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    Abstract     Human papillomaviruses (HPV) are a family of small DNA tumor viruses 
with a size of ~52–55. The family consists of ~200 different genotypes; many of the 
types cause benign warts or papilloma, while a small fraction of oncogenic or “high-
risk” types can cause invasive cervical cancer or other tumors. HPV infects kerati-
nocytes in the basal layer of stratifi ed squamous epithelia and replicates in the 
nucleus of infected keratinocytes along with keratinocyte differentiation. The viral 
genome in size of ~7.9 kb encodes six early, non-structural regulatory proteins (E1, 
E2, E4, E5, E6, and E7) and two late structural proteins (L1 and L2). E6 and E7 are 
two oncoproteins responsible for the viral oncogenesis of high-risk HPVs, includ-
ing HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82. L1 is a major 
structural component of viral capsid and its self-assembly in vitro into a viral-like 
particle (VLP) provides the basis of prophylactic vaccines against infections of sev-
eral HPV types. In addition to cervical cancer, high-risk HPVs are associated with 
the development of various anogenital cancers and certain head and neck cancers.  

7.1         A Brief History and Classifi cation of Human 
Papillomaviruses 

 Human papillomaviruses (HPV) are a family of small DNA tumor viruses in size of 
~52–55 nm in diameter measured initially under electron microscope from    skin 
papillomas by Joseph Melnick at Yale in 1950 (Strauss et al.  1950 ). Since discovery 
of the fi rst two genotypes of HPV, HPV1 and HPV2, in 1977 (Orth et al.  1977 ) and 
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fi rst completion of HPV1a genome sequence in 1982 (Danos et al.  1982 ), the family 
has grown to consist of ~200 different genotypes, with 185 genotypes being com-
pletely sequenced and deposited in GenBank (  www.pave.niaid.nih.gov    ). 

 Papillomaviruses were initially classifi ed as a subfamily of the family 
 Papovaviridae  in 1962 (Melnick  1962 ), but reclassifi ed in 2002 as an independent 
family,  Papillomaviridae , in the seventh Report of the International Committee on 
Taxonomy of Viruses (ICTV). The family  Papillomaviridae  currently contains at 
least 29 genera and human papillomaviruses are classifi ed into fi ve (alpha, beta, 
gamma, mu, and nu) genera (Fig.  7.1 ). The classifi cation of papillomaviruses 
depends on the most conserved L1 ORF by genotyping. Different genera share less 
than 60 % nucleotide sequence identity in the L1 ORF. A new type of papillomavi-
rus is given when its DNA sequence of L1 ORF differs by more than 10 % from the 
closest known HPV type. Otherwise, a subtype indicates the difference between 2 
and 10 % and a variant less than 2 %. HPV types are numbered in the order by their 
discovery. HPVs in the alpha genus cause mucosal and a fraction of cutaneous HPV 

  Fig. 7.1    Classifi cation of papillomaviruses, adapted with permission from Nature (Crow  2012 )       
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lesions, while HPVs in the beta, gamma, mu, and nu genera cause cutaneous lesions 
(de Villiers et al.  2004 ; Bernard et al.  2010 ).

   HPVs are also grouped clinically as high-risk (oncogenic) types, which are fre-
quently associated with invasive cervical cancer, and low-risk (non-oncogenic) 
types, which are found mainly in genital warts. Epidemiologic studies of HPV types 
associated with cervical cancer indicate that 15 HPV types (types 16, 18, 31, 33, 35, 
39, 45, 51, 52, 56, 58, 59, 68, 73, and 82) are high-risk, and 12 HPV types (types 6, 
11, 40, 42, 43, 44, 54, 61, 70, 72, 81, and 89) are low-risk. Among the high-risk 
HPVs, HPV16 and HPV18 are the principal causes of cervical cancer, with a com-
bined, worldwide relative contribution of ~70 % of invasive cervical cancer (Munoz 
et al.  2003 ; de Sanjose et al.  2010 ).  

7.2     General Properties of Human Papillomaviruses 

    HPV Virions and Genome Structure 

 A mature HPV particle or virion contains a double-stranded, circular genome in size 
of ~7.9 kb covered by an icosahedral shell or capsid. Unlike many other viruses, 
HPV particles do not have an envelope or a lipid membrane outside of its capsid and 
thus is resistant to ether treatment. An HPV capsid is composed of 72 pentamers, of 
which 60 are hexavalent and 12 are pentavalent (Fig.  7.2a ). These pentamers are 
made up by two viral structural proteins, L1 and L2. Viral L1 (~55 kDa) is the major 
capsid protein and represents approximately 80 % of the total viral protein. Viral L2 

  Fig. 7.2    HPV genome structure and virion particles. ( a ) HPV11 VLP visualization of cryoEM 
reconstruction (  http://nramm.scripps.edu/?p=1042    ). ( b ) HPV genome in a circular episomal form, 
with relative positions of viral early (PE) and late (PL) promoters and early (AE) and late (AL) 
polyadenylation signals       
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(~70 kDa) is a minor capsid protein. Each viral pentamer is comprised of fi ve copies 
of L1 attached by one L2 from the inside of the pentamer (Bishop et al.  2007 ; Chen 
et al.  2000 ). This is particularly true for the pentamers on the 12 vertices of icosahe-
dral capsid shell. HPV virions are extremely stable and tolerate high temperature, 
low pH, proteases, and desiccation.

   The HPV genome can be divided into three major regions: early, late, and a long 
control (LCR), also called the non-coding region (NCR). The three regions are sep-
arated by two polyadenylation (pA) sites: early pA (AE) and late pA (AL) sites 
(Fig.  7.2b ). The early region encodes six ORFs (E1, E2, E1^E4, E5, E6, and E7) and 
this region of HPV16, HPV18, and HPV-31 also encodes an E8^E2. The late region 
lies downstream of the early region and encodes L1 and L2 ORFs. The LCR region 
(~850 bp) has no protein-coding function, but bears the origin of DNA replication 
and transcription factor binding sites important for viral RNA transcription (Zheng 
and Baker  2006 ).  

    HPV Life Cycle 

 HPV depends on keratinocyte differentiation for completion of its life cycle 
(Fig.  7.3 ). HPV infection is cell type-specifi c and requires access of virion particles 
to human basal cells on the basal lamina through micro-wounding induced by 
scratching, sexual intercourse, etc. Initial attachment of HPV virions to the host 
cells takes place by the interaction of viral major capsid protein L1 with the host 
receptor, heparan sulfate proteoglycan (Dasgupta et al.  2011 ). This interaction leads 
to a conformational change and exposes viral minor capsid protein L2 for furin/
proprotein convertase digestion (Richards et al.  2006 ). Subsequently, exposed L2 
(amino acid (aa) 108–120) interacts with the S100A10 subunit of annexin A2, a 
secondary cell receptor (Woodham et al.  2012 ; Dziduszko and Ozbun  2013 ), fol-
lowed by viral entry of the infected cells by endocytosis. L1 dissociation from 
L2-viral genome, which is facilitated by cyclophilin B (Bienkowska-Haba et al. 
 2012 ), results in viral particle uncoating and leaves L2-associated viral genome in 
the endosome to interact with the retromer complex to be transported to the nucleus 
via the trans-Golgi network (Lipovsky et al.  2013 ). Once in the nucleus, L2 local-
izes the viral genome to PML bodies for transcription of early genes and establish-
ment of infection (Day et al.  2004 ).

   HPV DNA replication requires the A+T-rich origin of DNA replication in the 
LCR and two viral DNA-binding proteins, E1 as a DNA helicase and E2 as an 
accessory factor to E1. It occurs bidirectionally in the nuclear replication foci 
(Swindle et al.  1999 ) during two different stages of the viral life cycle. The initial 
DNA replication takes place in an average of once per cell cycle in the G2 phase in 
the infected basal cells that have already completed S phase. This replication allows 
the cells to maintain approximately 50–100 copies per cell. DNA repair plays a role 
in promotion of HPV DNA amplifi cation (Moody and Laimins  2009 ; Hoskins et al. 
 2012 ; Reinson et al.  2013 ). The interaction of E1 with a cellular protein p80/UAF1 
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is required for effi cient maintenance of the viral episome in undifferentiated kerati-
nocytes (Lehoux et al.  2012 ; Cote-Martin et al.  2008 ). E2 binds to the viral genome 
and tethers it to mitotic chromosomes through mitosis by interaction with Brd4 on 
mitotic chromosomes to ensure replicated viral episomes to the nuclei of both 
daughter cells (You et al.  2004 ; Abbate et al.  2006 ; Wang et al.  2013 ). 

 Viral vegetative DNA replication differs from its initial replication and takes 
place in highly differentiated, upper layer spinous keratinocytes no longer undergo-
ing cellular DNA synthesis. This stage of viral DNA replication is robust and pre-
sumably undertaken by a rolling circle replication mechanism (Flores and Lambert 
 1997 ; Kusumoto-Matsuo et al.  2011 ; Geimanen et al.  2011 ), leading to amplify 
from a low, stable copy number to several thousands of the viral genome copies per 
cell to be packaged into progeny virions. Viral DNA amplifi cation is required for 
HPV late gene expression. Virions assemble into paracrystalline arrays in the granu-
lar layer and egress from the cornifi ed layers of the epithelium. DNA repair also 
play a role in promotion of HPV DNA amplifi cation (Moody and Laimins  2009 ; 
Hoskins et al.  2012 ; Reinson et al.  2013 ).  

  Fig. 7.3    Keratinocyte differentiation-dependent HPV life cycle. ( a ) Infection of the cervical basal 
keratinocytes by viruses ( circles ,  top left ) is initiated through a microtrauma usually during sexual 
intercourse. The panel is modifi ed with permission (Jia et al.  2009 ). ( b ) Expression of viral E6 and 
E7 is initiated in the infected basal cells ( orange color  on the  top left  for MCM7 as a surrogate for 
viral E6 and E7). Viral DNA replication takes place in the spinous and granular keratinocytes 
under intermediate or high differentiation ( navy blue color  on the  top right  for viral DNA). 
However, viral L1 and L2 ( red color  for L1 in the  bottom ) become detectable only in the granular 
and cornifi ed keratinocytes under terminal differentiation. This panel is used with permission 
(Zheng and Wang  2011 )       
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    HPV Genome Expression 

 HPV transcribes its RNA from one strand of its genome in one direction and starts 
from two major promoters named by their transcription start site position in the 
virus genome. A viral early promoter upstream of E6 ORF and a viral late promoter 
resided in E7 ORF are responsible for the expression of viral early and late ORFs, 
respectively. The viral early promoter P97 in HPV-16, P99 in HPV31, and P55/P102 
(previously named as P105) in HPV18 are three most studied early promoters. Their 
activities are tightly controlled by cis-elements in the LCR. These cis-elements, 
including consensus E2-binding sites, interact with cellular transcription factors and 
the viral transactivator/repressor E2 protein and regulate the transcription from each 
viral early promoter in undifferentiated keratinocytes. The resulting early primary 
transcripts (pre-mRNAs) carry all early ORFs, which span three exons and two 
introns and undergo alternative RNA splicing and polyadenylation using an early 
pA signal. Viral late promoter P670 in HPV16, P811 in HPV18 (Wang et al.  2011a ), 
and P742 in HPV31 are three studied late promoters. Their activities can be induced 
only in differentiated keratinocytes during vegetative virus replication. Because a 
viral late promoter is positioned in the E7 coding region (Fig.  7.4 ), transcription 
from the late promoter has to bypass the early pA site to allow expression of the late 
region. As a result, a true late pre-mRNA is a chimeric transcript of the early and 
late regions, with the early region in its 5′ half and the late region in its 3′ half. This 
late pre-mRNA can be processed either into an early region transcript which is 
cleaved and polyadenylated at the early pA site (transcript K) or a late region tran-
script which is cleaved and polyadenylated at the late pA site (transcript L–O) 
(Fig.  7.4 ). Alternative RNA splicing of HPV early and late transcripts produces 
various species and sizes of mRNA transcripts with multiple coding potentials 
(Fig.  7.4  transcripts A–O). Thus, any given HPV transcript, no matter whether it is 
an early or late transcript, could be bicistronic, tricistronic, or even polycistronic 
and contains two or more ORFs. Conversely, a particular ORF can be a part of mul-
tiple mRNA species. Thus, to determine which transcript encodes which viral pro-
tein has been a challenge and we know very little about which protein is translated 
from which transcript. Because E6, E1, and L2 ORFs span over an intron region, the 
expression of these three proteins requires the retention of its corresponding intron. 
RNA splicing promotes expression of E7 from viral early transcripts in high-risk 
HPVs and E4 from viral late transcripts (Tang et al.  2006 ; Doorbar et al.  1990 ).

       Viral Proteins 

 HPV genome encodes eight major viral proteins: E1, E2, E4, E5, E6, E7, L1, and 
L2. L1 and L2 are viral structure proteins for virus capsid formation. The other six 
viral proteins are non-structural and are responsible for virus replication and patho-
genesis. Viral E6 and E7 are two viral oncoproteins responsible for cell  transformation 
and tumorigenesis. 
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    E1 

 E1 protein (~68 kDa, 649 aa residues) is a site-specifi c DNA-binding protein for the 
viral origin of DNA replication. Although relatively little is known about how E1 
protein is produced in HPV-infected tissues, E1 is biochemically a well-studied 

  Fig. 7.4    Genome structure and transcription map of HPV18 (Wang et al.  2011a ). The  bracket line  
in the middle of the panel represents a linear form of the virus genome for better presentation of 
head-to-tail junctions, promoters ( arrows ), early (AE) and late (AL) pA sites, and mapped cleav-
age sites (CS). The ORFs ( open boxes ) are diagramed above the bracket, and the numbers above 
each ORF (E6, E7, E1, E2, E5, L2, and L1) are the positions of the fi rst nucleotide (nt) of the start 
codon and the last nt of the stop codon assigned to the HPV18 genome. The E1^E4 and E8^E2 
ORFs span two exons with the nt positions indicated. Because the fi rst AUG of E1^E4 and E8^E2 
is positioned in the fi rst exon, formation of an intact E1^E4 or E8^E2 ORF requires RNA splicing 
( dashed lines ). LCR indicates a long control region. Below the  bracket line  are the RNA species 
derived from alternative promoter usage and alternative RNA splicing. Exons ( heavy lines ) and 
introns ( thin lines ) are illustrated for each species of RNA, with the mapped splice site positions 
being numbered by nt positions in the virus genome. Coding potentials for each RNA species are 
shown on the  right . Adapted with permission (Wang et al.  2011a )       
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protein. E1 can be subdivided into three functional regions: a C-terminal helicase/
ATPase domain, a central origin-binding domain, and an N-terminal regulatory 
region. E1 serves as a DNA helicase and opens the DNA duplex to initiate viral 
DNA replication. E1 by itself has low affi nity for the viral origin of replication, 
which contains specifi c, palindromic E1 binding sites. However, binding of E2 pro-
tein to specifi c sites adjacent to the E1 binding sites helps recruit E1 in a cooperative 
manner. When loaded onto the origin of DNA replication, the E1/E2 protein com-
plex recruits host replication factors such as topoisomerase I, DNA polymerase 
alpha/primase, replication protein A, and Brd4 to initiate viral DNA replication 
(Wang et al.  2013 ; McBride  2008 ). E1 is dispensable for maintenance replication, 
but is essential for initial and productive replication of HPV16 DNA (Egawa et al. 
 2012 ). Overexpression of E1 blocks S-phase progression and triggers an ATM- 
dependent DNA damage response in viral DNA replication foci during the initial 
viral DNA amplifi cation (Reinson et al.  2013 ; Sakakibara et al.  2011 ; Fradet- 
Turcotte et al.  2011 ).  

    E2 

 E2 protein (~42 kDa, 365 aa residues) is a viral transcription factor in addition to its 
role in viral DNA replication. E2 contains two defi ned functional domains. The 
N-terminal domain is crucial for transcriptional activation, whereas the C-terminal 
domain possesses the DNA/RNA binding and dimerization properties of the pro-
tein. These two domains are linked by a hinge region. E2 interacts with E1 and 
enhances the binding affi nity of E1 to the replication origin (Abbate et al.  2004 ). E2 
functions as a transcriptional activator or repressor to regulate viral early promoter 
activity through consensus E2-binding sites (Androphy et al.  1987 ; Hawley-Nelson 
et al.  1988 ; Sousa et al.  1990 ; Romanczuk et al.  1990 ), upstream of the viral early 
promoter. However, E2’s transcriptional repression occurs only in cells harboring 
integrated, but not episomal HPV16 DNA (Bechtold et al.  2003 ). E2 binding to the 
viral genome is important for tethering viral genome to mitotic chromosomes 
throughout mitosis (McBride  2008 ). E2 also plays roles in apoptosis (Parish et al. 
 2006 ; Blachon et al.  2005 ), ubiquitination, and intracellular traffi cking (Muller 
et al.  2012 ). E2 binds RNA and interacts with RNA processing factors to regulate 
RNA splicing (Bodaghi et al.  2009 ; Lai et al.  1999 ) and RNA polyadenylation 
(Johansson et al.  2012 ).  

    E4 

 E4 (~10 kDa, 92 aa residues) is the most abundantly expressed HPV late protein and 
accumulates in the cytoplasm of differentiating cells in the upper epithelial layers 
(Griffi n et al.  2012 ). E4 is expressed as an E1^E4 protein in which the N-terminal 5 
aa residues are derived from the E1 ORF spliced to the E4 ORF. HPV16 E4 expres-
sion and cleavage of its N-terminal 17 amino residues by calpain lead E4 to 
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multimerization, formation of amyloid-like fi bers, and disruption of the normal 
dynamics of the cytokeratin networks (Doorbar et al.  1991 ; Khan et al.  2011 ). E4 
mediates cell cycle arrest in G2 by sequestering Cdk1/cyclin B1 onto the cytokera-
tin network to prevent the accumulation of active Cdk1/cyclin B1 complexes in the 
nucleus (Davy et al.  2002 ; Nakahara et al.  2002 ). The E1^E4 protein of HPV16 
might also regulate gene expression at the post-transcriptional level by interacting 
with a DEAD-box containing RNA helicase (Doorbar et al.  2000 ) and SR protein 
kinase 1 (SRPK1) (Bell et al.  2007 ).  

    E5 

 E5 (~10 kDa, 83 aa residues) is a small hydrophobic and oligomeric channel- forming 
membrane protein, which is localized in the endoplasmic reticulum (ER) and the 
nuclear envelope. Assembled hexameric E5 channels in membranous environments 
have a defi ned luminal diameter and stoichiometry (Wetherill et al.  2012 ). The 
N-terminus of E5 is restricted to the ER lumen, while its C terminus is exposed to 
the cytoplasm to mediate interactions with cytoplasmic and ER proteins (Krawczyk 
et al.  2010 ). The C terminus of E5 also induces koilocytosis, structural cellular 
changes that are characteristic of papillomavirus infection (Krawczyk et al.  2008 ). 
HPV16 E5 is an oncoprotein. High levels of E5 expression in the mouse skin in the 
presence of persistently provided exogenous estrogen induce epithelial hyperprolif-
eration, resulting in spontaneous tumor formation and increased dysplastic disease 
in the cervical epithelium (Maufort et al.  2010 ). E5 induces anchorage- independent 
growth of murine fi broblasts, enhances the immortalization of human primary keri-
tonocytes by E6 and E7, and causes cell–cell fusion (Ganguly  2012 ). E5 activates 
epidermal growth factor receptor (EGFR) signaling pathways and enhances mito-
gen-activated protein kinase (MAPK) activity (Zhang et al.  2005 ; Straight et al. 
 1993 ; Kim et al.  2006 ), but attenuates the TGFbeta1/Smad signaling (French et al. 
 2013 ) and down-regulates the expression of MHC class I (Campo et al.  2010 ).  

    E6 

 E6 (~18 kDa, 151 aa residues) is a nuclear oncoprotein that interacts with hundreds 
of cellular proteins (White et al.  2012a ). E6 inactivates cellular p53 family proteins 
(p53, p63, and p73) essential for cell cycle control, DNA repair, and cell adhesion 
(Ben et al.  2011 ; Moody and Laimins  2010 ). The complex of E6 and E6-associated 
protein (E6-AP) functions as an ubiquitin-protein ligase in the ubiquitination of p53 
(Huibregtse et al.  1993 ). E6 contains two hypothetical zinc fi ngers involved in zinc 
binding and three nuclear localization signals (NLS) (Tao et al.  2003 ) as well as a 
PDZ-binding site in the N-terminus (Kiyono et al.  1997 ; Lee et al.  1997 ). E6 dimer-
izes through its N-terminal domain and this self-association promotes the polyubiq-
uitination of p53 by E6AP (Zanier et al.  2012 ). The basic-hydrophobic pocket of 
E6, which composes of two zinc domains and a linker helix, interacts with an acidic 

7 Human Papillomaviruses



96

LxxLL motif of host proteins to exercise E6 transformation and degradation activi-
ties (Zanier et al.  2013 ). Besides its ability to immortalize and transform cells, E6 
regulates gene expression at transcriptional and post-transcriptional levels (Desaintes 
et al.  1992 ; Klingelhutz et al.  1996 ) through interaction with other transcription fac-
tors/coactivators (Patel et al.  1999 ; Ronco et al.  1998 ; Kumar et al.  2002 ; Veldman 
et al.  2001 ,  2003 ; Thomas and Chiang  2005 ) and splicing factors, as well as its 
direct interaction with DNA and RNA (Bodaghi et al.  2009 ; Imai et al.  1989 ; 
Ristriani et al.  2000 ,  2001 ; Nomine et al.  2003 ). High-risk E6 enhances telomerase 
activity and activates several signal pathways including Akt, Wnt, Notch, and 
mTOC1 (Rampias et al.  2010 ; Lichtig et al.  2010 ; Weijzen et al.  2003 ; Spangle and 
Munger  2010 ,  2013 ), but inhibits apoptosis, keratinocyte differentiation, and inter-
feron response (Ronco et al.  1998 ; Jackson et al.  2000 ; DeFilippis et al.  2003 ; Li 
et al.  1999 ). High-risk E6 regulates expression of a subset of cellular miRNAs 
(Zheng and Wang  2011 ; Wang et al.  2009 ,  2014 ). In E6 transgenic mice, E6 oncop-
rotein, in the absence of E7, synergizes with estrogen to induce cervical cancer after 
9 months (Shai et al.  2007 ,  2010 ).  

    E7 

 E7 (~16 kDa, 98 aa residues) is a nuclear oncoprotein. The N-terminus of E7 con-
tains conserved regions (CR) that have sequence similarity to other viruses. These 
conserved regions have sequence similarity to a portion of CR1 and the entire CR2 
in adenovirus E1A and SV40 T antigen. E7 contributes to the binding and degrada-
tion of pRB and its related pocket proteins p107 and p130 through cullin 2 ubiquitin 
ligase complex associated with ZER1 (McLaughlin-Drubin and Munger  2009 ; 
Huh et al.  2007 ; White et al.  2012b ). A conserved Leu-X-Cys-X-Glu (LXCXE) 
motif in the CR2 is suffi cient for the association of E7 protein with pRB (Munger 
et al.  1989 ; Lee et al.  1998 ). A CK2 phosphorylation site is adjacent to the LXCXE 
motif. The C-terminal half of E7 contains a CR3 region with a zinc-binding domain 
and contributes to degradation of pRB and to E7 dimerization and transformation 
activities (Todorovic et al.  2011 ,  2012 ). E7 interacts with many cellular transcrip-
tion factors/coactivators (Massimi et al.  1997 ; Avvakumov et al.  2003 ; Bernat et al. 
 2003 ; Huang and McCance  2002 ; Pim and Banks  2010 ; Zheng  2010 ) and partici-
pates epigenetic reprogramming (McLaughlin-Drubin et al.  2011 ). In addition to its 
cellular transformation activities, oncogenic E7 also plays a role in the viral life 
cycle and deregulates the cell cycle by stabilizing p21 and upregulating p16 expres-
sion. Oncogenic E7 interacts with the centrosomal regulator gamma-tubulin and 
induces mitotic defects and aneuploidy, leading to centrosome abnormalities and 
chromosomal instability (Duensing et al.  2000 ). High-risk E7 regulates expression 
of a subset of cellular miRNAs (Zheng and Wang  2011 ; Wang et al.  2014 ). In trans-
genic mice, the continuous expression of E7 is required for the maintenance of 
cervical cancers and precancerous lesions even in the presence of viral E6 (Jabbar 
et al.  2012 ; Shin et al.  2012 ). E7 down-regulates the expression of MHC class I 
(Bottley et al.  2008 ; Li et al.  2006 ) and prevents recognition of HPV-induced lesions 
by cytotoxic CD8 T cells.  
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    L1 

 L1 (~55 kDa) is a major structural component of viral capsid. Both HPV16 and 
HPV18 L1 mRNAs initiate their translation from an initiation codon right at the 
splice junction of exon 2 and exon 3 of the viral late mRNA and encode a correspond-
ing 506-aa HPV16 L1 and a 508-aa HPV18 L1 (Fig.  7.4 ), both of which are shorter 
than the one originally predicted in GenBank database (Zheng and Baker  2006 ; Wang 
et al.  2011a ). L1 self-assembles into pentameric capsomers with a hollow channel at 
the center through a fi vefold central axis when fi ve L1 monomers come together and 
assemble in a symmetrical manner (Bishop et al.  2007 ; Chen et al.  2000 ). Thus, its 
tendency to form a pentavalent structure is directly refl ected in the star-shape motif 
visible as a result of each capsomere. Purifi ed capsomers can form capsids, which are 
stabilized by disulfi de bonds between neighboring L1 molecules through their 
C-termini. The C-terminal half of L1 also contains activities for HPV DNA-binding 
and nuclear localization (Schafer et al.  2002 ; Nelson et al.  2002 ; Li et al.  1997 ). The 
N-terminal half of L1 interacts with L2. L1 capsids assembled in vitro are the basis 
of prophylactic vaccines against several HPV types (Schiller et al.  2012 ). Although 
most portions of L1 are well-conserved between types, the surface loops of L1 can 
differ substantially, probably refl ecting a mechanism for evasion of neutralizing anti-
body responses elicited by previous papillomavirus infections.  

    L2 

 L2 (~70 kDa) is a minor capsid protein bearing 474 aa residues for HPV16 and 463 
aa residues for HPV18. L2 exists in an oxidized state within the papillomavirus 
virion, with the two conserved cysteine residues forming an intramolecular disulfi de 
bond. A single molecule of L2 interacts with an L1 pentamer via a C-terminal 
L1-binding domain (Finnen et al.  2003 ). L2 is not required for capsid formation, but 
participates in encapsidation of the viral genome. Up to 72 molecules of L2 can be 
incorporated per capsid, one beneath the axial lumen of each L1 capsomer (Buck 
et al.  2008 ). Both C- and N- terminal NLSs of L2 bind viral DNA during capsid 
formation and are important for nuclear localization of the DNA particle (Zhou 
et al.  1994 ; Bousarghin et al.  2003 ). L2 interacts with cellular proteins during the 
infectious entry process. After the initial binding of the virion to the cell, the 
N-terminus of L2 containing a consensus furin cleavage site (RxKR) is cleaved by 
the cellular protease, furin (Richards et al.  2006 ). The N-terminal L2 has a con-
served transmembrane domain with three GxxxG motifs to facilitate homotypic and 
heterotypic interactions between transmembrane helices for vDNA translocation 
across the endo-/lysosomal membrane. Disruption of some of these GxxxG motifs 
has been shown to result in noninfectious viruses (Bronnimann et al.  2013 ). L2 
interacts with members of T-box family, TBX2 and TBX3, and represses transcrip-
tion from the long control region of HPVs (Schneider et al.  2013 ). A small 
N-terminal portion of L2 is well-conserved between different papillomavirus types. 
Experimental vaccines targeting these regions may offer protection against a broad 
range of HPV types (Jagu et al.  2013a ,  b ).    
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7.3     HPV Infections and Transmission 

 HPVs can cause benign and malignant tumors in persistently infected skin and 
mucosal tissues anywhere in the human body. Benign tumors induced by low-risk 
HPVs are also called papilloma or warts, and these are in general harmless. However, 
when such a papilloma occurs in the larynx or upper airway, it could be life- 
threatening as exemplifi ed by recurrent respiratory papillomatosis (RRP), a juvenile 
disease predominantly caused by HPV6 and HPV11 infection. RRP tends to recur 
and has the potential to spread throughout the respiratory tract (Bonagura et al. 
 2010 ). Benign tumors in the genital area are called condyloma acuminatum or geni-
tal (venereal) warts, of which around 96–100 % are caused by low-risk HPV6 and 
HPV11 infection. Although sexual contact as a risk factor in the development of 
cervical cancer was described in 1842 by Domenio Rigoni-Stern and the infectious 
nature of human warts was established in 1907 by Giuseppe Ciuffo’s self- inoculation 
experiments with a cell-free extract of common warts, a landmark breakthrough on 
HPV cervical infection as a cause of cervical cancer was not achieved until 1983 
when HPV16 DNA was discovered in ~60 % of cervical cancer samples by Herald 
zur Hausen and colleagues in Germany (Durst et al.  1983 ). Since then, the role of 
various HPV genotypes in invasive cervical cancer has been extensively studied, 
with HPV16, 18, 31, 33, 35, 45, 52, and 58 contributing to 91 % of invasive cervical 
cancer, and HPV16, 18, and 45 contributing to 94 % of cervical adenocarcinomas 
(de Sanjose et al.  2010 ). Cervical cancer (Cervical Cancer Essay 00021 40/40) is the 
second most common cancer among women worldwide. Approximately 500,000 
incident cases and 320,000 cases of attributable deaths are predicted each year. 
More than 80 % of cases arise in developing countries. 

 In addition to the cervix, high-risk HPVs also infect other anogenital areas and 
can lead to development of anal, vaginal, vulvar, and penile cancers. Most anal can-
cers (~84 %) are caused by HPV infection (Frisch et al.  1997 ) (Anal Cancer Essay 
00022 10/10). High-risk HPV infection of oropharynx (tonsils and the back of the 
tongue) may lead to the development of oropharyngeal cancer (Other HPV- 
associated Cancer Essay 00234 262/262). Oropharyngeal cancer is more common 
in men than women. The prevalence of HPV in oropharyngeal cancer is increasing 
from 16.3 % during 1984–1989 to 71.7 % during 2000–2004 (Chaturvedi et al. 
 2011 ; Gillison et al.  2012 ). Epidermodysplasia verruciformis (EV) is an extremely 
rare autosomal recessive genetic hereditary skin disorder associated with a high risk 
of skin carcinoma and is characterized by high susceptibility to HPV5 and HPV8 of 
the skin (Orth  1986 ). The role of HPVs in cutaneous squamous cell carcinoma 
(SCC) is elusive (Iannacone et al.  2013 ). 

 HPV infection is transmitted through skin abrasions (skin warts), by sexual inter-
course, during passage through an infected birth canal (juvenile RRP), and probably 
in other ways. Women with multiple sex partners or a history of prostitution have an 
increased risk of infection with HPVs and an increased risk of cervical cancer. 
Women with history of cervical cancer (or pre-cancer) also have an increased risk 
of anal cancer (Anal Cancer Essay 00022 10/10). Receptive anal intercourse 
increases the risk of anal cancer in both men and women. Oral HPV infection is 
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related to oral sex behavior. Most HPV infections are transient and have either no 
viremia or only a minimal viremic phase. Thus, HPVs are not disseminated in gen-
eral to other sites by blood in the course of HPV infections. However, detection of 
HPV DNA in human peripheral blood mononuclear cells and the fi ndings of papil-
lomavirus productive infection in lymphocytes, placenta, and bovine fetal tissues 
indicate that hematogeneous and vertical spread of HPVs should be carefully inves-
tigated (Freitas et al.  2013 ; Roperto et al.  2011 ).  

7.4     Pathogenesis and Immune Responses of HPV Infections 

 After HPVs enter epithelial cells in the wound basal layer, virus infection is estab-
lished by initiation of viral gene expression and then DNA replication. HPV life 
cycle is tightly linked to cell differentiation, and the time from infection to release 
virus can be approximately 3 weeks. Viral early gene expression and initial viral 
DNA replication occur in undifferentiated cells in the lower layers of the infected 
skin or cervix, while late gene expression and vegetative DNA replication occur in 
highly differentiated cells in the upper layers of the infected skin or cervix (Fig.  7.3 ). 
Although HPVs do not induce a lytic virus infection or cytolysis/cell death, viral 
early gene expression causes cell cycle interruption, apoptosis, keratin network col-
lapse, DNA damage, genome instability, viral genome integration into host genome, 
and cell immortalization and transformation. The viral late gene expression leads to 
maturation of virus particles which appear as aggregates in the infected cell nuclei. 

 Even though most HPV infections are asymptomatic and cause no clinical prob-
lems, chronic or persistent cervical or anal HPV infection may result in histologic 
changes, with the infected cells displaying koilocytosis and nuclear inclusion bodies. 
The presence of koilocytes is a characteristic of HPV infection in all precancerous 
lesions and can be found in cervical smears. The period between infection and fi rst 
appearance of lesions is highly variable and can range from weeks to months. HPV-
induced histologic changes are classifi ed as cervical intraepithelial neoplasias (CIN) 
grades 1, 2, or 3 on the basis of increasing degree of abnormality of cell growth in 
the cervical epithelium (Massad et al.  2013 ) (Cervical Cancer Essay 00021 40/40). 
The likelihood of spontaneous clearance versus progression to cancer in the absence 
of treatment varies for CIN1, CIN2, and CIN3. Histology CIN1 or cytology low-
grade squamous intraepithelial lesion (LSIL) indicates abnormal cell growth that is 
confi ned to the basal 1/3 of the epithelium, usually clears spontaneously (80 % of 
cases) and rarely (<1 %) progresses to cancer. About 10–20 % of women with CINl 
progress to CIN2 and CIN3, which correspond to cytology high- grade squamous 
intraepithelial lesion (HSIL). CIN2 and CIN3 have a lower percentage (~40 %) of 
spontaneous clearance and a higher (~10 %) percentage rate of progression to cancer 
if not treated (Schiffman et al.  2007 ). CIN2 and CIN3 are distinguished by the extent 
of neoplasia, which is confi ned to the basal 2/3 of the epithelium in CIN2 or more 
than 2/3 in CIN3. CIN3 may involve the full thickness of the epithelium and is some-
times referred to as “cervical carcinoma in situ.” Expression of viral E6 and E7 in the 
infected epithelial cells inhibits cell differentiation and induces cell immortalization 
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and transformation, resulting in disruption of virus productive life cycle and leading 
to viral genome integration into host genome. Although the integration of host 
genome is random in general, the circular HPV genome is commonly disrupted at E1 
or E2 region for the integration. Thus, the degree of E1 or E2 integrity would refl ect 
HPV genome status in cervical cancer tissues. 

 Because HPVs cause infection that is largely if not exclusively limited to the 
epithelium, they are largely shielded from the host immune response. To date, the 
correlates of immunity to HPV infection remain elusive. The majority of HPV 
infections are transient and cause no clinical problems. Most of new HPV infections 
clear within 1–2 years. The median duration of new infections is 6–18 months 
(Schiffman et al.  2007 ). However, the women with HIV/AIDS or immunosup-
pressed transplant patients take longer time to clear their HPV infection (Koshiol 
et al.  2006 ; Moscicki et al.  2004 ). Not all infected persons have antibodies. 
Approximately 60 % of women with incident HPV infections may have antibodies. 
The median time to seroconversion after a new infection is approximately 8 months 
(Ho et al.  2004 ). Among serum antibodies against many different viral products, the 
best characterized and most type-specifi c antibodies are those directed against con-
formational epitopes of the L1 protein. 

 HPV inhibits innate immunity and evades the host immune system. HPV infec-
tion suppresses interferon (IFN) synthesis and signaling (Ronco et al.  1998 ) and the 
expression of MHC class I in the infected cells (Bottley et al.  2008 ), resulting in 
reduced recognition of the infected cells by CD8 +  T cells (Campo et al.  2010 ) or 
exclusion of CD8 +  T cells from the dysplastic epithelium of HPV16-associated cer-
vical lesions (Trimble et al.  2010 ). HPV-specifi c CD4 T cells isolated from lymph 
node biopsies of cervical cancer patients also suppress proliferation and cytokine 
(IFN-gamma , IL-2) production by responder T cells (van der Burg et al.  2007 ). 
However, T cells do play a role in preventing persistent HPV infection and inducing 
wart regression (Coleman et al.  1994 ; Nicholls et al.  2001 ). Healthy individuals with 
HPV infections display E6-specifi c memory T-helper cells in their blood. The major-
ity of subjects clearing HPV16 display an HPV16 E6-specifi c cytotoxic T-lymphocyte 
(CTL) response. Failure of this response is associated with the development of cervi-
cal cancer. A signifi cant CD8 +  T-cell tumor infi ltration with a higher CD8 + /CD4 +  
and/or CD8 + /regulatory T-cell ratio prevents the tumor cells from metastasizing to 
the tumor-draining lymph node. Moreover, T-cell defects due to a mutation in a  ras  
homolog gene family member H (RHOH) gene and MST1, EVER1, and EVER2 
defi ciencies also lead to persistent EV-HPV infections (Crequer et al.  2012a ,  b ).  

7.5     Diagnosis of HPV Infections 

    Exfoliated Cell Cytology and Tissue Biopsy 

 Pap smear, also called a cervical smear or smear test, is a screening test to check for 
changes in the cervical cells from the outer opening of the cervix; it is done to iden-
tify individuals who can benefi t from procedures to prevent progress to cervical 
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cancer (Cervical Cancer Essay 00021 40/40). The test was invented by and named 
after Georgios Papanikolaou. Cervical lavages are performed by a colposcopist by 
rinsing the opening of the ectocervix with 10 mL of sterile physiologic saline for the 
cervical cytology. The cytological changes that can be observed include atypical 
squamous cells of undetermined signifi cance (ASC-US), atypical squamous cells—
cannot exclude HSIL (ASC-H), low-grade squamous intraepithelial lesion (LGSIL 
or LSIL), high-grade squamous intraepithelial lesion (HGSIL or HSIL), squamous 
cell carcinoma, and atypical glandular cells not otherwise specifi ed (AGC or AGC- 
NOS) (Nayar and Solomon  2004 ). 

 Dysplasia seen on a biopsy of the cervix is grouped histologically into three 
categories: CIN I—mild dysplasia; CIN II—moderate to marked dysplasia; CIN 
III—severe dysplasia to carcinoma in situ (Massad et al.  2013 ; Wright et al.  2007 ).  

    Electron Microscopy 

 HPVs cannot be grown by conventional tissue culture methods. HPV infection can 
be diagnosed by electron microscopy, in which virus particles in clinical specimens 
can be visualized either by negative staining or thin-sectioning techniques. In thin 
sections of human skin warts, papillomavirus particles can be found in aggregates 
in an infected nucleus.  

    Viral Antigen Detection 

 HPV infection can also be diagnosed by detection of HPV proteins in infected tis-
sues or exfoliated cells. In general, HPV L1 is detectable in cervical smears in most 
high-risk HPV-associated LSIL, but becomes undetectable in most of HSIL cases 
(Rauber et al.  2008 ). 

 Viral E2, E4, and E7 proteins have been detected from formalin-fi xed paraffi n- 
embedded cervical cancer tissues or cervical smears. Type-specifi c HPV E4 and E7 
antibodies are particularly useful in distinguishing HPV type-specifi c infection of 
HPV16, HPV18, HPV58, and other genotypes by immunohistochemistry, ELISA, 
or Western blot (Griffi n et al.  2012 ; Lidqvist et al.  2012 ; Xue et al.  2010 ; Ehehalt 
et al.  2012 ).  

    Viral DNA and RNA detection 

 Qualitative or semi-quantitative DNA or RNA tests for diagnosis of high-risk HPV 
infection have been developed that are based on the sequence conservation and 
variation of viral L1 coding regions. To date, four FDA-approved HPV DNA tests, 
one FDA-approved RNA test, and two Europe-approved HPV DNA tests are 

7 Human Papillomaviruses



102

commercially available. These include (1) Hybrid Capture 2 (HC2) HPV DNA test 
(Digene Corp., Gaithersburg, MD), (2) Cervista HPV HR test (Hologic, Bedford, 
MA), (3) Cervista HPV 16/18 test (Hologic, Bedford, MA), (4) Cobas 4800 HPV 
test (Roche, Pleasanton, CA), (5) Aptima HPV assay (Gen-Probe, San Diego, CA), 
(6) Linear Array HPV Genotyping Test (Roche Molecular Systems Inc, Alameda, 
CA), and (7) INNO-LiPA HPV Genotyping Extra (Innogenetics, Ghent, Belgium) 
(Poljak et al.  2012 ). 

 The HC2 HPV DNA test is an in vitro nucleic acid hybridization assay with sig-
nal amplifi cation using microplate chemiluminescence for the qualitative detection 
of 13 high-risk types of HPV (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68) and 
5 low-risk types of HPV (6, 11, 42–44). This DNA assay was the fi rst FDA-approved 
HPV DNA test and has become the standard in many countries widely used in clini-
cal studies. The HC2 distinguishes between the low-risk and high-risk groups, with 
the detection limits of ~5,000 genome copies, but can’t determine the specifi c HPV 
genotype 

 The Cervista HPV HR test and Cervista HPV16/18 test are two HPV DNA tests 
for high-risk HPV infections, but have no genotyping capability. The Cervista HPV 
HR test is an in vitro diagnostic test for detection of 14 high-risk HPV types (16, 18, 
31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68) in cervical specimens. The Cervista 
HPV HR test uses the invader chemistry and is a signal amplifi cation method for 
detecting specifi c nucleic acid sequences. 

 The Cobas 4800 high-risk HPV test uses fl uorescence signal to detect nucleic 
acids amplifi ed by using real-time PCR methodology and detects 14 high-risk HPV 
types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68). The Cobas 4800 system, 
consisting of two separate instruments (Cobas z 480 and Cobas x 480 analyzers), 
integrates sample preparation, amplifi cation and detection, and result management. 
It has high throughput (designed to process up to 280 samples per day) and is 
automated. 

 The Aptima HPV assay detects viral E6/E7 mRNA transcripts of 14 high-risk 
HPVs (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68), but has no genotyping 
capability. The Aptima HPV assay uses the Gen-Probe’s Tigris DTS System, a fully 
automated testing system, and is a transcription-mediated amplifi cation-based 
assay. The amplicons are then detected by hybridization protection with 
chemiluminescent- labeled single-stranded nucleic acid probes that are complemen-
tary to the amplicons. 

 The Linear Array HPV Genotyping Test is used in the European Union for detec-
tion and genotyping of 37 high- and low-risk HPVs (6, 11, 16, 18, 26, 31, 33, 35, 
39, 40, 42, 45, 51, 52, 53, 54, 55, 56, 58, 59, 61, 62, 64, 66, 67, 68, 69, 70, 71, 72, 
73 (MM9), 81, 82 (MM4), 83 (MM7), 84 (MM8), IS39, and CP6108). The test 
utilizes amplifi cation of target DNA by PCR with PGMY09/11 primers and then 
hybridizes the amplicons to multiple HPV genotype-specifi c probes fi xed on a 
membrane strip. 

 INNO-LiPA HPV Genotyping Extra uses the principles of reverse line blot 
hybridization. The test amplifi es HPV DNA with SPF10 primers at the L1 region 
and then hybridizes the amplicons to the probes fi xed on membrane strips in 
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sequence-specifi c lines. The INNO-LiPA test detects and distinguishes 28 low- and 
high-risk HPVs including 18 high-risk HPVs (16, 18, 26, 31, 33, 35, 39, 45, 51–53, 
56, 58, 59, 66, 68, 73, 82), 7 low-risk HPVs (6, 11, 40, 43, 44, 54, 70), and 3 addi-
tional genotypes (69, 71, 74).  

    Serology 

 HPV serology is a valuable tool to study immune status prior to and after HPV vac-
cination. Although most HPV infections are cleared spontaneously within 2 years, the 
majority of infected subjects develop and maintain serum antibodies to viral L1 for up 
to fi ve subsequent years. Serology is not commonly used for clinical diagnosis 
because more than 40 % of women do not seroconverted after HPV infection. The 
standard methods are VLP ELISA and pseudovirion neutralization assays (  http://
home.ccr.cancer.gov/lco/NeutralizationAssay.htm    ). Both methods have similar sensi-
tivity and specifi city in the detection of serum L1 antibodies in the majority of infected 
subjects. There is recent evidence that antibody to HPV16 E6 can be predictive of 
subsequent development of oropharyngeal or anal cancer with a high degree of speci-
fi city, and this will be an important area for future research (Kreimer et al.  2013 ).  

    Detection of Cellular Surrogates of High-risk E6 and E7 
in Infected Tissues 

 A few cellular biomarkers of high-risk HPV E6 and E7 expression have been widely 
used to indicate viral oncoprotein expression in pre-cancer lesions or cancers. These 
include cell cycle inhibitors (p16Ink4a and p18Ink4c), MCM7 (minichromosome 
maintenance protein 7), cyclin E2, and a subset of miRNAs (Zheng and Wang  2011 ; 
Wang et al.  2011b ,  2014 ; Klaes et al.  2001 ; Middleton et al.  2003 ).   

7.6     Epidemiology and Prevention of HPV Infections 

 The global prevalence of HPV infection among women with normal cytology is 
around 11–12 %, with a higher rate in Africa, Caribbean, and South America and a 
lower rate in Asia, Europe and Northern America. The prevalence of any HPV is 
about 26.8 % in females aged 14–59 and 44.8 % among women aged 20–24 years in 
the United States (Dunne et al.  2007 ). The majority of HPV infections are transient 
and asymptomatic; 70 % of new HPV infections clear within 1 year, and approxi-
mately 90 % clear within 2 years. The median duration of new infections is 8 months. 
Up to 50 % of young women with one type of HPV infection may acquire another 
type of HPV infection within a few years. Although co-infections with multiple 
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high-risk HPVs may lead to an increased risk of CIN2/3, persistent infection with 
any high-risk HPV is the most important risk factor for cervical lesions and cervical 
cancer. The risk of cancer development varies by HPV type, with HPV16 being 
more oncogenic than other high-risk HPV types. Factors associated with cervical 
cancer (Cervical Cancer Essay 00021 40/40) also include an increased number of 
life-time sexual partners, increased age, other sexually transmitted infections, 
immune suppression, and other host factors. There are also epidemiology reports of 
smoking being associated with increased cervical cancer, although it isn’t clear if 
this may be due to association with other risk factor (Haverkos et al.  2003 ). The time 
between initial HPV infection and development of cervical cancer is usually decades. 
Many aspects of the natural history of HPV remain to be understood, including the 
role and duration of naturally acquired immunity after HPV infection. 

 Because HPV is the most common sexually transmitted infectious agent, con-
dom use and circumcision are two common practices to prevent sexual partners 
from HPV transmission. Pap smear screening is widely used in developed world to 
check for changes in the cervical cells from the outer opening of the cervix and to 
prevent progress to cervical cancer by treatment of these lesions. While likely, it is 
not known if screening for and treatment of anal HSIL will similarly prevent anal 
cancer; the United States National Cancer Institute has recently initiated a large 
randomized clinical trial to study this issue. Two FDA-licensed prophylactic HPV 
vaccines, Gardasil from Merck (USA) and Cervarix from GlaxoSmithKline (UK), 
are very safe and effective in preventing new or persistent HPV infections and 
reducing HPV infection-induced cervical, vulvar, vaginal, anal, and penile lesions. 
Their use will be an important public health measure to prevent HPV-associated 
cancers (Schiller et al.  2012 ). Both vaccines are comprised of viral DNA-free, L1 
VLP. Cervarix contains L1 VLP from HPV16 and 18 produced in insect cells, while 
Gardasil is comprised of L1 VLP from HPV6, 11, 16 and 18 produced in yeast. 
Because it contains L1 VLP from HPV6 and HPV11, Gardasil immunization also 
provides protection against genital warts (Donovan et al.  2011 ). In the presence of 
adjuvant aluminates, both the quadrivalent Gardasil and the bivalent Cervarix are 
highly immunogenic and excellent HPV type-specifi c protection is provided to girls 
and boys at age 11 or 12 years who receive all three vaccine doses (0, 1, and 6 
month). Catch-up vaccination with either one of HPV vaccines is approved by the 
US FDA for young women through age 26 or young men through age 21 (Cervical 
Cancer Essay 00021 40/40). 

 Due to the limited inclusion of HPV types, the current vaccines do not provide 
cross-immune protection against other high-risk mucosal HPVs. However, there is 
evidence to suggest that HPV L2 might work as a pan-HPV vaccine against differ-
ent HPVs. A small N-terminal portion of L2 is well-conserved among different 
HPVs, and experimental vaccines targeting these conserved domains offer protec-
tion against a broad range of HPV types (Jagu et al.  2013b ). 

 Most of therapeutic vaccine approaches target high-risk HPV E6, E7 or both to 
control disease progression in preexisting HPV infections and lesions. To date, 
these studies have provided only a gleam of success. An experimental HPV16 E6 
and E7 synthetic long peptide vaccine can increase the number and activity of 
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HPV16-specifi c CD4 +  and CD8 +  T cells in patients with vulvar intraepithelial neo-
plasia or cervical cancer (Welters et al.  2008 ; Kenter et al.  2009 ). HPV VLP entry 
into NK cells triggers cytotoxic activity and cytokine secretion (Renoux et al.  2011 ), 
although VLP does not activate Langerhans cells (Fausch et al.  2002 ). A therapeutic 
HPV16/18 DNA vaccine with optimized E6 and E7 codons stimulate high titers of 
anti-E6/E7 antibodies and high levels of cellular immunity by both CD8 +  and CD4 +  
T cells (Bagarazzi et al.  2012 ).  

7.7     Conclusion 

 HPVs have been well recognized as a group of small DNA tumor viruses that are 
highly transmissible through sexual or close contact. In the past decades, HPV 
infection has been found in association with development of various human cancers, 
including cervical, anogenital, oropharyngeal, and even some skin cancers. 
Although there is more to be learned about the basic biology of HPV, the transla-
tional research on HPVs has remarkably advanced our understanding of HPV epi-
demiology, disease progression, clinical diagnosis, and cervical cancer prevention. 
Today, L1-based HPV vaccination has become a general practice and has been man-
dated in many countries to protect girls and boys from HPV infections and 
 HPV- related precancerous lesions and cancer.     
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