutaneous BetaPV in combination with a low-risk AlphaPV. Paolini et al. (2012) also demonstrated the presence of cutaneous BetaHPVs (HPV5, 14, 20, 21, 25, 36, 47,
100, 105 and 111) in HN squamous carcinomas samples (16/78 samples). However, they could not ﬁnd cutaneous viral transcripts in any
of these cancer samples.
We also analyzed penile SPF10/DEIA-negative cancer samples. Although in the analyzed samples, we did not ﬁnd any cutaneous HPV
type, the original description of the dataset already included the presence of cutaneous HPVs in two penile squamous carcinoma samples,
namely HPV27 and HPV76 (Table 3) (Alemany et al., 2016). Few published studies have examined the presence of cutaneous HPVs in penile
carcinomas. Moreover, all have used varying methods and have focused
on a single lesion type, making comparisons across studies difﬁcult. By
using PCR ampliﬁcation with multiple primers, Wieland et al. (2000)
described the presence of HPV8 (as single infection and as co-infection
with a mucosal oncogenic type) in in situ squamous cell carcinomas of
the penis (12/12 samples). In another study, the presence of HPV8
was found in penile squamous carcinoma samples, being that type the
second most prevalent type (10/46 samples) as a single infection (6/
10 samples) or as co-infection with a mucosal oncogenic type (4/10
samples) (Humbey et al., 2003). These authors also found other cutaneous BetaHPVs (HPV12, HPV17, HPV20 and HPV23) (Humbey et al.,
2003).
Regarding vulvar squamous carcinomas, we detected the DNA of one
cutaneous virus (HPV2) in one sample. De Koning and colleagues, by
using PM-PCR reverse hybridization assay did not ﬁnd any cutaneous
HPV in a total of 39 vulvar cancer cases (de Koning et al., 2008). However, their study did not include squamous carcinoma samples in their set,
making difﬁcult the comparison of the results across the two studies.
Epidemiologic studies using standard methods of detection have
demonstrated that other HPVs beyond high-risk HPVs can be involved
in the malignisation process (Guimera et al., 2013), although their
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Table 2
HPV prevalence distribution found in anogenital and head and neck cancers. Information was obtained from the larger cross-sectional study on HPV prevalence distribution coordinated by
the Catalan Institute of Oncology [9–14]. HPVs were classiﬁed according to their phylogeny and clinical presentation: Mucosal oncogenic AlphaPVs, Mucocutaneous AlphaPVs causing genital warts, AlphaPVs causing cutaneous warts, Asymptomatic cutaneous BetaPVs and Asymptomatic GammaPVs.
Genus

AlphaPVs

BetaPVs
GammaPVs
Undetermined
a
b
c

Clinical presentation

Percentage (%)

Mucosal oncogenica
Mucocutaneous, genital wartsb
Cutaneous wartsc
Asymptomatic, cutaneous
Asymptomatic, cutaneous

Cervix

Vulva

Vagina

HN

Penis

Anus

de Sanjose et al.
(2010)

de Sanjose et al.
(2013)

Alemany et al. (2014)

Castellsague et al.
(2016)

Alemany et al.
(2016)

Alemany et al.
(2015)

98.39
1.09
0.01
0.00
0.00
0.50

96.61
3.39
0.00
0.00
0.00
0.00

91.57
4.42
0.40
0.00
0.00
3.61

94.28
5.30
0.00
0.00
0.00
0.42

89.16
8.73
0.30
0.00
0.00
1.81

94.25
2.65
0.44
0.22
0.00
2.65

Mucosal oncogenic AlphaPVs: AlphaPV species 5, AlphaPVs species 6, AlphaPVs species7, AlphaPVs species 9 and AlphaPVs species 11.
Mucocutaneous genital warts AlphaPVs: AlphaPVs species 1, AlphaPVs species 8 and AlphaPVs species10.
Cutaneous warts AlphaPVs: AlphaPVs species 2, AlphaPVs species 3 and AlphaPVs species 4.

prevalence is very low (Table 2). In the present study we describe the
presence of HPV-DNA of cutaneous types in cancer samples. However,
the mere presence of HPV-DNA in cancer samples is not sufﬁcient to

prove viral causation as it might simply reﬂect an ongoing viral infection
unrelated to the carcinogenic process (Sarid and Gao, 2011). Thus, it is
important to explore the expression patterns of other markers

Table 3
Number of single HPV infections found in head and neck, penile and vulvar carcinomas. For each anatomical location, the ﬁrst column corresponds to the number of single HPV infections
found by SPF10-DEIA-LIPA25 methodology [12–14]. The second column corresponds to the number of single HPV infections found in the negative SPF10/DEIA/LIPA25 samples from the
corresponding repository in the same anatomical location.
Squamous carcinoma
Head and neck

Penis

Vulva

Clinical
presentation

Specie

Type

Castellsague et al.
(2016)(original
n = 3680)

This study
(retesting = 1141
previously negative)

Alemany et al.
(2016) (original
n = 1010)

This study
(retesting = 592
previously negative)

de Sanjose et al.
(2013)(original
n = 1709)

This study
(retesting = 902
previously negative)

Mucosal lesions,
oncogenic potential

Alpha-5

HPV26
HPV51
HPV70
HPV30
HPV53
HPV56
HPV66
HPV18
HPV39
HPV45
HPV59
HPV68
HPV16
HPV31
HPV33
HPV35
HPV52
HPV58
HPV67
HPV73

8
4
0
1
2
1
1
9
5
6
1
3
339
2
11
11
5
4
2
0
415 (97.19%)
0
0
0
0
5
2
3
0
10 (2.34%)
0
0
0
0
0
1
1 (0.23%)
1
0
0
0
1 (0.23%)

0
1
0
0
0
0
0
0
0
0
0
0
8
0
0
0
0
0
0
0
9 (60%)
0
0
0
0
0
0
0
1
1 (6.67%)
1
0
1
0
1
0
3 (20.00%)
0
1
1
0
2 (13.33%)

2
2
0
2
2
2
2
4
2
9
4
1
194
2
2
9
4
3
0
0
246(91.45%)
2
1
1
1
9
4
0
2
20 (7.43%)
0
0
0
2
0
0
2 (0.74%)
0
0
0
1
1 (0.37%)

0
0
0
0
0
0
0
0
0
0
0
0
16
0
0
0
0
0
0
0
16 (100%)
0
0
0
0
0
0
0
0
0 (0.00%)
0
0
0
0
0
0
0 (0.00%)
0
0
0
0
0 (0.00%)

1
2
1
1
3
6
1
17
3
13
0
2
318
5
25
1
8
3
0
1
411(96.93%)
0
0
0
0
5
2
0
3
10 (2.36%)
2
1
0
0
0
0
3 (0.71%)
0
0
0
0
0 (0.00%)

0
0
1
0
1
1
1
0
0
2
0
0
18
0
1
0
1
0
0
0
26 (86.67%)
0
0
0
0
0
0
0
3
3 (10.00%)
0
0
1
0
0
0
1 (3.33%)
0
0
0
0
0 (0.00%)

Alpha-6

Alpha-7

Alpha-9

Usually benign, productive
mucosal lesions

Alpha-11
Total
Alpha-1
Alpha-8
Alpha-10

Usually benign, productive
cutaneous lesions

Total
Alpha-3
Alpha-4

Usually Asymptomatic
cutaneous

Alpha-14
Total
Beta-1

Beta-3
Total

HPV32
HPV42
HPV40
HPV43
HPV6
HPV11
HPV13
HPV74
HPV61
HPV102
HPV2
HPV27
HPV57
HPV90
HPV19
HPV20
HPV21
HPV76
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associated with HPV-induced carcinogenesis to assess the biological and
oncogenic activities of HPVs identiﬁed in these cancers. Although the
pathogenic pathway for malignant transformation in oncogenic
AlphaPVs has been extensively studied (Bello et al., 2015; Duensing
and Munger, 2004; Jones and Munger, 1997; Moody and Laimins,
2010; Munger et al., 1989), the putative oncogenic mechanism of cutaneous HPVs remains unknown and may probably involves different molecular pathways than those well described for HPV16 and other
oncogenic HPVs (Groves and Coleman, 2015; Rusan et al., 2015).
In SPF10/DEIA-negative samples, we detected the DNA of one of the
69 types detected by the SPF10/DEIA technology (Kleter et al., 1999).
Among the 1141 HN SPF10/DEIA-negative samples, ten samples
contained an HPV type detected by DEIA. In ﬁve out of these ten samples, the type was conﬁrmed by performing a LiPA25 analysis. In vulvar
cancer samples 29/902 samples resulted positive for types detected by
DEIA, and the LiPA25 conﬁrmed the HPV type detected by PCRs
methods in 16 of them. Finally, for penile samples the LiPA25 detected
the HPV type reported by PCR in four out of 16/592 samples. Our results
suggest that the SPF10/DEIA/LiPA25 methodology present very small
rates of false-negative cases (ranging between 0.0.9–3.5%), which conﬁrm its high sensitivity, especially for FFPE samples (Geraets et al.,
2015).
The fraction of SPF10/DEIA-positive samples detected by the PCR
methods used in this study ranged from 53% in HN to 65–75% in penile
and vulvar cancer samples, respectively, demonstrating that our results
might be underestimating the presence of cutaneous HPVs, as well the
number of SPF10/DEIA false negative samples. Globally, the broadspectrum primers sets used in this study are not optimized for retrieving small amplicons. Primer selection has been done taking into account
the spectrum of the HPV types detected, in order to cover both mucosal
and cutaneous HPVs; and their sensitivity in a single round assay. Using
this primer selection, we aimed to covering both mucosal and cutaneous HPVs, detecting both E1 and L1 genes, with an amplicon range
from 150 bp to 450 bp. Nevertheless, the amplicon length was larger
than the 65 bp targeted by the SPF10 primers (Kleter et al., 1998).
This difference in amplicon size can easily explain the incompletely recovery of positive SPF10/DEIA samples.
Another technical factor that might also contribute to a hypothetical
underestimation of the presence of cutaneous HPVs is the storage of the
samples at − 80 °C, which might compromise the DNA quality of the
samples. In order to minimize this effect we heated all the stored
samples (including samples from the vulva and penis), during 48 h
at 60 °C. We found that this pretreatment may help recover DNA possibly adsorbed onto the plastic tube walls, as the positivity of control
samples were higher in the localizations were the pretreatment were
performed. However, this recovery remained incomplete and still,
samples with low DNA concentration may result in low DNA detection rates.

5. Conclusions
Our results show that previous estimates of HPVs involvement in
vulvar, penile and HN cancers, based on SPF10/DEIA procedure do not
suffer from signiﬁcant underestimation biases. We show further that
other HPVs beyond mucosal HPVs, typically detected by standard
methods of detection may be present in carcinomas of the penis, vulva
and HN, albeit their relative contribution remains minor, may have no
public health impact whatsoever, and may be neglected for vaccination
and cancer screening purposes. Nevertheless, our results brace previous
reports with lower sample size, and mounting evidence suggests that
certain cutaneous HPVs may be linked to a small number of cancer
cases. Our results call for further studies to elucidate the pathogenic
role of these “non-oncogenic” HPVs, the possible malignisation routes
and mechanisms and the interplay between viral infection, host genetics and environment.
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Table S1: PCRs and primers used in this study
Primer

Sequence (5'>3')

Degeneracy
number

SKF1

AAATATCCAGATTATCTRAARATG

4

SKF2

ATACCATAGAYCCACTRGG

4

SKR1

AAATATCCTGATTATTTRGGMATG

4

SKR2

AAACYATAGAGCCACTWGG

Product
length (bp)

Target
gene

Clades

Types

References

210-238

L1

AlphaPVs

HPV1, 2, 3, 4, 7, 10, 27,
28, 29, 40, 57, 60, 63,
65, 77, 91 and 94

[42]

377

L1

Beta-, Gamma
and AlphaPVs

Broad-spectrum

[41]

449

L1

AlphaPVs

Broad-spectrum

[17]

188

E1

180

E1

4

FAP6064 CCWGATCCHAATMRRTTTGC

48

FAP64

CCWATATCWVHCATITCICCATC

36

MY11

GCMCAGGGWCATAAYAATGG

16

MY09

CGTCCMARRGGAWACTGATC

8

CPI

TTATCWTATGCCCAYTGTACCAT

4

CPII

ATGTTAATWSAGCCWCCAAAATT

8

MFI

GTGMANRCYSTAAACGAAAAG

5

MFII

ACAGTGGGTATGGCMAWACRC

3

HPV1, 5, 6, 8, 11, 16,
Nu-, Alpha- 18, 31, 33, 45, 47, 51,
and BetaPVs. 52, 53, 60, 70, 74, 2,
39, 41, 42, 57 and 58.

AlphaPVs

HPV2, 3, 10, 27, 28, 29,
57, 61, 62, 71, 72, 81,
83, 84, 86, 87, 89, 90,
94, 102, 106, 114, 117
and 125

[40]

This study

Table S2: Results stratified by primer for SPF10-DEIA negative head and
neck cancer samples (N=1141)
Location

Primer

Positive samples (N)

CPI/II

4

HPV16 (n=3), HPV51

SKF/R

3

HPV16 (n=2), HPV2

1

HPV16 (n=1)

FAP6084/64

2

HPV16 (n=1), HPV20

MFI/II

3

HPV2, HPV57, HPV61

CPI/II

3

HPV16 (n=3)

SKF/R

1

HPV16 (n=1)

MY09/11

0

FAP6084/64

2

MFI/II

0

CPI/II

3

HPV16 (n=2), HPV74

SKF/R

1

HPV16 (n=1)

MY09/11

1

HPV16 (n=1)

FAP6084/64

0

-

MFI/II

0

-

Oral cavity MY09/11

Larynx

Pharynx
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Types

HPV16 (n=1), HPV20
-
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Hidden PV diversity in cancer of the vulva, penis and head and neck
Supplementary material
Table S3: Results stratified by primer for SPF10-DEIA negative vulvar
cancer samples (N=902)
Primer

Positive samples (N)

Types

CPI/II

29

HPV16 (n=18), HPV33, HPV45
(n=2), HPV52, HPV53, HPV56,
HPPV66, HPV70, HPV74 (n=3)

SKF/R

12

HPV16 (n=12)

MY09/11

0

FAP6084/64

3

HPV16 (n=3)

MFI/II

1

HPV2

-

Table S4: Results stratified by primer for SPF10-DEIA negative penile
cancer samples (N=592)
Primer

Positive samples (N)

Types

CPI/II

16

HPV16 (n=16)

SKF/R

7

HPV16 (n=7)

MY09/11

0

FAP6084/64

2

MFI/II

0

HPV16 (n=2)
-
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ABSTRACT
Human interventions, such as cancer screening and mass vaccination,
change the ecological conditions encountered by circulating viruses. It is
currently unclear how communities of Human papillomaviruses (HPVs)
may respond to these environmental changes, because little is known
about their ecology. Predicting the impact on viral diversity by the
introduction of HPV vaccines requires answering the unresolved
question of how HPVs interact. Although it is commonly believed that
they do not interact (neutral theory), there are suggestions that HPV
types may compete for resources or via the immune response (nichebased or non-neutral theory). Here, we applied established biodiversity
measures and methods to epidemiological data in order to assess
whether niche or neutral processes are shaping HPV diversity patterns at
the population level. By fitting species abundance distributions, we
found that the zero-sum multinomial (neutral model) was always outperformed by non-neutral distributions. Also, as infections progress
toward cancer, HPV communities become more uneven and a few HPVs
play a stronger dominance role. Our results suggest that temporally
moving from a more even to a less even community implies an increase
in competition, probably due to environmental changes linked to
infection progression. More ecological thinking will be required to
understand present-day interactions and to anticipate the future of the
long lasting interactions between HPVs and humans.
SIGNIFICANCE STATEMENT
The controversy as to how much neutral theory explains biodiversity
distributions and community dynamics plays out across ecosystems.
Recently, a medically relevant reincarnation of this controversy
appeared in discussions as to whether the vaccines against Human
papillomaviruses (HPVs) could cause type-replacement if a few
dominant types were removed by the vaccine. Epidemiological studies
of type distributions before and after the vaccination has led to the
widespread belief that HPVs do not interact. Here, we apply different
methods developed in macroecology on the same data to address this
issue. Consistently, we find that HPVs form non-neutral communities
and that the vaccine might not change the competitive niche partitioning
process that explains HPV communities. More broadly, this garners
support that niche processes often best explain biodiversity patterns,
even in human viral communities.
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INTRODUCTION
Distribution and abundance of species is a historical and central interest
of ecology. One research school has focused on niche-based
explanations to address the structuring of communities and the
distributions of species across ecosystems (1). Meanwhile, neutral
theories on their turn have challenged this niche-centrist view,
suggesting that random dispersal, ecological drift (i.e., stochasticity in
births and deaths) and speciation may better explain ecological patterns
(2). Specifically, Hubbell’s Unified Neutral Theory of Biodiversity and
Biogeography (UNTB) argues that species are ecologically equivalent,
i.e. functionally similar (3). Both niche processes and neutrality are
believed to shape metacommunity patterns (e.g., species-area or speciesoccupancy relationships), and thus, inferring from these patterns what
potential underlying processes might have molded them has a long
tradition in ecology. Fitting distributions to species abundance curves is
a common way to infer underlying processes, especially since several
alternative distributions have been derived from either niche-based or
neutral models (4-6). Our knowledge about host-associated microbial
communities has grown mature enough to incorporate ecological
approaches to elucidate multispecies interactions and dynamics. Here
we apply these macroecology methods to try and understand
communities of important viruses in the human virome.
Whether viral communities are structured by neutral or niche processes
has not been often addressed at great length. For certain viruses,
lineages strongly compete with one another, so that competitive
exclusion occurs rapidly, some at the host-population level (e.g
Influenza (7)), but also within-host during the course of the infection
(e.g., Hepatitis C virus (8) or Human immunodeficiency virus (9, 10)).
Indeed, even at the cellular level, many viruses have evolved
mechanisms to block entry of new virions into already infected host
cells in order to prevent having to share the intracellular resources, and
thus also prevent recombination between strains (e.g., in
Alphaherpesviruses (11)). In this study, we will focus on the
Papillomaviruses (PVs), a large family of viruses, with hundreds of
stable and largely divergent viral linages (known as “types” in the field
and considered often as the relevant taxonomic unit of study at the
phenotypic level) that are known to coexist with each other inside hosts,
often for years.
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PVs are a numerous family of small dsDNA viruses that infect virtually
all mammals (12). Human PVs (HPVs) are the most studied members in
the family, because of their medical importance. A handful of closely
related HPVs are responsible for around one third of all human cancers
linked to infections (13). Indeed, HPVs are causative agents of cancers
of the cervix, vagina, anus, vulva, penis and head and neck (14).
However, oncogenic HPVs are a clear minority among the more than
200
different
HPVs
hitherto
described
(PaVe:
https://pave.niaid.nih.gov/) most HPVs are retrieved from healthy skin
and mucosas and are never found associated to lesions; some HPVs
cause benign wart-like lesions; and only a few can be classified as
oncogenic (12)
Public health interventions to decrease the burden of HPV-associated
cancers include systematic screening for HPVs chronic anogenital
infections and mass vaccination against the most oncogenic HPVs. The
introduction of such selective pressures targeting a subset of the
circulating PV diversity implies an important change in the ecological
pressures to virus circulation (12). Therefore, evolutionary and
ecological considerations of vaccines and PV dynamics have both
fundamental and clinical implications. It is currently unclear how viral
communities might respond to these environmental changes. Prediction
of the impact on viral diversity of the introduction of HPV vaccines
(often referred to as the type replacement problem in the field) requires
an answer to the still unresolved question of HPV interaction.
Little is known yet about interactions between HPVs. The most common
hypothesis for interactions between HPVs is that they do not interact
(15-18). Studies using classic statistical methods have concluded that
type replacement after vaccination is not likely because infection by
HPVs were found to occur randomly and to lead to cervical disease
independently (16-20) However, theoretical works at both the withinhost (21) and epidemiological levels (22-24) have supported the idea
that HPVs infecting the same host likely interact with one another via
the immune system (both innate and adaptive). Most vaccine trials have
not detected significant increases in prevalence of non-vaccine HPVs in
vaccinated healthy women (20, 25) which seems to support the
neutrality hypothesis. Nevertheless, two HPVs have been flagged as
potentially having a competitive advantage (17) and certain non-vaccine
types, including probably oncogenic HPVs, displayed higher prevalence
in vaccinated patients (26)
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Here, we have applied ecological methods to epidemiological data to
study which intra-host processes (niche or neutral) are more likely to
explain epidemiological (i.e., metacommunity) patterns of HPVs
communities.
RESULTS
Diversity patterns change with disease progression
HPV communities in the uterus cervix are by far the best described
across all stages of disease progression, from initial asymptomatic
infections to invasive cancers. In order to describe cervical HPV
community composition, we performed a correspondence analysis (CA)
using viral prevalence data in four different clinical stages and in
different geographical regions (see Methods for details). HPVs were
stratified based on their carcinogenicity according to the International
Agency for Research on Cancer (IARC) classification: carcinogenic
HPVs (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59); probably or
possibly carcinogenic HPVs (HPV26, 30, 34, 53, 66, 67, 68, 69, 70, 73,
82, 85, 97); these two groups are often referred to in the literature as
“high-risk” HPVs; finally, not classifiable as to their carcinogenicity to
humans, typically referred in the literature as non-oncogenic or “lowrisk” HPVs (HPV6, 11, 44, 74, 7, 40, 91, 57, 81, 29). Our results are
consistent with the current understanding of cervical disease as they
confirm that HPVs classified as non-oncogenic are more strongly
associated to viral communities in asymptomatic and low-grade lesions,
whereas oncogenic HPV are mainly associated to high-grade and cancer
communities (Figure 1A).
While HPVs can infect various anatomical regions of the body, only the
uterus cervix is systematically screened for early cancer detection. Our
knowledge of the natural history of the infection in other anatomical
sites is thus poorer and the quality and amount of data about HPVs
infections in asymptomatic patients or preneoplastic lesions also lag
behind. Consequently, we only have reliable data for HPV prevalence in
cancers of the vagina, vulva, anus, penis, and head and neck. The results
of the CA including these cancer communities (Figure 1B) showed that,
similar as in cervical cancers, oncogenic HPVs were found to be
strongly associated to these cancer communities (Figure 1B).
Remarkably, we found that HPV26 (classified as probably/possibly
carcinogenic) was strongly associated with other cancer communities
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different to the cervix, mainly due to the high prevalence of HPV26 in
Head and Neck cancers.
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Figure 1: Correspondence analysis using type prevalences for HPV communities. A)
including data for cervical communities stratified for each continent in asymptomatic and invasive
cancer communities. B) including different cancer anatomical locations. Full circles, oncogenic
HPVs (group 1 IARC classification); squares, probably/possibly oncogenic HPVs (group 2A/2B
IARC classification); triangles, uncertain oncogenic HPVs (group 3 IARC classification); and,
empty circles, non-evaluated oncogenic HPVs (non-evaluated by IARC)
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HPVs communities become more uneven with advancing disease
progression
Figure 2A displays the diversity profile for each stage of the cervical
infection. A single community was defined as the HPVs assemblages
recorded at each stage of the infection in each anatomical region. The
more uneven the distribution of relative abundances, the more steep the
diversity profile declines with the increasing order of the diversity index
(q). Our results showed that asymptomatic and low-grade lesions
communities were moderately uneven while high lesion grades and
cancer displayed the steepest slopes and thus were highly uneven
communities (Figure 2, Table 1). We observed first that all cervical
communities exhibited similar levels of HPV species richness (q=0),
independently of the stage of progression. For higher orders of the
diversity index (q=1, which equals Shannon entropy, and q=2, which
equals the inverse of Simpson index) we observed a decline as the
infection progresses, indicating that in advanced stages of the HPV
infection, viral communities become less even in comparison with early
stages (asymptomatic and low-grade lesion). Since the number of
different HPVs is not different in the various communities, we
interpreted that the observed changes in evenness during cancer
progression are likely due to changes in the species interaction
dynamics.
We also found that the species richness of HPVs in cervical cancer
communities was highest compared to other cancers (Figure 3, Table 1),
whereas head and neck and anal cancer communities were the least rich.
These differences in terms of diversity were sharply reduced with
increasing values of q. Overall, HPVs communities in infection-related
cancers of various anatomical regions were highly uneven communities
with q=2 ranging from 1.8 to 3, demonstrating that only a few HPVs
completely dominate cancer communities.
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Table 1: Hill numbers for different HPV communities. Three orders of diversity (q=0, 1 and
2) were calculated at each stage of the infection.

Communities
Cervical
infection
progression

Squamous
carcinoma
by site

Asymptomatic
Low-Grade lesions
High-grade lesions
Cancer
Cervix
Penis
Vulva
Vagina
Anus
Head and neck

q=0
Species
Richness
51
46
42
45
36
33
31
28
26
26

132

Hill Number
q=1
Exponential
Shannon
37.06
32.54
17.24
6.51
6.29
6.43
5.07
7.11
3.66
3.63

q=2
Inverse
Simpson
30.12
26.34
8.15
3.09
2.96
2.55
2.26
3.08
1.81
1.77

Manuscript 4
A

B

Figure 2: A) Diversity (qD) profiles for different stages of the HPV infection in cervical lesions.
B) Diversity (qD) profiles for squamous carcinomas of different anogenital regions. Three orders
of diversity (q=0, 1 and 2) were calculated at each stage of the infection. As parameter q
increases, rare types are weighted less and q becomes a measure of eveness.
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Very few types dominate HPV communities
In order to improve the ecological understanding of HPVs communities,
we also studied the species abundance distribution (SAD) of each
community. We represented these distributions using rank-abundance
plots, which were generated after fitting different alternative SADs to
the data. Rank-abundance distributions (RADs) were drawn by
representing HPV rank in a descending order on the abscissa and the
corresponding HPV frequencies on the ordinate axis. We confronted the
following five alternative models with each data set to assess how well
each accounted for the data: Broken-stick (27), geometric distribution
(28), Power law (29), Poisson lognormal (30), and the Multi-Zero sum
multinomial (3) (Table 2). We assessed robustness of the results by data
resampling (see Methods for more details). This resampling strategy was
applied to all anatomical sites and in the case of the cervix separately to
all stages in the natural history of the infection and for data from
asymptomatic infection in the cervix after stratifying by geographical
origin and by age.
Table 2: Characteristics of the SAD models selected to perform this analysis.
SAD Model

Family

Description

Refs

Brocken-Stick

Niche partitioning

Non-Neutral model

(27)

Geometric

Purely Statistical

Non-Neutral model

(28)

Power Law

Purely Statistical

Non-Neutral model

(29)

Poisson Lognormal

Purely Statistical

Non-Neutral model

(30)

Multi-Zero sum Multinomial

Population dynamics

Neutral model

(3)

For HPVs communities in asymptomatic infections and in low-grade
lesions, the geometric distribution and the broken-stick model displayed
the lowest AICc values (with ΔAICc<3) compared with the other
candidate distributions (Table 3, Figure 3). Overall, the best fits for
HPVs communities in the early stages of the natural history of the
disease corresponded to a niche-partitioning model (broken-stick or
geometric series) or to independence of interactions between HPVs
(geometric series). In the cases in which broken-stick and geometric
series were tied, the lognormal distribution (compatible with non-neutral
interactions between HPVs) systematically outperformed the neutral
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model MZSM (compatible with neutral interactions between HPVs).
Thus, in the cases of such ties for conflicting models, it is more likely
niche-partitioning and not neutral processes that underlie these
communities. Overall, our results suggest that during early stages of the
natural history of the HPV infection, niche-partitioning processes
structure HPV communities, but create a population level pattern that
can be difficult to distinguish from neutrality. We found similar results
across geographical regions and ages (see Table S1 in Supplementary
Material).

Figure 3: Rank abundance distribution for cervical HPV communities at different stages of
the cervical infection. A) Asymptomatic (N=86696); B) Low-grade Lesions (N=46402); C)
High-grade lesions (N=51616) and D) Invasive Cancer (N=50084). Model fits are also shown
for the 1000 random communities. Fits are shown for 5 models: Brocken-Stick (Black),
Lognormal (green), Geometric (red), Power law (blue) and Multi-Zero Sum Multinomial
(MZSM) (yellow)

For communities in high-grade lesions and in cervical cancer the best fit
corresponded always to the lognormal model (Table 3, Figure 3). This
was also the case for 100% of the randomly generated communities. The
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lognormal distribution also best fit all cancer communities,
independently of anatomical location (Table 3). Only in one community
was the lognormal statistically tied to another distribution (the MZSM)
and that was in cervical carcinoma using the ICO HPV centre dataset
(Figure 4 and Table 3). However for this same community in the metaanalysis dataset the MZSM was out-performed by the lognormal and by
other distributions (Figure 3). Except for this one tie, the MZSM was
systematically outperformed by the lognormal in all our datasets. Thus,
in the late stages of the natural history of the infection, viral
communities are structured by non-neutral interactions between HPVs.
Table 3: Goodness-of-fit values of RADs for all HPVs communities. Values in bold denote
the models with closest fits (lowest AICc values). 1000 randomly generated communities were
created in order to calculate the number of times that each RAD model best fit each community.
When differences in the AICc values among models were less than 3, these models were
considered as equally probable.

Low-grade
lesions
High-grade
lesions
Cervix
Anus

Squamous carcinoma by
site

Invasive
cancer

Cervical infection progression

Asymptomatic

Community

Model
BROCKEN-STICK
GEOMETRIC
LOGNORMAL
MZSM
POWER LAW
BROCKEN-STICK
GEOMETRIC
LOGNORMAL
MZSM
POWER LAW
LOGNORMAL
GEOMETRIC
BROCKEN-STICK
MZSM
POWER LAW
LOGNORMAL
GEOMETRIC
BROCKEN-STICK
MZSM
POWER LAW
LOGNORMAL
MZSM
POWER LAW
GEOMETRIC
BROCKEN-STICK
LOGNORMAL
MZSM
POWER LAW
GEOMETRIC
BROCKEN-STICK

AiCc
1110,11
1111,26
1121,39
1158
1203,32
1010,98
1011,79
1018,86
1070,69
1123,34
919,66
933,68
934,57
964,1
1008,37
726,21
737,91
739,71
792,81
764,96
419,74
422,54
442,04
479,39
493,95
318,65
345,05
358,23
363,58
388,91
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dAICc
0
1,15
11,28
47,89
93,21
0
0,81
7,88
59,71
112,36
0
14,02
14,91
44,44
88,71
0
11,7
13,5
33,3
38,75
0
2,8
22,3
59,65
74,21
0
26,4
39,58
44,93
70,26

95% CI
(0, 5.6)
(0, 2.33)
(10.84, 17.49)
(44.63, 52.93)
(83.63, 103.99)
(0, 4.5)
(0, 3.52)
(4.8,17.61)
(54.23,70.27)
(107.36,126.07)
0
(7.91,14.91)
(8.91, 15.32)
(33.48,46.1)
(76.49,90.17)
0
(6.12, 17. 91)
(7.01, 19. 13)
(20.12, 45.25)
(27.29, 43.61)
0
(5.62, 8.97)
(19.54, 32.78)
(49.41, 61.97)
(54.23, 89.36)
0
(17.41, 29.91)
(25.28, 46.07)
(23.20, 48.80)
(64.72, 78.67)

%fit
38
62
0
0
0
21
79
0
0
0
100
0
0
0
0
100
0
0
0
0
100
0
0
0
0
100
0
0
0
0

Prevaccine
Postvaccine

Pre-Post vaccination

Penis

Vulva

Vagina

Head and
Neck
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LOGNORMAL
MZSM
POWER LAW
GEOMETRIC
BROCKEN-STICK
LOGNORMAL
MZSM
POWER LAW
GEOMETRIC
BROCKEN-STICK
LOGNORMAL
MZSM
POWER LAW
GEOMETRIC
BROCKEN-STICK
LOGNORMAL
MZSM
GEOMETRIC
POWER LAW
BROCKEN-STICK
BROCKEN-STICK
GEOMETRIC
LOGNORMAL
MZSM
POWER LAW
BROCKEN-STICK
GEOMETRIC
LOGNORMAL
MZSM
POWER LAW

319,22
349,47
355,46
364,29
390,18
362,14
381,33
385,69
387,23
397,01
373,96
403,67
410,47
419,8
440,06
406,24
447,56
444,57
452,75
462,94
487,82
490,5
496,79
549,37
567,83
465,3
466,98
473,52
523,79
539,56

0
30,25
36,24
45,07
70,96
0
19,19
23,55
25,09
34,87
0
29,71
36,51
45,84
66,1
0
20,29
38,33
46,51
56,7
0
2,68
8,97
61,55
80,01
0
1,68
8,22
58,49
74,26

0
(11.67, 32.89)
(26.68, 50.54)
(33.79, 51.36)
(54.23, 89.63)
0
(10.27, 32.62)
(13.56, 33.15)
(21.86, 59.42)
(24.53, 67.87)
0
(8.97, 31.51)
(30.60, 58.51)
(35.1, 51.69)
(45.23, 74.23)
0
(19.32, 39.67)
(25.55, 44.44)
(41.26, 71.71)
(40.25, 65.23)
(0, 5.43)
(0, 2.19)
(3.14, 16.47)
(47.22, 54.49)
(59.24, 98.51)
(0,3.65)
(0, 1.65)
(3.54, 17.58)
(40.15, 52.15)
(79.57, 93.76)

100
0
0
0
0
100
0
0
0
0
100
0
0
0
0
100
0
0
0
0
24
76
0
0
0
14
86
0
0
0

Remarkably, the fast drop in prevalence between the first ranked HPV type and
the rest (see Figures 3 and 4) was not captured well by any of the theoretical
model distributions. This gap was especially large in the cancer data in all
anatomical locations, where HPV16 largely dominates other HPVs,
particularly for head and neck cancers. Thus, all models (even those assuming
non-neutral interactions) anticipate thus more evenness in these first few
ranked types. This predicts a less steep drop at the beginning of the curve,
suggesting that the strong dominance of HPV16 combined with the long tail of
rare HPVs is not easily captured by current SAD models.
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Figure 4: Rank abundance distribution for cancer communities at different anatomical locations. A) Cervix
(N=8977); B) Vulva (N=488); C) Vagina (N=303), D) Penis (N=334), E) Anus (N=438), Head and Neck (N=453) Model
fits are also shown for the 1000 random communities. Fits are shown for 5 models: Brocken-Stick (Black), Lognormal
(green), Geometric (red), Power law (blue) and Multi-Zero Sum Multinomial (yellow)
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Interactions among HPVs remain unchanged post-vaccination
We also fit SADs to the few available pre and post-vaccination
asymptomatic cervical data, in order to assess the potential impact of
vaccines in HPVs communities. We found that the best-fitting SAD
models for both communities remained the geometric distribution
and the broken-stick model (followed by the lognormal distribution
with ΔAICc < 9 in both cases), suggesting that the novel vaccination
pressures might not change the processes driving type distribution in
HPV communities. (Figure 6, Table 3). Therefore, even if the vaccine
reduces the prevalence of the targeted viruses, which often dominate
the community, the viral community in asymptomatic infections may
remain sufficiently uneven to reject neutrality.

Figure 6: Rank abundance distribution for A) prevaccination (N= 1479) and B)
postvaccination (N=575) asymptomatic cervical HPV communities. Model fits are also
shown for the 1000 random communities. Fits are shown for 5 models: Lognormal (green),
Geometric (red), Power law (blue) and Multi-Zero Sum Multinomial (yellow) and Weibull
(orange).

DISCUSSION
We analyse here the diversity patterns of HPVs along the gradient of
clinical presentations of infection, from asymptomatic to cancer.
With the ultimate aim of understanding the nature of interaction
dynamics in oncogenic pathogen communities, we specifically tried
to discern between neutral and non-neutral viral interactions in HPV
communities.
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First, we show the sharp distinction between communities of HPVs in
health and disease. On one hand, we confirm the clear gradient in
HPV repertoire and prevalence (Figure 1), with HPVs classified as
non-oncogenic more strongly associated to viral communities in
asymptomatic and low-grade lesions, and oncogenic HPVs mainly
associated to high-grade and cancer communities. On the other hand,
we uncover the transition from an evenly distributed community to a
highly uneven community along the natural history of the HPV
infection (Figure 2). We find that species richness changes little but
dominance increases with disease progression, suggesting that there
is an increase in the strength of the interactions of the types.
Second, our analyses of global data on viral prevalence in different
anatomical sites using macroecology methods show the low
explanatory power of neutrality to explain viral community diversity
(Figure 3 and Figure 4). We find that interactions between the initial
steps of the malignisation process are best fitted by a niche
partitioning model, while those in the advanced steps correspond best
to dominance, non-neutral interaction model.
Given the natural history of infections by HPVs, niche partitioning
appears biologically meaningful in the initial steps of the infection.
The target cells for HPVs are located in the basal layer of the
epithelium, and virions reach them through epithelial abrasions and
microtroauma. Because the infection targets are not constantly
exposed and available for viral entry, different viruses compete for
access to basal cells through these entries of the epithelium. At any
one time the availability of the target cell resource is thus limited and
dependent on the stochastic opening up of abrasions.
Previous epidemiological studies of HPV type prevalence in noncancer communities have used statistical approaches where if the
probability of finding a pair of HPV types together in a co-infection
is lower than expected by chance then it is assumed that these two
HPV types compete. The most common of these approaches is odds
ratios (reviewed in (16)), while others have used logistic regression
models (e.g. (31)). Recently a hazard ratios approach was used on
cohorts of women, where HPV acquisition or clearance was analysed
with Cox proportional hazards regression (18). All of these studies
have generally found that pairwise co-occurrence patterns do not
significantly deviate from independence. This appearance of
independence is also found by our study in the asymptomatic and
low-grade lesion HPV communities (though not high-grade lesions
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nor cancer) due to the statistical tie in AICs that we find between the
broken-stick and the geometric distribution. This demonstrates the
difficulty in inferring local processes from global patterns, when both
independence and niche processes can create similar patterns (32-34).
The broken-stick (niche partitioning model) and the geometric
distribution (statistical independence model) are derived from
completely opposite sets of assumptions and yet they are, in fact,
related because the geometric distribution is the discrete equivalent of
the exponential distribution which was shown to generate the same
RAD as the broken-stick (28). In this study, we argue that, given that
the Poisson lognormal outperformed the ZSM in all cases, niche
partitioning is more likely than neutrality (independence being a
special case of neutrality). This result is reminiscent of previous tests
that find neutrality performs poor against the lognormal for datasets
from various ecosystems (5, 35, 36).
The movement towards a lognormal distribution with disease
progression, coupled with reduced community evenness suggests an
increase in competitive ability of some types in the community.
Disease progression is accompanied with a change in the local
environment, namely an increase in immunity activity (e.g., more
immunity effectors, cytokines, etc.) and the types persisting are using
more of the resource (i.e., less resource and space for other types to
invade). Viral loads have been shown to increase with disease
progression (37) and it is possible that this may increase competition
for newly open abrasions in the mucosa. Relatedly in other
anatomical sites, the biology of the site may play a role in increasing
the strength of the dominance of the oncogenic types (e.g., head-andneck and anal cancers have the lowest inverse Simpson index). It is
not known whether this could be due to less available resources or a
more active immune response (e.g., being close to lymph nodes) in
these particular body sites. It should be noted that this potential
increase in competition is not strong for if it were then the high-grade
and cancer communities would be fit by a power law or other less
even SADs, which we do not find.
Post-vaccination data was best fit by the same distribution as the prevaccination data, suggesting then that the vaccine is not changing the
underlying processes that govern HPV type distributions. While the
exact kinds or relative strengths of interactions between types have
yet to be evaluated, there is a need to unravel the complex
interactions between types (direct or indirect) in order to better
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evaluate the effect of the vaccines long-term. It is important to
highlight that the dataset used to perform this analysis was collected
over only 3 years after the start of the use of the vaccine, and are
from samples across the USA where vaccination coverage is very
heterogeneous and often very low in some areas. Thus, these
conclusions should be seen as preliminary at best. To evaluate
potential type replacement in the post-vaccine era will require other
forms of type-specific studies of non-cancer communities that are
sufficiently long-term to distinguish true changes in type prevalences
from natural fluctuations or noise and that can take into account
sampling biases from detection methods (e.g., the unmasking effect;
(16)).
To our knowledge, the only other examples of host-associated
microorganism communities that have been analysed for niche and
neutral patterns using similar methods are bacterial. Cobey and
Lipsitch et al. (38) found that both competition and neutral processes,
mainly through immunity interactions, best explained Streptococcus
pneumoniae diversity patterns across observed carriage populations.
Jeraldo et al. (39) investigated the roles of niche and neutral
processes in shaping gastrointestinal microbiome communities. Using
a method they developed that combines ecological measures with
phylogenetic analysis, they find that while the RADs of the
communities were explained well by the ZSM, with further analysis
of genomic data using their method was consistent with niche
selection as the dominant process. This, once again demonstrates that
apparently neutral-like patterns can be generated by underlying nonneutral processes. Bacterial and viral communities have very marked
differences so more studies into the roles of niche and neutral
processes shaping viral communities are needed.
One possible future direction would be to see if non-cancer HPVs
communities could be described by emergent neutrality theory (4042), where patterns that appear neutral are the outcome of
competition and evolutionary processes, such that species evolve to
be functionally similar and thus coexist. Most of the HPVs datasets
we examined appear as though they could be explained by
multimodal SADs, possibly the two-mode Poisson lognormal
distribution, which have been found to explain several empirical
datasets (42). Indeed, Alpha-HPVs infecting the mucosa are in many
respects functionally similar with only a few clear life history
differences in the functions of the oncogenes of high-risk types and
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low-risk types (43). Moreover, as discussed previously (21), we also
suggest that to best characterize HPV type interactions what is
needed are competition experiments under varying conditions. As
environmental conditions change, the relative importance of niche
and neutral processes can shift and are not static. In addition, it has
been well documented that large-scale diversity patterns can be
limited in their ability to infer local interactions or to tell how they
will change when perturbed (34). Given this and that the PVs are a
highly diverse family of viruses that readily coexist, signals of
underlying interactions maybe be subtle. Therefore, we call on the
HPV community to not be over confident in predictions generated by
methods not designed to infer ecological interactions and, instead,
seize the opportunity to investigate the interesting ecology of these
viruses more mechanistically.

MATERIALS AND METHODS
Dataset
For this study the unit of analysis is the HPV at the level of type,
according to the definition of the International Committee for the
Taxonomy of Viruses, i.e., when we write “different HPVs” we mean
“different types of Human Papillomaviruses”. For time-trends
analyses, worldwide HPV type-specific prevalence values in different
stages of the natural history of the cervical HPV infection (i.e.
asymptomatic, low-grade squamous intraepithelial lesions (LSIL),
high-grade squamous intraepithelial lesions (HSIL) and invasive
cervical carcinoma (ICC)) were obtained from a meta-analysis
previously published (44) (Table S2). For site-specific analyses,
worldwide HPV type-specific prevalence values in squamous
carcinomas of different anatomical locations (i.e. cervix, anus, penis,
vulva, vagina and head and neck) were obtained from the
retrospective cross-sectional study by the Catalan Institute of
Oncology (45-50) (Table S2). We also obtained information on HPV
prevalence values stratified by continent for asymptomatic and
invasive carcinomas of the cervix from the WHO/ICO Information
Center (https://hpvcentre.net). Finally, HPV type prevalence values
both pre- and post-vaccination asymptomatic cervical communities
were obtained from a published study (51) (Table S1). Communities
were defined as the species assemblages recorded at each stage of the
infection in each anatomical region.
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Correspondence Analysis
HPV type-specific prevalences were subjected to dimensionality
reduction techniques to analyse HPV communities on the basis of
their type composition. Correspondence analysis (CA) consists in a
multivariate statistical method widely used to summarize the lack of
independence between objects represented through rows and columns
of a matrix (here communities and HPV type prevalences,
respectively) as a small number of derived variables, called axes. By
definition, the axes are ordered according to the amount of variance
in the data explained by them. Data were plotted on the first two axes
with the information on the amount of variance explained in these
two dimensional representations.
Non-parametric measures of diversity
We used Hill numbers to estimate diversity within each community.
Hill numbers were computed using the following equation for
q1(52).
1 /( 1  q )

q



 S

q
D   p i 
 i  1


where S is the number of species sampled, pi is the species frequency
of the ith species, and the parameter q, which is the order of diversity,
determines its sensitivity to species frequencies. To calculate
diversity within each community, p was calculated from the vector of
the relative abundance of N species. As q increases, the qD is more
strongly affected by the abundances of the most dominant species
and rare species are weighted less. The Hill numbers are directly
related to commonly used indexes. When q=0, 0D is equivalent to
species richness and when q=2, 2D equals the inverse Simpson index.
The measure is undefined when q=1, but the limit as q approaches 1
equals the exponential of Shannon entropy.
We chose to use this diversity measure because it quantifies the
effective number of species in the dataset, which refers to the number
of equally abundant species necessary to produce the observed value
of diversity. Moreover, these effective numbers obey the replication
principle, which states that if two communities with X equally
abundant species are combined, then the diversity of the combined
community should be twice that of the original communities
(53). Moreover, they unit of these diversity indices is the “effective
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number of species” and thus values of diversity are comparable
across different metrics. Hill numbers were computed using the
Vegan package implemented in R (http://www.r-project.org/).
Species Abundance Distribution
We studied the HPV type-specific distribution of each community by
using species abundance distribution (SAD) plots. Model fitting was
performed using the sads package implemented in R and visualized
by means of RAD plots. We evaluated six models: Geometric, Zerosum multinomial, Poisson Lognormal, Weibull and Power law. These
models were chosen because they are the most commonly considered
to be of ecological relevance. The estimated parameters were inferred
by maximum likelihood methods. Model diagnostics were computed
by using quantile-quantile and percentile-percentile graphs of the
observed vs. predicted abundances. Finally, the observed SADs were
compared with the hypothetical models using a Bayesian approach:
an Akaike Goodness of fit calculation. The lower the calculated
Akaike information criterion (AICc) value, the better the fit.
Random communities
We generated 1,000 random communities, drawing for each HPV a
prevalence value within the 95% Confidence Intervals (CI) of the
prevalence in the real data. These synthetic communities were used to
calculate the 95% CI of Hill numbers. We also used these randomly
generated communities to calculate the number of times that each
RAD model best fit each community. When differences in the AICc
values among models were below 3, these models were considered as
equally probable.
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SUPPLEMENTARY MATERIAL
Table S1: Goodness-of-fit values of RADs for all HPVs communities. Values in bold
denote the models with closest fits (lowest AICc values). 1000 randomly generated
communities were created in order to calculate the number of times that each RAD model
best fit each community. When differences in the AICc values among models were less
than 3, these models were considered as equally probable.

Community

Africa

Model

95% CI

0

(0.07, 1.23)

8,6

LN

247,08

0,76

(0.49, 19.65)

0

GEOM

250,36

4,04

(0.14, 9.26)

91,4

MZSM

302,46

56,14

(55.24, 75.16)

0

LS

303,15

56,83

(56.05, 75.98)

0

POWER LAW 355,98 109,66 (103.5, 126.03)

0

258,27

0

(0.04, 2.43)

95,33

259,4

1,13

(0.47, 14.96)

2,33

WEIBULL

260,41

2,14

(2.08, 18.78)

2,33

MZSM

314,33

56,06

(45.77, 59.39)

0

LS

314,91

56,64

(46.53, 60.14)

0

POWER LAW 363,56 105,29 (92.18, 106.61)

Asia

216,65

0

(0.15, 2.38)

66,67

LN

217,94

1,29

(0.13, 9.33)

16,67

WEIBULL

221,18

4,53

(0.38, 6.53)

16,67

MZSM

263,22

46,57

(40.60, 57.36)

0

LS

263,54

46,89

(41.30, 58.07)

0

92,11 (83.74, 102.55)

0

WEIBULL

228,69

0

(0,3.89)

19

GEOM

229,35

0,66

(0, 1.89)

81

LN

238,34

9,65

(7.97, 24. 53)

0

MZSM

301,05

72,36

(61.40, 75.10)

0

LS

301,61

72,92

(62.24, 75.93)

0

POWER LAW 351,55 122,86 (116.56, 132.37)

Oceania

0

GEOM

POWER LAW 308,76

Europe

%fit

246,32

LN

Asymptomatic by continents

dAICc

WEIBULL

GEOM

America

AiCc

GEOM

253,45

0

WEIBULL

254,54

LN

264,75

MZSM

0

(0, 2.78)

79,5

1,09

(0.43, 8.77)

20,5

11,3

(3.45, 19. 99)

0

311,79

58,34

(55.25, 74.01)

0

LS

312,53

59,08

(56.05, 74.82)

0

POWER

365,88 112,43 (103.37, 124.78)
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LN

Africa

ICC by continents

America

Asia

Europe

Oceania

240,3

0

0

100

WEIBULL

253,67

13,37

(6.75, 19.39)

0

LS

0

262,93

22,63

(17.92, 42.16)

MZSM

273,7

33,4

(17.62, 41.77)

GEOM

275,38

35,08

(34.91, 50.64)

0

POWER LAW 294,93

54,63

(51.7, 81.82)

0

0

100

0

LN

247,52

0

LS

251,87

14,35

(12.45, 29.51)

0

MZSM

253,88

16,36

(13.69, 30.73)

0

WEIBULL

271,93

24,41

(11.48, 25.17)

0

POWER LAW 298,67

51,15

(37.92, 59.87)

0

64

(62.37, 74.17)

0

GEOM

311,52

LN

265,73

0

0

100

LS

270,87

15,32

(10.77, 26.21)

0

MZSM

272,74

17,01

(11.83, 27.21)

0

292,5

16,77

(12.17, 19.77)

0

POWER LAW 312,45

46,72

(35.07, 55.46)

0

GEOM

337,85

72,12

(68.67, 80.31)

0

LN

265,73

0

0

100

LS

280,87

15,14

(11.06, 29.90)

0

MZSM

282,74

17,01

(12.66, 31.36)

0

WEIBULL

WEIBULL

293,5

27,77

(12.15, 31.09)

0

POWER LAW 315,78

50,05

(34.33, 59.27)

0

GEOM

337,85

72,12

(69.12, 84.63)

0

LN

160,97

0

100

WEIBULL

171,84

10,87

(5.90, 20.98)

0

LS

191,37

30,4

(21.84, 50.24)

0

MZSM

193,65

32,68

(22.09, 50.34)

0

GEOM

199,73

38,76

(23.52, 38.95)

0

POWER LAW 228,95

67,98

(54.30, 88.34)

0
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6
11
16
18
26
31
33
35
39
40
42
45
51
52
53
54
56
58
59
61
66
67
68
69
70
73
82
83
89

HPV type

Cervical infection progression [44]
Asymptomatic
LSIL
HSIl
3,75
4,13
1,72
1,98
1,67
1,00
12,30
12,59
33,48
4,79
4,23
5,16
0,28
0,38
0,52
5,22
5,16
7,46
3,06
2,85
5,53
2,07
2,18
2,63
3,80
4,03
2,35
1,21
1,08
0,34
2,51
4,37
1,14
3,00
2,16
2,24
4,82
6,69
4,37
6,42
5,69
8,08
5,28
5,10
2,58
3,75
2,84
1,13
3,33
5,00
1,86
4,37
4,22
6,29
3,00
2,90
1,58
3,65
3,10
1,20
3,87
4,40
1,86
1,64
1,69
0,69
2,65
1,95
1,36
0,40
0,19
0,27
3,41
1,39
1,10
1,78
1,79
1,23
1,09
1,30
1,47
2,40
1,79
0,36
4,16
5,13
1,00
0,40
0,41
55,32
14,54
0,26
3,54
4,24
1,64
1,36
0,01
0,11
4,76
0,93
3,37
0,49
0,16
0,84
3,83
1,13
0,09
0,38
0,27
0,71
0,13
0,22
0,50
0,17
0,11
0,10

ICC

151

Cervix
0,39
0,26
60,07
10,79
0,34
4,24
4,30
2,31
0,01
0,01
0,04
6,44
1,85
3,61
0,50
0,08
1,10
1,24
0,01
0,29
0,24
0,29
0,65
0,08
0,33
0,47
0,07
0,00
0,00

Squamous carcinoma by site [45-50]
Vulva
Vagina
HN
2,32
1,36
1,61
0,84
0,34
0,46
69,89
60,54
79,49
5,26
5,44
2,30
0,21
0,34
1,84
2,11
5,44
0,69
6,53
5,44
2,76
0,42
1,02
2,53
0,00
0,00
0,00
0,00
0,00
0,00
0,42
0,34
0,00
3,16
4,08
1,38
1,26
2,38
0,92
1,89
3,06
2,07
0,84
0,00
0,46
0,21
0,68
0,00
1,47
2,04
0,46
0,21
1,70
0,46
0,42
0,00
0,00
0,21
0,00
0,46
0,63
0,34
0,23
0,21
0,00
0,46
0,42
1,36
0,69
0,42
1,02
0,46
0,42
0,34
0,00
0,21
2,38
0,00
0,00
0,34
0,00
0,00
0,00
0,00
0,00
0,00
0,23
Penis
4,69
2,05
67,45
2,05
0,59
1,17
3,52
2,93
0,29
0,29
0,29
2,93
1,17
2,64
0,88
0,29
1,47
2,05
0,00
0,00
0,88
0,00
0,29
0,00
0,88
0,88
0,29
0,00
0,00

Table S2: Prevalences of HPV communities for cervical infection prgression and squamous carcinoma in different anatomical regions.

Anus
2,64
1,54
77,80
4,62
0,00
2,20
3,30
1,76
0,00
0,00
0,22
0,88
0,44
1,32
0,44
0,22
0,66
0,44
0,00
0,22
0,44
0,22
0,44
0,00
0,00
0,22
0,00
0,00
0,00
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Pre and Postvaccine [51]
Prevaccine Postvaccine
5,40
1,60
1,00
0,20
6,00
3,00
1,60
1,00
0,20
0,10
2,80
1,20
0,50
0,30
1,10
0,70
3,30
2,80
1,90
2,10
2,60
2,40
1,40
0,40
5,50
4,70
3,80
3,90
4,20
3,90
2,30
3,50
3,40
2,60
1,90
0,80
3,20
3,00
3,00
2,60
4,90
4,30
2,20
1,80
1,20
1,60
0,30
0,10
0.5
0,40
1,60
2,60
1,00
2,10
1,10
0,90
5,10
3,40
Africa
0,39
0,26
60,07
10,79
0,34
4,24
4,30
2,31
0,01
0,01
0,04
6,44
1,85
3,61
0,50
0,08
1,10
1,24
0,01
0,29
0,24
0,29
0,65
0,08
0,33
0,47
0,07
0,00
0,00

1

Asymptomatic infection by country
America
Asia
Europe
2,32
1,36
1,61
0,84
0,34
0,46
69,89
60,54
79,49
5,26
5,44
2,30
0,21
0,34
1,84
2,11
5,44
0,69
6,53
5,44
2,76
0,42
1,02
2,53
0,00
0,00
0,00
0,00
0,00
0,00
0,42
0,34
0,00
3,16
4,08
1,38
1,26
2,38
0,92
1,89
3,06
2,07
0,84
0,00
0,46
0,21
0,68
0,00
1,47
2,04
0,46
0,21
1,70
0,46
0,42
0,00
0,00
0,21
0,00
0,46
0,63
0,34
0,23
0,21
0,00
0,46
0,42
1,36
0,69
0,42
1,02
0,46
0,42
0,34
0,00
0,21
2,38
0,00
0,00
0,34
0,00
0,00
0,00
0,00
0,00
0,00
0,23

152
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1

6
11
16
18
26
31
33
35
39
40
42
45
51
52
53
54
56
58
59
61
66
67
68
69
70
73
82
83
89

HPV type
Oceania
4,69
2,05
67,45
2,05
0,59
1,17
3,52
2,93
0,29
0,29
0,29
2,93
1,17
2,64
0,88
0,29
1,47
2,05
0,00
0,00
0,88
0,00
0,29
0,00
0,88
0,88
0,29
0,00
0,00

1

Invasive cervical carcinoma by country
Africa
America
Asia
Europe
2,64
3,75
4,13
1,72
1,54
1,98
1,67
1,00
77,80
12,30
12,59
33,48
4,62
4,79
4,23
5,16
0,00
0,28
0,38
0,52
2,20
5,22
5,16
7,46
3,30
3,06
2,85
5,53
1,76
2,07
2,18
2,63
0,00
3,80
4,03
2,35
0,00
1,21
1,08
0,34
0,22
2,51
4,37
1,14
0,88
3,00
2,16
2,24
0,44
4,82
6,69
4,37
1,32
6,42
5,69
8,08
0,44
5,28
5,10
2,58
0,22
3,75
2,84
1,13
0,66
3,33
5,00
1,86
0,44
4,37
4,22
6,29
0,00
3,00
2,90
1,58
0,22
3,65
3,10
1,20
0,44
3,87
4,40
1,86
0,22
1,64
1,69
0,69
0,44
2,65
1,95
1,36
0,00
0,40
0,19
0,27
0,00
3,41
1,39
1,10
0,22
1,78
1,79
1,23
0,00
1,09
1,30
1,47
0,00
2,40
1,79
0,36
0,00
4,16
5,13
1,00

Table S3: Prevalences of HPV communities for pre-and postvaccination analysis and asymptomatic and invasive carcinoma in different countries
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Summary of the results

Our study assessing the differences on CUPrefs among HPVs
demonstrated for the first time that the main explanatory factor for
CUPrefs of HPVs is the clinical presentation of the viral infection.
By applying phylogenetic inference and dimensionality reduction
methods, we demonstrate first that genes in HPVs are poorly
adapted to the average human CUPrefs, the only exception being
capsid genes in viruses causing productive lesions. Detailed
analyses by means of methods of dimensionality reduction showed
that genes in viruses with similar clinical presentation display
similar patterns of CUPrefs. We found an almost perfect match
between between groups of viruses showing similar CUPrefs and
the clinical, phenotypic presentation of the infection in terms of
tropism, productivity and potential for malignisation. We also
described that genes expressed at similar stages of the viral
infection cycle shared similar CUPrefs. Our results suggest that
CUPrefs in HPVs reflect either variations in the mutation bias or
differential

selection

pressures

depending

on

the

clinical

presentation and expression timing. Finally, we evaluated the
influence of overlapping (E2 and E4) reading frames on the
CUPrefs of HPVs. We found that for all clinical manifestations, the
E4 gene is less adapted to human CUPrefs than the overlapping
region of the E2 gene.
In the study assessing the level of agreement between highgrade/low-grade intraepithelial neoplasia lesions and infection
by oncogenic/non-oncogenic HPVs, we have studied the
distribution patterns of oncogenic and non-oncogenic HPVs in anal
and perianal SILs in non-vaccinated heterosexual men, women, and
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Summary of the results

MSM with known HIV status. Our results demonstrated that LSIL
with foci of HSIL are more prevalent in anal as compared to
perianal lesions in all patient groups. Moreover, we found that
MSM, irrespective of their HIV status, showed a higher proportion
of LSIL with focus of HSIL compared to heterosexual men/women.
HPV6 and HPV11 were the most prevalent types among perianal
and anal lesions cases in each patient and histology group.
However, our results showed that among HIV-positive MSM, more
than a third of perianal LSILs were only associated with a
oncogenic HPV type, while more than 64% of anal LSIL with a foci
of HSIL and independently of the HIV status were exclusively
associated with non-oncogenic HPVs (i.e. HPV6 or HPV11). Our
data indicate that there is a disagreement in high-grade/low-grade
SILs and oncogenic/non-oncogenic HPVs infection.
In our study of assessing the presence of cutaneous and mucosal
HPVs in mucosal cancer samples (Manuscript 3) we have
analyzed the presence of the genetic material of HPVs not explicitly
targeted by standard molecular epidemiologic methods of detection
in squamous carcinoma samples of the vulva, penis and head and
neck. These three anatomical locations display a low fraction of
cancer cases attributable to HPVs, in sharp contrast with the higher
rates of viral DNA prevalence in anal and cervical carcinomas. The
standard HPV detection methods target only a subset of clinically
important HPVs, namely oncogenic AlphaPVs, and may thus
overlook the presence of other HPVs. We have analyzed a large
number of HPV-negative cancer cases of the head and neck
(n=1141), vulva (n=902) and penis (n=592), previously tested using
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a robust SPF10/DEIA/LiPA25 protocol. In head and neck
carcinoma samples, we recovered DNA from two BetaPVs, namely
HPV20 and HPV21, and from three cutaneous AlphaPVs, namely
HPV2, HPV57 and HPV61. In vulvar squamous cell carcinoma
samples, we found one of the samples containing DNA of one
cutaneous HPV, namely HPV2, and 29 samples contained DNA
from essentially mucosal HPVs. Finally, in penile squamous cell
carcinoma samples, we retrieved the DNA of HPV16 in 16 samples.
Finally, we studied the interaction among HPVs inside it host, by
means of established biodiversity measures (Hill numbers) and
methods (species abundance distribution plots) to epidemiological
data in order to assess whether niche or neutral processes are
shaping HPV diversity patterns at the population level. By fitting
species abundance distributions, we found that in all stages of the
HPV infection, the neutral model was always out-performed by
non-neutral distributions. Also as infections progress towards
cancer, HPVs communities become more uneven and a few HPVs
play a stronger dominance role. We also studied the pre- and postvaccination data, in order to assess the potential impact of the
vaccines in HPVs communities. We found that ecological pressures
linked to vaccination might not change the processes driving type
distribution in HPVs communities. Therefore, even if the vaccine
reduces the prevalence of the targeted types, which often dominate
the community, the community remains sufficiently uneven to
reject neutrality.
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GENERAL DISCUSSION
One of the most distinctive characteristics of HPVs is the
differential preference of particular types for particular anatomical
sites, where they cause lesions with distinctive clinical pathologies
[27]. In general, sequence-based phylogeny does provide some
useful insight into disease association, although closely related
HPVs can in some instances show distinct clinical presentations in
terms of tropism, productivity, and potential for malignization.
Explaining such differences in clinical presentation remains beyond
our current understanding of virus biology.
In the four studies conducted during this PhD thesis, we aimed to
disentangle the link between HPV genotypic diversity and the
phenotypic, clinical diversity of the diseases associated to HPV
infections. We studied this question by means of three different
approaches: ecological, evolutionary and clinical. Only such an
integrative strategy may help us explain why certain PVs cause
cancer while many other only generate benign lesions or
asymptomatic infections.
EVOLUTIONARY

PERSPECTIVE : THE ROLE OF CUPREFS
SHAPPING CLINICAL PRESENTATION OF HPV INFECTIONS

In this PhD thesis, the link between clinical manifestation of the
infection and HPV genotypic diversity is analyzed from an
evolutionary perspective studying the CUPrefs of all HPVs genes.
Based on our results, it is likely that CUPrefs may provide clues to
some of the open questions around the clinical presentation of
HPVs infections. We provide four lines of evidence supporting this
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statement. First, we have demonstrated that all genes in HPVs
display poor adaptation to human CUPrefs, in line with previous
studies [163, 165]. Second, we found that closely related viruses do
not necessarily display closely related CUPrefs, while orthologous
genes in distantly related viruses but with similar tropism tend to
show similar CUPrefs. For instance, HPV101, 103 and 108 belong
to the GammaPVs species 6, and although they are phylogenetically
related with asymptomatic cutaneous GammaPVs, these types were
isolated from cervical lesions [240, 241]. In line with these
differences in tropism, we found that all members of GammaPVs
species 6 display CUPrefs similar to those in HPVs causing genital
warts. We also demonstrated a correlation between nucleotide
composition at the third codon position on one side and the clinical
presentation of HPVs on the other side. Third, we find evidence
connecting CUPrefs of HPVs with the temporal expression of the
viral genes, coupled to the keratinocyte differentiation program.
Finally, we demonstrated that in all HPVs the E4 gene, which
frames the hinge region of the E2 gene, was less adapted to human
CUPrefs than the E2 hinge region. Non-synonymous changes in the
hinge region of E2 have been associated with a disproportionate
number of synonymous substitutions in the E4 reading frame [242,
243], Hence, in E4, this purifying selection concurs in the observed
lower adaptation with comparison to the E2 hinge region, indicating
that low adaptation to human CUPrefs could be favoured by the
evolution.
Tacking together, our analyses on CUPrefs of HPVs suggest that
both mutation and selection evolutionary processes might play an
162
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important role in shaping CUPrefs of HPVs genes. Regarding
mutation, it is conceivable that viral infection could modify the
polymerase biases by altering the biochemical environment for PV
genome replication. Additionally viral genome replication occurring
in superficial layers of the skin may be exposed to increased UV
radiation

and

therefore

subject

to

additional

error-prone

mechanisms linked to resolution and repair of cyclobutane
pyrimidine dimers [244]. Finally, it has been demonstrated that PV
genome could be a target for the cellular Apolipoprotein B mRNAediting catalytic polypeptide (APOBEC3) cytidine deaminase [245],
resulting in a C>>T bias similar to those observed in several cancer
genomes [246]. The decreased GC content in HPVs genes could
thus reflect the sustained C>T edition pressure by the APOBEC3
proteins [247]. Moreover, gene expression data clearly shows
significantly higher expression levels of all APOBEC3 isoforms in
mucosal tissues compared with cutaneous skin [248], thus allowing
for differential edition of viral genomes depending on their tropism.
Regarding selection, three adaptive explanations for the biased
codon usage preferences in PV genes have been proposed. First, it
has been classically claimed that HPV codon usage preferences
have been selected for because they decrease viral protein synthesis,
thereby lowering immune exposure [166], and experimental
evidence in vivo with the rabbit model also points in this direction
[43]. Second, our results suggest that CUPrefs in HPVs may have
evolved to match the varying tRNA profile of the keratinocyte
through the differentiation program, as it has been reported that
keratinocyte tRNA profiles vary across the differentiation process
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[249]. Finally, the HPV genome accommodates overlapping genes,
transcription, regulatory and splice sites [250], and is subject to
complex differential methylation during the life cycle while
avoiding accumulation of CpG islands that could elicit immune
response [251]. We hypothesize that an evolutionary trade-off exists
in the clinical presentation of the viral infection between a potential
for strong gene expression and a potential for eliciting strong
immune responses. Modulation of viral CUPrefs with respect to the
host’s CUPrefs may help push the equilibrium in one direction or
another.
CLINICAL

PERSPECTIVE : THE CAUSAL LINK BETWEEN HPV
INFECTIONS AND DIFFERENTIAL ASSOCIATION WITH DISEASE

We also study the connection between genotype and phenotype
from a clinical point of view. First, we find that changes in the
epithelial micro-environment, such as those that may occur upon
HIV infection can influence the clinical presentation of HPVs
infections. Our results show that that among HIV-positive MSM
there is an increased prevalence of LSILs in the perianal region
driven only by oncogenic HPVs compared to HIV-negative MSM,
suggesting that low-grade lesions in HIV-positive MSM are at
higher risk of developing into invasive carcinomas. Current
consensus proposes that HIV-induced immunosuppression accounts
for the increased risk of LSILs with persistent oncogenic HPVs
infections leading to invasive carcinoma [252-254]. Some evidence
even suggests direct molecular interaction between HIV-tat and
HPV16 E7 proteins that may result in local depletion of LCs [255,
256], which is linked to local immune deficiency and higher rate of
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dysplasia [255, 256]. Essentially, HIV-infection is considered both
to deplete the cell-mediated LCs response to HPV infections and to
disrupt the epithelial tight junctions, thus enhancing the subsequent
cancer development [256-259]. Anogenital lesions arising in a
particular

epithelium

retain

the

ancestral

architecture

and

keratinisation degree of the tissue in which they originate, which is
further modified by dysplasia [259]. Upon infection especially by
oncogenic HPVs, different tissues are therefore thought to produce
different epithelial immune responses [260, 261]. More specifically,
reduced levels of LCs have been reported in cutaneous warts (e.g.
perianal lesions in our case) but not in mucosal warts (e.g. anal
warts in our case) [262]. Furthermore, a drastic depletion of LCs
and a higher rate of dysplasia are observed in perianal warts
compared to mucosal lesions in HIV-infected individuals [255,
263].
The association of oncogenic HPVs with cervical cancer is well
established, and has provided a rationale for the introduction of
HPV DNA testing in cervical screening, as well as the development
of prophylactic vaccines against HPV16 and 18, and other major
culprits of cervical cancer [68, 264]. In this PhD thesis, we provide
evidence supporting the idea that other HPVs beyond mucosal
oncogenic types can be involved in the malignization process. First,
we found DNA from non-oncogenic types in anal high-grade SILs,
which are considered cancer precursor lesions in the anal canal. We
also describe the presence of cutaneous HPVs, (HPV3, HPV29, two
cutaneous AlphaPVs, as well as HPV1, MuPV) in anal SILs.
Previous studies also described the presence of cutaneous HPVs in
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external genital lesions [87, 96, 265-267]. Moreover, we describe
the presence of the DNA from cutaneous AlphaPVs and BetaPVs, in
mucosal cancer samples from the head and neck, vulva and penis.
Our results are in agreement with epidemiological and biological
studies showing that HPVs beyond mucosal oncogenic AlphaPVs
are likely to have a role in carcinogenesis [186, 268-273].
Furthermore, studies using in vitro and in vivo experimental models
have highlighted the properties of E6 and E7 from several BetaHPVs in deregulating fundamental cellular events intimately linked
to transformation, such as cell cycle progression, apoptosis,
differentiation, and DNA repair [274].
It is important to keep in mind that the presence of viral DNA alone
does not necessarily imply causation or relation to malignancy, as it
might simply reflect an ongoing viral infection unrelated to the
carcinogenic process [275]. The different protein functions, and the
way that these proteins are expressed during the virus life cycle,
directly underlie viral pathogenesis [276]. Thus, it is important to
explore the expression patterns of other markers associated with
HPV-induced carcinogenesis to assess the biological and oncogenic
activities of HPVs identified in these cancers. Some HPV detection
technologies are based on the detection of the viral mRNA.
Oncogenic HPVs produce a splicing transcript named E6*1 that is
highly expressed in carcinomas, and which allows for an easy
differentiation between viral DNA and RNA [277]. Although the
detection of viral mRNA is also not a final hint of causality, it adds
an extra evidence to suggest that the virus is active. However, it
remains unclear which may be the oncogenic mechanism of non166
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oncogenic HPVs, thus complicating the design of a specific test.
The transcription patterns and other molecular characteristics of all
HPVs are often inferred by analogy with those of the best-studied
oncogenic AlphaPVs, leading to an overgeneralization of the
biology of a few virus to the complete family [27]. Our analyses on
CUPrefs suggest that the transcription patterns of Beta- and
GammaPVs genes might differ from those of AlphaPVs. Thus, we
anticipate that the relationship between cutaneous HPVs and
carcinogenesis will involve different mechanisms and/or follow
different molecular pathways and gene expression timing that those
well described for mucosal oncogenic types associated with cervical
cancer [278, 279]. It is possible that the association of cutaneous
HPVs with the carcinogenic process at mucosal sites might be more
similar to the elusive, putative role these types play in skin cancer
(NMSC) [274, 280]. Indeed, determination of viral load in NMSC
specimens revealed that not all cancer cells contain a copy of the
BetaPV genome proposed to be a cancer cause [281]. These
findings suggest that BetaPVs may act at an early stage of skin
carcinogenesis, and that after full establishment of the cancer
phenotype, viral DNA may not be required any longer and may be
rapidly lost. Consistently with this hypothesis, BetaPV genome
copy number appears to be higher in actinic keratosis (AK), which
is considered the pre-malignant lesion of NMSC, than in NMSC
[281].
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ECOLOGICAL PERSPECTIVE: INTERACTION AMONG HPVS IN
DIFFERENT STAGES OF THE INFECTION

Human interventions such as massive vaccination against selected
PVs, as well as cancer screening focused on selected HPVs, will
surely have a positive impact on human health. However, their
outcome on viral circulation, intrahost dynamics and epidemiology
cannot be ignored, and we are still far from being able to foresee the
associated impact. The combined efforts of epidemiology and
ecology, both at the intrapatient and at the population level, are
required to understand the present and to anticipate the future of the
long lasting interaction between the few oncogenic HPVs and
humans.
Whether a population will expand its niche once another population
is removed from a shared environment, is fundamentally an
ecological question. Indeed, predicting the outcome of removing the
vaccine types, HPV16 and HPV18, requires first understanding how
HPVs interact ecologically during co-infections. Moreover,
untangling between-type interactions could help us understand
disease progression [282]. Yet, despite these important reasons,
little is known about HPV type interactions and ecology.
Epidemiological studies of type distributions before and after
vaccination has led to the widespread belief that HPVs do not
interact, which ruled out the possibility of type replacement [231,
232, 283-285]. These studies have not found patterns of viral
clustering at the epidemiological level, and have thus concluded that
the interactions between HPVs are established at random [232,
283]. It is reasoned that such random distribution of types at the
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population level implies that within hosts there is ‘no competition’
or ‘no interactions’ [232, 286], and that competition between types
should be detectable epidemiologically because types that compete
would not be found together in coinfections [287, 288]. Our results
profoundly challenge this assumption as we find that HPVs form
non-neutral communities. In other words, our results suggest that
HPVs interact within the host, and that the presence of one given
HPV is not neutral for the rest of the HPVs infecting the host.
Moreover, we found that the environmental changes linked to
infection progression, (namely an increase in immune activity
through e.g., more immunity effectors, cytokines, polarisation of the
Th1/Th2 immune response etc.) [289] might also influence the
interactions between HPVs, increasing the strength of the
dominance of the oncogenic types. In line with our results,
theoretical work at both the within-host [237] and epidemiological
levels [290] have supported the idea that types are likely interacting
via the immune system (both innate and adaptive). We also find that
in the initial descriptions of the post-vaccination era, HPVs still
form non-neutral communities suggesting that the vaccine is not
changing the underlying processes that govern HPV distributions
and relative abundances. Our results suggest that the theoretical
possibility that type replacement may occur is therefore plausible.
However, we need to be cautious with these results because such
natural type competition needs to be stronger than the crossprotection afforded by vaccines for type replacement to occur [283],
and the relative strengths of these competitive forces have not been
evaluated yet.
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STRENGTH AND LIMITATIONS
When compared to previously published studies, one of the
strengths of our study on the CUPrefs of HPVs is the use of
different

statistical

methods

(Multidimensional

scaling,

Correspondence analysis and Two-step Cluster analysis) performed
in parallel and independently of our a priori information, to assess
the similarities among CUPrefs of HPVs genes. All the different
methods applied point towards the same direction: the clinical
presentation and temporal expression of HPVs genes correlate with
viral CUPrefs. To our knowledge, this is the largest study assessing
the CUPrefs of HPVs, including all genes from all known HPVs
from the Alpha-, Beta-, Gamma, Nu- and MuPV genera. Although
we cannot disentangle from our analyses which are the mutational
and selective pressures that shape CUPrefs on HPVs, we propose
several hypotheses that might explain or be compatible with our
results.
We also present a comprehensive perianal and anal HPV type
distribution genotyped with specific methods targeting at least 63
members of Alpha-, Gamma-, Mu- and NuPVs. Our study included
a significant number of anal and perianal samples from both HIVnegative and HIV-positive patients. More importantly, our study
presented the most comprehensive HPV type distribution in precancerous anal lesions from the anal canal among HIV-negative and
HIV-positive MSM, a risk population for anal cancer, which has
not, thus far, been included in the national vaccination programs nor
is expected to receive the effects of herd immunity from women’s
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vaccination. However, we are aware that our study includes a
limited number of HIV-positive MSM cases and also lacks HIVpositive cases from heterosexual group. Moreover, our samples
were collected in a sexual health clinic in Perth, Australia, thus
raising the question that the Australian national vaccination
program might have skewed the HPV type distribution presented in
this study. However, we can rule out this possibility because: first,
only 38 out of 304 patients in this study were 26 years old or
younger in 2007, when the catch-up vaccination program targeting
girls from 16 to 26 years of age was introduced. Second, from these
38 patients in our study that might have received the quadrivalent
HPV vaccine and or have benefited from herd immunity, only three
and nine were hetero/bisexual women or men, respectively, and the
rest were MSM. Third, all twelve hetero/bisexual patients, who
might have received the vaccine or benefited from herd immunity,
showed HPV6 or HPV11 positive perianal/anal SILs. And fourth,
the origin of the patient samples in this study were from the Perth
region where the HPV vaccine coverage rate were below 49% and
28% for the HPV vaccine uptake dose 1 and dose 3, respectively
[291]. Therefore, there are no biases expected from the HPV
vaccination for the natural HPV type distribution for the presented
data.
Our study on the role of non-oncogenic HPVs in the malignization
process includes, to our knowledge, the largest number of cancer
samples from different anatomical locations (penis, vulva and head
and neck). The use of a single methodology on all samples allows
us to detect differences in the prevalence of cutaneous and other
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non-oncogenic HPVs across the different anatomical locations. The
methodology used in this study (broad-spectrum PCRs with five
different primer sets) is able to detect the DNA of a broad range of
HPVs, including mucosal and cutaneous types. Primer sets had been
selected considering the spectrum of the HPV types to be detected,
in order to cover both mucosal and cutaneous HPVs, as well as their
sensitivity in a single round assay, in order to avoid contamination.
However, as a limitation, single round PCR might underestimate the
presence of HPVs in low copy numbers. Another limitation is that
the tissue FFPE biopsies used in our study could contain
heterogeneous groups of cells, such as malignant, pre-malignant
and/or normal epithelium. From our analyses, we cannot rule out
the possibility that the non-oncogenic HPVs detected could be
retrieved from the normal tissue included in the FFPE sample.
Moreover, two other technical factors might have contributed to
underestimate the presence of HPV-DNA. First, the type of samples
used in this study: we used FFPE samples, and it has been described
that the DNA isolated from FFPE tissues may be severely degraded
and contain mainly small fragments, generally less than 300 bp
[292]. Globally, the broad-spectrum primers sets used in this study
are not optimized for retrieving small amplicons, which might have
underestimated the detection of HPVs. Second, samples used in this
study were stored at -80ºC, and sample storage might further
compromise DNA quality in the samples [293]. In order to
minimize this effect we heated all the stored samples (including
samples from the vulva and penis), during 48h at 60ºC. We found
that this pre-treatment may help recover DNA possibly adsorbed
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onto the plastic tube walls. However, this recovery remained
incomplete and still, samples with low DNA concentration may
result in low DNA detection rates.
In our study on HPVs interaction, we applied for the first time
different established ecological methods to epidemiological data in
order to produce a complete picture of the within-host HPV
interactions at the population level. Previous studies assessing
HPVs

interaction

based

their

predictions

on

probabilistic

approaches not designed to infer ecological interaction, such as the
estimation of odds ratios of expected frequency of co-occurrence
(e.g. [232]), logistic regression models (e.g. [294]), or hazard
ratios (e.g. [233]). Moreover, the epidemiological data used in our
study include the most complete meta-analysis published till the
date, with data of the HPV distribution across the different stages of
the cervical HPV infection [100]. The data used for our analysis on
pre- and post-vaccination communities come from a published
study in the USA [295]. This dataset has several limitations because
the data was collected over only three years after the start of the use
of the vaccine, and they refer to samples across the USA where
vaccination coverage is very heterogeneous and often very low in
some areas.

NOVELTY OF RESULTS AND FUTURE PERSPECTIVES
We found that codon usage preferences may influence clinical
presentation of HPVs infections. It would be thus interesting to
extend this analysis to other viruses and evaluate, by using the same
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robust methodology, the CUPrefs of genetic variants of other
viruses and their association with disease. Moreover, it would be
also interesting to investigate the impact of CUPrefs on the
oncogenic potential of chronic viral infections by assessing the
effect of viral codon usage on progression and regression of lesions.
It could be also interesting to explore the origin and evolution of the
E5 gene. This gene was not included in the analysis on the CUPrefs
of HPV genes because it is a sinapomorphy of AlphaPVs. However,
this gene is extremely interesting as it has been described as the
only HPV gene displaying a good match between virus phylogeny
and viral phenotype of the infection [28]. The location within the
intergenic E2-L2 region of the PV genome and the hydrophobic
nature of the proteins has been the only criteria to classify putative
genes as “true” E5 ORFs. However, we do not have evidence of the
expression of most of these ORFs in vivo and only the biology of
HPV16 E5 protein is partially understood. Understanding how PV
genes originate and evolve is crucial to explaining the genetic basis
for the origin and evolution of phenotype diversity found in these
medically important viruses. Our preliminary analyses seem to
point towards a paraphyletic origin of E5 genes from AlphaPVs,
supporting the role of E5 in the differential oncogenic potential of
these HPVs. We are currently running a series of additional
analyses to assess the nature of the E5 genes.
Moreover, this thesis provides novel data on the carcinogenic
potential of certain HPVs. However, to further evaluate the causal
role of non-oncogenic HPVs in the malignization process, studies
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assessing the presence of biomarkers of HPV transcriptional activity
are needed in order to demonstrate that the virus identified in the
lesion is active. It could be thus interesting to assess the presence of
mRNA in the tumour samples in which we found DNA of nononcogenic types, in order to provide evidence supporting that the
virus is active. Another future perspective would be to study the
presence of non-oncogenic HPVs in precancerous mucosal lesions,
in order to determine whether these types could be involved in the
early stages of the carcinogenic process.
Finally, we have provided evidence reinforcing the idea that HPVs
interact with one another during the course of a multiple infection.
We have used an ecological approach to study HPV interactions as
there are no published studies applying ecological methods on
epidemiological data of HPV infections. To best characterize HPV
type interactions, we would need experimental data of viral
competition assays under varying conditions, from in vitro to in
toto. Moroever, in order to deep inside the interactions among
HPVs, it would be also interesting to analyse the interplay between
HPVs and the cells they infect by elaborating a mathematical model
able to capture this interaction of HPVs and the cells that they
infect. It would be also interesting to nest this within-host model
into an epidemiological model in order to understand the long-term
evolution of HPVs at the between-host level.
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Conclusions

From an evolutionary perpective we found that:


Closely related viruses did not necessarily display closely
related CUPrefs, while orthologous genes in distantly related
viruses but with similar clinical presentation tend to show
similar CUPrefs



For viruses with a well-characterised infection cycle, genes
expressed simultaneously tend to show similar CUPrefs.



In E4, the purifying selection observed in E2 concurs in the
lower adaptation to human CUPrefs with comparison to the
E2 hinge region, indicating that low adaptation to human
CUPrefs could be favoured by the evolution.

From a clinical perspective, we found that:


There is a disagreement in high-grade/low-grade SILS and
oncogenic/non-oncogenic HPV infections.



The DNA of cutaneous HPV types can be found in mucosal
cancer samples, although their relative contribution remains
minor (6/2635) and may be neglected for screening and
vaccination purposes. Moreover, their contribution to
malignancy is not necessarily warranted and need to be
elucidated.

From an ecological perspective, we found that:


HPVs interact inside its host and form non-neutral
communities.



Environmental changes linked to infection progression
might also influence the interactions between HPVs,
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increasing the strength of the dominance of the oncogenic
types.


The initial descriptions of the post-vaccination era indicate
that HPVs still form non-neutral communities suggesting
that the vaccine is not changing the underlying processes
that govern HPV interactions
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