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Abstract: A persistent infection with the so-called high-risk Human Papillomaviruses (hr-HPVs) plays
a fundamental role in the development of different neoplasms. The expression of the HPV proteins
throughout the different steps of the viral life cycle produce a disruption of several cellular processes,
including immune response, which can lead to cell transformation. The interferon-mediated response
plays an important role in eliminating HPV-infected and -transformed cells. The ability of HPV to
disrupt the proper function of the interferon response is based on a series of molecular mechanisms
coordinated by HPV proteins intended to prevent clearance of infection, ultimately producing an
immunotolerant environment that facilitates the establishment of persistence and cancer. In this
review, we focus on the molecular actions performed by HPV E1, E2, E5, E6 and E7 proteins on IFN
signaling elements and their contribution to the establishment of infection, viral persistence and the
progression to cancer.

Keywords: HPV proteins; interferon-stimulated genes; immune response evasion

1. Introduction

Human Papillomavirus (HPV) infection is a highly prevalent sexually transmitted
disease (STD) affecting a large proportion of the sexually active population worldwide [1].
According to different epidemiological studies, close to 90% of HPV infections are elimi-
nated within two years due to an efficient immune response [2–4]. Nevertheless, a small
proportion of such infections persist and eventually progress to premalignant lesions and,
in exceptional cases, to cancer. Persistent infection with hr-HPV represents a necessary
requisite for the development of different neoplasms [5]. A lot of evidence indicates that
a failure in interferon (IFN) signaling prevents the elimination of infected cells, which
strongly contributes to the establishment of cancer. This review describes the principal IFN-
mediated mechanisms involved in the recognition and clearance of HPV infections as well
as the different actions implemented by HPV proteins to inhibit such an important response.
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2. Human Papillomavirus

Human Papillomaviruses are small non-enveloped DNA viruses with an icosahedral
capsid with more than 200 HPV types identified so far (PaVE: Papillomavirus Episteme).
HPVs are classified into five genera: Alpha, Beta, Gamma, Nu and Mu, where Alpha and
Beta papillomaviruses are considered of medical relevance [6]. The so-called high-risk
Human Papillomaviruses (hr-HPVs) are associated with the development of different
anogenital neoplasms, including cervical, vulvar, anal and penile cancers, as well as a
subset of head and neck cancers, mostly oropharyngeal squamous cell carcinoma (OPSCC),
HPV16 and 18 being the most prevalent types [7].

HPVs infect the basal cells of different epithelia, such as the cervix, anus, and orophar-
ynx, accessing the basal layer through microtraumas [8–10]. Once in the nucleus, the viral
genome remains as an episome exhibiting minimal gene activity and maintaining a low
copy number (20–100 per cell), guided by the viral E1 and E2 proteins. The productive
infection takes place in the middle layers of the epithelium, producing the amplification of
the viral genome induced by the different actions of the E6, E7, E1 and E2 early proteins.
First, E7 and E6 promote the S phase and inhibit apoptosis, while E1 and E2 bind to the
origin of replication on the HPV genome, allowing its maintenance and amplification
during epithelium differentiation [11]. The E5 protein favors cellular proliferation through
the recycling of growth factors, as well as the evasion of the immune response [12]. At late
stages, the L1 and L2 proteins are expressed at the upper layers of the epithelium, leading
to the construction of the viral capsid. Finally, the E4 protein promotes the collapse of
cytokeratin filaments, favoring the release of the new viral particles [13]. In most cases,
early HPV infection is efficiently detected by the host’s immune response, and consequently,
infected cells are readily eliminated [6].

During genome amplification, HPV-infected cells are detected by different immune
surveillance effectors, including Natural killer (NK), dendritic cells, macrophages and T and
B lymphocytes [14]. Nonetheless, HPV has proved to be an excellent immune blocker; thus,
persistent infections are a clear consequence during the natural history of disease. In this
regard, viral persistence allows viral genome integration leading to cancer development
due to the loss of E2 ORF (open reading frame); this in turn produces an overexpression of
E6 and E7 oncogenes [15], triggering the cellular transformation process. Additionally, the
E5 protein cooperates during the HPV-induced transformation process, due to its capacity
to promote cell proliferation and a deregulation of the immune response [12].

Although E5, E6 and E7 actions represent the main promoter of HPV-driven effects,
the other HPV early proteins exhibit different functions that might contribute to viral
persistency. For instance, the E2 protein is required for viral amplification, but is also
involved in producing oxidative stress and apoptosis. Furthermore, E2 is also found during
early stages of carcinogenesis [16]. The E1 gene, on the other hand, is expressed not only
during a productive infection, but also during cervical carcinogenesis, as demonstrated
by the high levels of the E1 mRNA found along the different stages of cervical cancer
progression [17], indicating that this protein could be somehow involved in the carcinogenic
process. The above-mentioned proteins denote that even when the transforming activities
are mainly driven by E6 and E7, these other HPV proteins could affect different cellular
processes, potentially contributing to HPV-mediated immune evasion.

3. Immune Responses for HPV Clearance

The elimination of a viral infection depends mainly on the correct activation of the
elements of the innate immune response, such as macrophages, polymorphonuclear cells
(PMN), natural killer cells and natural killer T cells (NKT), which in turn give rise to a set
of immunomodulatory molecules in the epithelium that help control the infectious process
(Figure 1a) [14]. In addition, HPV-infected keratinocytes may act as non-professional
antigen-presenting cells to promote the clearance of infected cells through the secretion of
anti-viral and pro-inflammatory mediators [18,19].
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Figure 1. Innate immune response against HPV. (a) The HPV viral particle infects the basal cells,
gaining access through microtrauma. Several elements of the immune response are highly active
throughout the different layers of the epithelium including APC, NK and NKT, which are respon-
sible for recognizing and clearing infectious agents. (b) Infected cells are recognized by NK cells
through KIR receptors, inducing their elimination by releasing their cytoplasmic granules containing
granzyme, perforin and cytokines. Moreover, NKT cells control infection by other mechanisms. For
example, the CD1d receptor activates NKT cells to produce apoptosis of the infected cell and cytokine
release that will help activate the adaptive immune response. NKT cells act as a bridge between
innate and adaptive immunity. (c) Once the cell is infected by HPV, the TLR-9 receptor detects the
viral genome in the cytoplasm. Then, TLR-9 activates IFN-I production and ISG expression promoting
an antiviral effect. Figure created using BioRENDER.com.

BioRENDER.com
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NK and NKT cells are effector cells with an important role in the innate immune
response against viruses. NK cells cause apoptosis and subsequent lysis of virus-infected
or -transformed cells via their Killer-cell immunoglobulin-like receptors (KIR). Infected
or transformed cells show decreased expression of MHC class I, which in turn triggers
the activation of NK cells [20]. Once activated, NK cells release their cytoplasmic granular
content which includes granzyme and perforin to cause cellular lysis and, in addition, yield
IFN-γ and TNF-α [21]. The activation of the NK cells depends either on the action of MHC
class I or on the functions of pro-inflammatory cytokines, such as IL-2, IL-12, IL-15 and
IL-18, produced during a viral infection [22]. Moreover, NKT cells express a TCR composed
of an invariant alpha chain, also called invariant NKT cells (iNKT) [23]. The iNKT cells
detect exclusively glycolipids restricted to the CD1d receptor [24]. After viral infection,
iNKT cells become activated and produce granzyme B and/or perforin, promoting the
destruction of infected cells. Moreover, activated iNKT cells are able to produce a wide
range of cytokines and chemokines, such as IL-2, IL-13, IL-17, IL-21, TNF-α, IL-4 and
granulocyte-macrophage colony-stimulating factor (Figure 1b) [25].

Most cells mediating the innate immune response express pattern recognition re-
ceptors (PRRs) to detect different pathogens, including viruses. Among them, toll-like
receptors (TLRs) are of particular interest since they recognize pathogen-associated molecu-
lar patterns (PAMPs), which are groups of chemical features common to certain types of
pathogens [26]. TLRs are not only expressed by immune cells, but also by non-hematopoietic
cells including keratinocytes, participating in the activation of the antiviral response [27].
TLR-9 recognizes non-methylated CpG sequences on the viral DNA; hence, this receptor is
responsible for detecting the HPV genome at the cytoplasm [28]. Once activated, TLR-9
promotes the secretion of type I interferon (IFN-I), which is involved in the control of viral
infection by inducing an antiviral cellular state (Figure 1c).

Another component of the innate immune response that favors IFN expression is cyclic
guanosine monophosphate-adenosine monophosphate synthase (cGAS), which participates
in the detection of cytoplasmic DNA, mostly from viral and bacterial pathogens. The
recognition of foreign DNA by cGAS induces cGAMP synthesis which in turn binds to
and activates STING at the ER membrane. Once activated, STING translocates to Golgi
compartments, where it interacts with TBK1 or IκB kinase (IKK), an event that is facilitated
by palmitoylation of STING. TBK1 phosphorylates STING, which in turn recruits IRF3 to
be phosphorylated by TBK1. Phosphorylated IRF3 dimerizes and enters the nucleus, where
it stimulates transcriptional expression of IFN-I [29,30].

4. The IFN-Pathway

IFNs belong to a family of inducible cytokines which promote the so-called “antiviral
state” in infected cells as well as in neighboring cells by activating signaling pathways that
result in the activation of interferon-stimulated genes (ISG) (Figure 2). To date, three IFN
types have been identified (type I, II and III), of which I and III are involved in the innate
immune response. Type I IFNs include IFN-α, IFN-β, IFN-ε, IFN-κ and IFN-ω; IFN-γ is
only member of type II IFNs, while IFN-III includes IFN-λ1 (IL-29), IFN-λ2 (IL-28A), IFN-λ3
(IL-28B) and IFN-λ4 [31]. Once secreted, IFNs bind to their specific receptor on the surface
of different cells. Type I IFNs bind to the Interferon-alpha/beta receptor (IFNAR) complex
(composed of IFNAR1 and IFNAR2), while type III IFNs bind to the lambda Interferon
receptor (IFNLR) complex (composed of IFNLR1 and IL-10Rβ) [32,33].

Upon binding of IFN-I or IFN-III to their respective receptor, the intracellular portion
of the receptor activates the Janus tyrosine kinases (JAKs) that result in the subsequent
phosphorylation of the signal transducer and activator of transcription (STAT) proteins.
Consequently, phosphorylated STAT1 and STAT2 heterodimerize and interact with the IFN
regulatory factor (IRF) 9, forming the ISG factor 3 complex (ISGF3). ISGF3 then translocates
to the nucleus, where it binds to IFN-stimulated regulatory elements (ISRE) that promote
the transcription of about 300 known ISGs [34]. These activated ISGs act at different levels
of the viral replicative cycle aimed to control the infectious process.
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Figure 2. Activation of the IFN pathway. Within types I and III, there are multiple IFNs; within type
II, there is a single IFN. Each type has a different heterodimeric cell surface receptor: type I IFNs bind
to the IFNAR receptor complex (composed of IFNAR1 and IFNAR2); type III IFNs bind to the IFNLR
receptor complex (composed of IFNLR1 and IL-10Rβ). Binding of IFN to its receptor complex results
in cross-phosphorylation of JAK1 and TYK2 in the cytoplasmic domains of the receptor subunits.
This triggers the phosphorylation of STAT1 and STAT2. After phosphorylation, STATs form various
complexes that translocate to the nucleus, where they bind to IFN-stimulated response elements
(ISREs) or gamma-activated sequences (GAS) on ISG promoters. Binding to these promoter elements
results in the transcription of hundreds of genes involved in the antiviral response, including OAS1,
-2, -3, RSAD2, CGAS, IFITMs (-1, -2, -3, -5) and IFI6, among others, which will control the infectious
process. Figure created using BioRENDER.com.

The antiviral effects of IFN-I are mediated by the induction of several interferon-
stimulated genes impairing viral replication through multiple mechanisms, such as the
inhibition of protein translation and degradation of viral RNA. ISGs also activate and help
with the survival of innate and adaptive immune cells including dendritic cells (DCs),
macrophages, NK cells and T cells [35]. Therefore, IFN-I helps to control the infectious
process and improves the adaptive immune response.

5. Deregulation of the IFN Pathway by HPV Proteins

HPV induces a deregulation of several components of the immune response in the IFN
pathway (innate response immunity) to produce a successful infection, complete the viral
life cycle, allow for viral persistence and, in exceptional cases, lead to the development of
cancer [36]. Next, we describe the main actions carried out by each of the HPV early proteins
(E1, E2, E5, E6 and E7) in the deregulation of the antiviral immune response mediated by

BioRENDER.com
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interferon. Specifically, how viral proteins alter interferon production (Figure 3a) and how
they regulate the ISG pathway to prevent its activation (Figure 3b).

Figure 3. Effect of HPV proteins on IFN production and the ISG pathway. When the cell senses viral
DNA, signaling pathways are triggered to produce IFN; then, the binding of IFN to its receptors
activates the ISG pathway to control viral infection. (a) HPV proteins affect IFN production: E6 and
E7 oncoproteins interact with TLR and cGAS receptors and also with transcriptional factors such as
IRF-3 and -1 that block IFN production. In addition, E1 protein prevents the expression of IFN-β
and IFN-λ; however, the mechanisms of such regulation are still unclear. (b) The production of IFN
promotes the activation of the ISG pathway; however, HPV proteins prevent its activation by acting
at various levels of regulation of the pathway. However, it is not known if the inhibition of IFN is
enough to prevent the activation of ISGs or whether other components such as STAT1 and STAT2
could be regulated by these proteins. IFN, interferon; IFNAR, IFN-α receptor; IFNGR, IFN-γ receptor;
IFNLR, IFN-λ receptor; IRF9, interferon regulatory factor 9; ISGF3, interferon stimulated gene factor 3;
ISRE, interferon stimulated response element; GAS, gamma interferon activation site. Figure created
using BioRENDER.com.

5.1. HPV E1 Protein

The early E1 protein has been mostly associated with viral replication and it is the only
viral protein with enzymatic activity, necessary throughout the HPV replicative cycle [37].
A study carried out by Terenzi et al. (2008) showed the effect of the IFN and ISG on the HPV
E1 protein. It showed that when p56, an interferon-induced protein, is overexpressed, it
interacts and inhibits the helicase activity of HPV16 E1 [38]. However, recent studies show
that E1 may affect different processes aimed at regulating the immune response. In this
regard, Castillo et al. (2014) found that different set of genes are deregulated after silencing
the expression of the E1 gene in HPV18 positive HeLa cells. Mostly, these differentially
expressed genes were grouped into four categories including: TLR signaling pathway, IFN
signaling pathway, antiviral ISG and apoptosis [39]. This indicates that E1 might impair
proper functioning for the recognition and clearance of infected cells.

In addition, E1 from different HPV types was shown to downregulate genes involved
in the antiviral defense including IFNβ1 and IFNλ1, as well as some IFN-stimulated genes
(CCL5, Viperin and IFIT2) [40]. Interestingly, E1 proteins from different HPV types were
also found to decrease the expression of IFNβ1 and IFNλ1, even after the addition of a
potent stimulator of the IFN-β1 pathway (poly I:C). Therefore, the HPV E1 protein can
inhibit the innate immune response; however, the mechanisms by which it affects the
IFN pathway have not yet been investigated. One possibility could be associated with
direct DNA binding, since E1 possesses such ability. On the other hand, E1 could be
acting indirectly throughout its interaction with transcriptional regulators. Interestingly,
E1 mRNA has been shown to increase with an increasing grade of cervical intraepithelial

BioRENDER.com


Biomedicines 2022, 10, 2965 7 of 13

neoplasia (CIN), with higher levels found in cervical cancer [17,41]. This indicates that E1
could have effects beyond the viral genome amplification and that the inhibition of the
immune response could be contributing to the carcinogenic process; however, this possible
role of the E1 protein remains to be explored.

5.2. HPV E2 Protein

E2 is involved in a plethora of actions including initiation of DNA replication, cellular
and viral transcriptional regulation and episomal segregation [42]. Interestingly, regulation
of cellular gene expression has been proposed as a potential mechanism involved in viral
pathogenesis, including the deregulation of genes involved in cell proliferation, apoptosis,
differentiation and immune regulation [43–45].

Regarding the actions of E2 on the regulation of the immune response, there is little
evidence showing that E2 protein can affect the innate immune response through the
regulation of the IFN expression. Sunthamala et al. (2014) demonstrated a reduction in
IFN-κ and STING mRNAs in primary keratinocytes expressing E2 from hr-HPVs even
after stimulating IFN with poly I:C. Furthermore, they observed that the E2 transactivation
domain was responsible for the suppression of IFN-κ and STING. Additionally, downregu-
lation of STING and IFN-κwas also corroborated in clinical specimens in which these genes
and some ISGs were downregulated in HPV-positive low-grade squamous intraepithelial
lesions (LSIL) compared with HPV-negative controls [45]. These results provide clues
about the possible role of E2 in the evasion of the innate immune response that could be an
immune escape mechanism during the viral replication, persistence and development of
HPV-associated cancer.

5.3. HPV E5 Protein

The HPV E5 protein has immunosuppressive functions that could favor the replicative
cycle, but it has also shown transforming activity in cellular and animal models [46]. The
participation of E5 in the immune response implies different actions in both the adaptive
and innate responses. For example, Muto et al. (2011) showed that the HPV16 E5 protein
increases IFN-β1 levels due to the increased expression of the IRF-1 transcription factor;
in addition, they observed an increase in the expression of ISGs (PKR and caspase 8) [47].
These data could be considered controversial since E5 would be expected to inhibit IFN
expression, favoring the replicative cycle. However, there is evidence that this could be
a mechanism that favors carcinogenesis, since treatment with IFN in W12 cells (cervical
epithelial cells that contain episomal copies of the HPV16 genome) causes a decrease in
the number of viral copies which, in turn, causes an increase in the number of integrated
genomes [48]. In addition, the E5 protein inhibits the expression of IFN-κ and some ISGs,
which is dependent of TGF-β signaling. Interestingly, loss of E5 expression in HPV16-
positive primary human foreskin keratinocytes (HFKs) increase IFN-κ levels and increase
the number of viral integrated copies. Although it is unclear how IFN might be promoting
viral genome integration, it is believed that it may be due to the ability of IFNs to deplete
cells with episomal copies, allowing cells containing integrated copies to predominate. IFN
promotion of viral genome integration could also be because the chronic expression of ISGs
results in genomic instability and favors the integration of the HPV genome [49]. These
data indicate that it is interesting not only to study how the HPV E5 protein can regulate
the IFN signaling pathway to inhibit the innate immune response, but also how it could be
favoring carcinogenesis.

5.4. HPV E6 and E7 Proteins

There is increasing evidence that the E6 and E7 proteins are capable of modulating
the IFN-I signaling pathway. Nees et al. (2001) evaluated the differential expression of
mRNA in primary keratinocytes expressing HPV16 E6 and E7 and found that 80 cellular
genes were deregulated in the presence of the oncoproteins. These genes were grouped
into three clusters: (1) interferon (IFN)-responsive genes; (2) genes stimulated by NF-κB;
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and (3) genes regulated in cell cycle progression and DNA synthesis [50]. These results
indicated that HPV oncoproteins affect the immune response.

Individually, it has been shown that E6 and E7 oncoproteins influence the innate
immune response, primarily by affecting interferon functions. E6 interacts with interferon
regulatory factor 3 (IRF-3, a transcriptional factor for IFN-β), preventing its transactivation
activity and consequently inducing its degradation via the proteasome system; this effect is
associated with an increased viral replication capacity [51]. Additionally, E7 inhibits the
translocation of the transcriptional factor p48, a component of the interferon-stimulated
gene factor 3 (ISGF3) transcription complex (STAT1, STAT2 and p48) responsible for IFN-α
production. This suggests that E7-mediated inhibition of p48 nuclear activity results in
loss of IFN-α-mediated signal transduction, which may impair the action of the innate
immune system [52].

Another important component of the innate immune response is the cGAS-STING
pathway which favors the transcriptional expression of IFN-I to initiate the antiviral im-
mune response [29]. The E7 oncoproteins of HPV16 and 18 have been shown to antagonize
the cGAS-STING pathway by preventing IFN-β expression. This is due to the ability of E7
to interact with STING through the LXCXE motif (pRb binding motif), whereas E7 silencing
in cell lines derived from HPV-positive cervical cancer and oropharyngeal squamous cell
carcinomas restores the cGAS-STING pathway [53,54].

Furthermore, the E7 protein of HPV16 interacts with interferon regulatory factor
1 (IRF-1), a transcriptional factor required for the expression of IFN-β. E7 associates with
the Nucleosome Remodeling Deacetylase (NURD) complex containing HDAC3, inducing
transcriptional silencing of IRF-1-activated genes, including IFN-β [55]. HPV oncoproteins
also affect other components of the IFN pathway, such as the IFN-α receptor. E6 prevents
STAT2 and STAT1 phosphorylation by interacting with tyrosine kinase 2 (TYK2), thereby
inhibiting ISG expression [56]. In addition, Cigno et al. (2020) found that HPV E7 proteins
from types 16 and 18 promote the expression of the histone methyl transferase SUV39H1,
fostering the transcriptional repression of RIG-I, cGAS and STING, while the inhibition of
SUV39H1 leads to the transcriptional activation of these genes and increased production of
IFN-β and IFN-λHPV [57]. In this way, the E6 and E7 oncoproteins inhibit the signaling
pathway mediated by IFN-I, hindering an important antiviral effector mechanism that has
been shown to actively participate in the elimination of HPV.

Interestingly, keratinocytes, but not oropharyngeal epithelial cells, express IFN-κ,
which belongs to human-type I IFNs and is constitutively expressed at detectable levels in
uninfected cells. IFN-κ induces ISG transcription to control viral infections, representing
a potential component to be disturbed during HPV infections and cancer [58,59]. Reiser
et al. (2011) found that hr-HPV positive cells had reduced IFN-κmRNA levels compared
to normal keratinocytes. Furthermore, they demonstrated that HPV16 E6 shows a greater
inhibitory effect on IFN-κ expression compared to E7 oncoprotein; nonetheless, both
oncoproteins produce significant downregulation. The decrease of IFN-κ by E6 affects
the expression of different ISGs such as IFIT1, MDA5, MX1, RIG-I, STAT1, TLR3, TRAIL
and XAF1. The proposed mechanism by which E6 inhibits the expression of IFN-κ is
through p53 degradation since recovery of p53 expression results in increased IFN-κ levels
in cell lines derived from cervical cancer [60]. All these reports suggest that HPV E6 and
E7 oncoproteins inhibit key components of the antiviral immune response, thus preventing
the recognition of HPV in the early stages of infection and favoring the replicative cycle,
persistence and development of cancer.

Another way that viruses affect IFN expression is through the inhibition of receptors
that favor IFN expression [61]. Particularly, in the case of hr-HPV infections the E6 and
E7 oncoproteins regulate a plethora of cellular factors involved in the regulation of cell
proliferation, cell death and, importantly, host defense. In this sense, Hasan et al. (2007)
demonstrated that HPV16 E6 and E7 oncoproteins block the activation of innate immunity
by decreasing the levels of TLR-9 mRNA [62]. The authors also showed that both HPV16 E6
and E7 bind to the TLR9 promoter, preventing transcription of the TLR9 gene compared to
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low-risk HPVs. Similar results were observed in cervical cancer-derived cell lines, in which
the TLR-9 expression was weaker in HPV16-positive SiHa cells and completely absent in
Ca Ski cells. In contrast, HeLa cells that contained multiple copies of integrated HPV18
exhibited higher levels of TLR-9 mRNA, likely indicating a viral type-dependent effect. In
addition, it was determined that HPV16 E7 also prevents the expression of TLR9 by forming
a nuclear complex on the TLR9 promoter, composed by the estrogen receptor α (ERα),
NF-κBp50 and p65. This in turn allows the recruitment of histone deacetylase (HDAC)
1 and histone demethylase JARID1B, which contributes to transcriptional silencing of
TLR-9 in C33A cells [63]. Moreover, the authors evaluated the expression of NF-κBp65 and
ERα, finding increased levels in HPV16-positive cervical cancer samples when compared
to normal controls. These data support the claim that HPV E6 and E7 oncoproteins
downregulate the expression of TLR-9 at a transcriptional level, affecting the recognition
of viral DNA by the innate immune system and consequently blocking the production of
IFN-I and pro-inflammatory cytokines.

In support of the downregulation of TLR-9 by HPV, a low expression of TLR-9 was
found in HPV16-positive cervical biopsies compared to HPV-negative normal tissues [62],
although several studies have demonstrated an increased expression of TLR-9 in cervical
cancer samples of women with HPV infections, squamous intraepithelial cervical lesions
and cancer [64–67]. Therefore, the actual status of TLR-9 in HPV-induced disease remains
unclear and somehow controversial. Likewise, it has been observed that in HPV-positive
oropharyngeal cancer the expression of TLR-9 is increased compared to HPV-negative
counterparts, although a pro-inflammatory response has not been found after stimulation
with LPS. Therefore, this indicates a differential behavior of the TLR-9 signaling in HPV-
induced neoplasia [68]. Therefore, further studies are needed to clarify the role of TLR-9 in
preventing HPV infection or promoting cancer development.

Certainly, the regulation of the IFN pathway involves different mechanisms that are
targets of viral proteins. There is evidence supporting the claim that HPV E6 and E7
oncoproteins deregulate cellular miRNAs [69–71] and studies have focused on evaluating
the consequences of such a deregulation on targets related to carcinogenesis. Although there
are no direct studies indicating that HPV oncoproteins deregulate miRNAs related to the
interferon pathway, it has been reported that miR-146a was constantly found upregulated
in E5-expressing HaCaT [72] and it is known that miR-146a regulates the adaptive and
innate immune responses [73]. Particularly, the production of IFN-gamma by natural
killer cells is ablated by miR-146a via targeting NF-kB [74]. In the same sense, it has been
reported that miR-146a is overexpressed in human keratinocytes expressing HPV16 E6 and
E7 oncoproteins [69]; moreover, the authors also reported that miR-155 is downregulated
in E6 expressing cells. Meanwhile, it has been demonstrated that the downregulation of
miR-155 in NK-stimulated cells suppresses the production of IFN-gamma [75]. In such a
way, indirect evidence suggests that E6, E7 and E5 oncoproteins modulate the expression
of miRNAs, which can alter the IFN pathway.

6. Concluding Remarks

An important factor for viral replication and cancer progression is the failure of the
immune system. The coordinated actions of elements of the innate and adaptive immune
responses achieve the elimination of both infected cells and transformed cells. The IFN
signaling pathway plays an important role within the innate immune response to control
HPV infections. However, HPV early proteins can act on different mechanisms aimed
to prevent the action of the IFNs and ISGs, allowing the establishment of a persistent
infection and progression to cancer. Although many studies have focused on the E6 and
E7 oncoproteins and their effects on IFN signaling, it is beginning to be understood how
other HPV early-expressed proteins, such as E1, E2 and E5, can regulate IFN, favoring viral
persistence and/or carcinogenesis. Thus, a knowledge of the specific molecules and cells
that participate in the detection and elimination of cells infected or transformed by HPV, as
well as an understanding of the mechanisms by which HPV proteins elude the immune
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system, will allow the design of new strategies aimed at enhancing the immune response
against HPV. This will ultimately have an impact on clearing HPV-related premalignant
lesions and assist in cancer prevention.

Author Contributions: Conceptualization, L.J.C.-M. and J.M.-M.; methodology, L.J.C.-M. and J.M.-M.;
investigation, L.J.C.-M., L.R.-Z., M.L., K.M.R.-A., V.M.-M. and J.M.-M.; resources, J.M.-M. and M.L.;
writing—original draft preparation, L.J.C.-M., L.R.-Z., M.L., K.M.R.-A., V.M.-M. and J.M.-M.; writing—
review and editing, L.J.C.-M., L.R.-Z., M.L., K.M.R.-A., V.M.-M. and J.M.-M.; figure preparation,
L.J.C.-M. and K.M.R.-A.; supervision, J.M.-M.; funding acquisition, M.L. and J.M.-M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the Instituto Nacional de Cancerología, México—
grants (018/037/IBI) (CEI/1284/18) and (015/039/IBI) (CEI/998/15)—and by CONACyT, PRONAII-
7-Virus y Cáncer 303044.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

HPV: Human Papillomavirus; STD, sexually transmitted disease; hr-HPV, high-risk Human
Papillomavirus; bp, base pairs; LCR, long control region; PaVE, Papillomavirus Episteme; LR-HPV,
low-risk Human Papillomavirus; RRP, recurrent respiratory papillomatosis; ORF, open reading frame;
E6AP, E6 associated protein; TNFR1, tumor necrosis receptor 1; ER, endoplasmic reticulum; EGFR,
epidermal growth factor receptor; EGF, epidermal growth factor; COX-2, ciclioxygenase-2; VEGF,
vascular endothelial growth factor; KGFR/FGFR2b, keratinocyte growth factor receptor/fibroblast
growth factor receptor 2b; PMN, polymorphonuclear cells; NK, natural killer cells; NKT, natural killer
T cells; HD5, human alpha defensin 5; PRRs, pattern recognition receptors; TLR, toll like receptor;
PAMPs, molecular patterns associated with pathogens; IFN-I, interferon type I; MHC-I/II, major
histocompatibility complex class I/II; ISG, interferon-stimulated genes; DCs, Dendritic cells; KIR,
Killer-cell immunoglobulin-like receptors; TNF-α, Tumor necrosis factor α; IL, interleukin; iNKT,
invariant NKT cells; APC, antigen-presenting cell; Th1/2, T helper cells 1/2; TCR, T- cell receptor;
CTL, cytotoxic T cells; FasL/FasR, Fas ligand/Fas receptor; li, invariant chain; CLIP, small fragment
of li; HLA-DM, leukocyte antigen-DM; v-ATPase, vacuolar H+-ATPase, TGF-β, Transforming growth
factor β; mRNA, messenger ribonucleic acid; ERα, estrogen receptor α; HDAC, Histone Deacetylase;
IRF, interferon regulatory factor; ISGF3, interferon-stimulated gene factor 3; NURD, Nucleosome
Remodeling Deacetylase; TAP, Transporter Associated with antigen Processing protein.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide

for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Koshiol, J.E.; Schroeder, J.C.; Jamieson, D.J.; Marshall, S.W.; Duerr, A.; Heilig, C.M.; Shah, K.V.; Klein, R.S.; Cu-Uvin, S.; Schuman,

P.; et al. Time to Clearance of Human Papillomavirus Infection by Type and Human Immunodeficiency Virus Serostatus. Int. J.
Cancer 2006, 119, 1623–1629. [CrossRef] [PubMed]

3. Rositch, A.F.; Koshiol, J.; Hudgens, M.G.; Razzaghi, H.; Backes, D.M.; Pimenta, J.M.; Franco, E.L.; Poole, C.; Smith, J.S. Patterns of
Persistent Genital Human Papillomavirus Infection among Women Worldwide: A Literature Review and Meta-Analysis. Int. J.
Cancer 2013, 133, 1271–1285. [CrossRef] [PubMed]

4. Morán-Torres, A.; Pazos-Salazar, N.G.; Téllez-Lorenzo, S.; Jiménez-Lima, R.; Lizano, M.; Reyes-Hernández, D.O.; de J. Marin-
Aquino, J.; Manzo-Merino, J. HPV Oral and Oropharynx Infection Dynamics in Young Population. Braz. J. Microbiol. 2021, 52,
1991–2000. [CrossRef] [PubMed]

5. Deligeoroglou, E.; Giannouli, A.; Athanasopoulos, N.; Karountzos, V.; Vatopoulou, A.; Dimopoulos, K.; Creatsas, G. HPV
Infection: Immunological Aspects and Their Utility in Future Therapy. Infect. Dis. Obstet. Gynecol. 2013, 2013, 540850. [CrossRef]

6. Doorbar, J. Papillomavirus Life Cycle Organization and Biomarker Selection. Dis. Markers 2007, 23, 297–313. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1002/ijc.22015
http://www.ncbi.nlm.nih.gov/pubmed/16646070
http://doi.org/10.1002/ijc.27828
http://www.ncbi.nlm.nih.gov/pubmed/22961444
http://doi.org/10.1007/s42770-021-00602-3
http://www.ncbi.nlm.nih.gov/pubmed/34482527
http://doi.org/10.1155/2013/540850
http://doi.org/10.1155/2007/613150


Biomedicines 2022, 10, 2965 11 of 13

7. de Martel, C.; Plummer, M.; Vignat, J.; Franceschi, S. Worldwide Burden of Cancer Attributable to HPV by Site, Country and HPV
Type. Int. J. Cancer 2017, 141, 664–670. [CrossRef]

8. Raff, A.B.; Woodham, A.W.; Raff, L.M.; Skeate, J.G.; Yan, L.; Da Silva, D.M.; Schelhaas, M.; Kast, W.M. The Evolving Field of
Human Papillomavirus Receptor Research: A Review of Binding and Entry. J. Virol. 2013, 87, 6062–6072. [CrossRef]

9. Roberts, S.; Evans, D.; Mehanna, H.; Parish, J.L. Modelling Human Papillomavirus Biology in Oropharyngeal Keratinocytes.
Philos. Trans. R. Soc. B 2019, 374, 20180289. [CrossRef]

10. Schelhaas, M.; Shah, B.; Holzer, M.; Blattmann, P.; Kuhling, L.; Day, P.M.; Schiller, J.T.; Helenius, A. Entry of Human Papillomavirus
Type 16 by Actin-Dependent, Clathrin- and Lipid Raft-Independent Endocytosis. PLoS Pathog. 2012, 8, e1002657. [CrossRef]

11. Gyöngyösi, E.; Szalmás, A.; Ferenczi, A.; Póliska, S.; Kónya, J.; Veress, G. Transcriptional Regulation of Genes Involved in
Keratinocyte Differentiation by Human Papillomavirus 16 Oncoproteins. Arch. Virol. 2015, 160, 389–398. [CrossRef]

12. Wetherill, L.F.; Holmes, K.K.; Verow, M.; Müller, M.; Howell, G.; Harris, M.; Fishwick, C.; Stonehouse, N.; Foster, R.; Blair,
G.E.; et al. High-Risk Human Papillomavirus E5 Oncoprotein Displays Channel-Forming Activity Sensitive to Small-Molecule
Inhibitors. J. Virol. 2012, 86, 5341–5351. [CrossRef]

13. Doorbar, J. The E4 Protein; Structure, Function and Patterns of Expression. Virology 2013, 445, 80–98. [CrossRef]
14. Hibma, M.H. The Immune Response to Papillomavirus during Infection Persistence and Regression. Open Virol. J. 2012, 6,

241–248. [CrossRef]
15. Ziegert, C.; Wentzensen, N.; Vinokurova, S.; Kisseljov, F.; Einenkel, J.; Hoeckel, M.; von Knebel Doeberitz, M. A Comprehensive

Analysis of HPV Integration Loci in Anogenital Lesions Combining Transcript and Genome-Based Amplification Techniques.
Oncogene 2003, 22, 3977–3984. [CrossRef]

16. Bellanger, S.; Tan, C.L.; Xue, Y.Z.; Teissier, S.; Thierry, F. Tumor Suppressor or Oncogene? A Critical Role of the Human
Papillomavirus (HPV) E2 Protein in Cervical Cancer Progression. Am. J. Cancer Res. 2011, 1, 373–389.

17. Baedyananda, F.; Chaiwongkot, A.; Bhattarakosol, P. Elevated HPV16 E1 Expression Is Associated with Cervical Cancer
Progression. Intervirology 2017, 60, 171–180. [CrossRef]

18. Black, A.P.B.; Ardern-Jones, M.R.; Kasprowicz, V.; Bowness, P.; Jones, L.; Bailey, A.S.; Ogg, G.S. Human Keratinocyte Induction of
Rapid Effector Function in Antigen-Specific Memory CD4+ and CD8+ T Cells. Eur. J. Immunol. 2007, 37, 1485–1493. [CrossRef]

19. Nestle, F.O.; Di Meglio, P.; Qin, J.-Z.; Nickoloff, B.J. Skin Immune Sentinels in Health and Disease. Nat. Rev. Immunol. 2009, 9,
679–691. [CrossRef]

20. Langers, I.; Renoux, V.M.; Thiry, M.; Delvenne, P.; Jacobs, N. Natural Killer Cells: Role in Local Tumor Growth and Metastasis.
Biologics 2012, 6, 73–82. [CrossRef]

21. Krzewski, K.; Coligan, J.E. Human NK Cell Lytic Granules and Regulation of Their Exocytosis. Front. Immunol. 2012, 3, 335.
[CrossRef]

22. Park, M.H.; Song, M.J.; Cho, M.-C.; Moon, D.C.; Yoon, D.Y.; Han, S.B.; Hong, J.T. Interleukin-32 Enhances Cytotoxic Effect of
Natural Killer Cells to Cancer Cells via Activation of Death Receptor 3. Immunology 2012, 135, 63–72. [CrossRef]

23. Fox, L.M.; Miksanek, J.; May, N.A.; Scharf, L.; Lockridge, J.L.; Veerapen, N.; Besra, G.S.; Adams, E.J.; Hudson, A.W.; Gumperz, J.E.
Expression of CD1c Enhances Human Invariant NKT Cell Activation by Alpha-GalCer. Cancer Immun. 2013, 13, 9.

24. Miura, S.; Kawana, K.; Schust, D.J.; Fujii, T.; Yokoyama, T.; Iwasawa, Y.; Nagamatsu, T.; Adachi, K.; Tomio, A.; Tomio, K.; et al.
CD1d, a Sentinel Molecule Bridging Innate and Adaptive Immunity, Is Downregulated by the Human Papillomavirus (HPV) E5
Protein: A Possible Mechanism for Immune Evasion by HPV. J. Virol. 2010, 84, 11614–11623. [CrossRef]

25. Tessmer, M.S.; Fatima, A.; Paget, C.; Trottein, F.; Brossay, L. NKT Cell Immune Responses to Viral Infection. Expert Opin. Ther.
Targets 2009, 13, 153–162. [CrossRef]

26. Thompson, M.R.; Kaminski, J.J.; Kurt-Jones, E.A.; Fitzgerald, K.A. Pattern Recognition Receptors and the Innate Immune
Response to Viral Infection. Viruses 2011, 3, 920–940. [CrossRef]

27. Lebre, M.C.; van der Aar, A.M.G.; van Baarsen, L.; van Capel, T.M.M.; Schuitemaker, J.H.N.; Kapsenberg, M.L.; de Jong, E.C.
Human Keratinocytes Express Functional Toll-like Receptor 3, 4, 5, and 9. J. Investig. Dermatol. 2007, 127, 331–341. [CrossRef]

28. Puig, M.; Tosh, K.W.; Schramm, L.M.; Grajkowska, L.T.; Kirschman, K.D.; Tami, C.; Beren, J.; Rabin, R.L.; Verthelyi, D. TLR9 and
TLR7 Agonists Mediate Distinct Type I IFN Responses in Humans and Nonhuman Primates in Vitro and in Vivo. J. Leukoc. Biol.
2012, 91, 147–158. [CrossRef]

29. Motwani, M.; Pesiridis, S.; Fitzgerald, K.A. DNA Sensing by the CGAS-STING Pathway in Health and Disease. Nat. Rev. Genet.
2019, 20, 657–674. [CrossRef]

30. Temizoz, B.; Kuroda, E.; Ohata, K.; Jounai, N.; Ozasa, K.; Kobiyama, K.; Aoshi, T.; Ishii, K.J. TLR9 and STING Agonists
Synergistically Induce Innate and Adaptive Type-II IFN. Eur. J. Immunol. 2015, 45, 1159–1169. [CrossRef]

31. Lazear, H.M.; Schoggins, J.W.; Diamond, M.S. Shared and Distinct Functions of Type I and Type III Interferons. Immunity 2019, 50,
907–923. [CrossRef] [PubMed]

32. Mesev, E.V.; LeDesma, R.A.; Ploss, A. Decoding Type I and III Interferon Signalling during Viral Infection. Nat. Microbiol. 2019, 4,
914–924. [CrossRef] [PubMed]

33. Liniger, M.; Gerber, M.; Renzullo, S.; García-Nicolás, O.; Ruggli, N. TNF-Mediated Inhibition of Classical Swine Fever Virus
Replication Is IRF1-, NF-KB- and JAK/STAT Signaling-Dependent. Viruses 2021, 13, 2017. [CrossRef] [PubMed]

34. Jefferies, C.A. Regulating IRFs in IFN Driven Disease. Front. Immunol. 2019, 10, 325. [CrossRef] [PubMed]

http://doi.org/10.1002/ijc.30716
http://doi.org/10.1128/JVI.00330-13
http://doi.org/10.1098/rstb.2018.0289
http://doi.org/10.1371/journal.ppat.1002657
http://doi.org/10.1007/s00705-014-2305-y
http://doi.org/10.1128/JVI.06243-11
http://doi.org/10.1016/j.virol.2013.07.008
http://doi.org/10.2174/1874357901206010241
http://doi.org/10.1038/sj.onc.1206629
http://doi.org/10.1159/000487048
http://doi.org/10.1002/eji.200636915
http://doi.org/10.1038/nri2622
http://doi.org/10.2147/BTT.S23976
http://doi.org/10.3389/fimmu.2012.00335
http://doi.org/10.1111/j.1365-2567.2011.03513.x
http://doi.org/10.1128/JVI.01053-10
http://doi.org/10.1517/14712590802653601
http://doi.org/10.3390/v3060920
http://doi.org/10.1038/sj.jid.5700530
http://doi.org/10.1189/jlb.0711371
http://doi.org/10.1038/s41576-019-0151-1
http://doi.org/10.1002/eji.201445132
http://doi.org/10.1016/j.immuni.2019.03.025
http://www.ncbi.nlm.nih.gov/pubmed/30995506
http://doi.org/10.1038/s41564-019-0421-x
http://www.ncbi.nlm.nih.gov/pubmed/30936491
http://doi.org/10.3390/v13102017
http://www.ncbi.nlm.nih.gov/pubmed/34696447
http://doi.org/10.3389/fimmu.2019.00325
http://www.ncbi.nlm.nih.gov/pubmed/30984161


Biomedicines 2022, 10, 2965 12 of 13

35. Zuniga, E.I.; Macal, M.; Lewis, G.M.; Harker, J.A. Innate and Adaptive Immune Regulation During Chronic Viral Infections.
Annu. Rev. Virol. 2015, 2, 573–597. [CrossRef]

36. Stanley, M. Immune Responses to Human Papillomavirus. Vaccine 2006, 24 (Suppl. 1), S16–S22. [CrossRef]
37. Bergvall, M.; Melendy, T.; Archambault, J. The E1 Proteins. Virology 2013, 445, 35–56. [CrossRef]
38. Terenzi, F.; Saikia, P.; Sen, G.C. Interferon-Inducible Protein, P56, Inhibits HPV DNA Replication by Binding to the Viral Protein

E1. EMBO J. 2008, 27, 3311–3321. [CrossRef]
39. Castillo, A.; Wang, L.; Koriyama, C.; Eizuru, Y.; Jordan, K.; Akiba, S. A Systems Biology Analysis of the Changes in Gene

Expression via Silencing of HPV-18 E1 Expression in HeLa Cells. Open Biol. 2014, 4, 130119. [CrossRef]
40. Castro-Muñoz, L.J.; Manzo-Merino, J.; Muñoz-Bello, J.O.; Olmedo-Nieva, L.; Cedro-Tanda, A.; Alfaro-Ruiz, L.A.; Hidalgo-

Miranda, A.; Madrid-Marina, V.; Lizano, M. The Human Papillomavirus (HPV) E1 Protein Regulates the Expression of Cellular
Genes Involved in Immune Response. Sci. Rep. 2019, 9, 13620. [CrossRef]

41. Fedorova, M.; Vinokurova, S.; Pavlova, L.; Komel’kov, A.; Korolenkova, L.; Kisseljov, F.; Kisseljova, N. Human Papillomavirus
Types 16 E1 MRNA Is Transcribed from P14 Early Promoter in Cervical Neoplasms. Virology 2016, 488, 196–201. [CrossRef]

42. McBride, A.A. The Papillomavirus E2 Proteins. Virology 2013, 445, 57–79. [CrossRef]
43. Fuentes-González, A.M.; Muñoz-Bello, J.O.; Manzo-Merino, J.; Contreras-Paredes, A.; Pedroza-Torres, A.; Fernández-Retana, J.;

Pérez-Plasencia, C.; Lizano, M. Intratype Variants of the E2 Protein from Human Papillomavirus Type 18 Induce Different Gene
Expression Profiles Associated with Apoptosis and Cell Proliferation. Arch. Virol. 2019, 164, 1815–1827. [CrossRef]

44. Ramírez-Salazar, E.; Centeno, F.; Nieto, K.; Valencia-Hernández, A.; Salcedo, M.; Garrido, E. HPV16 E2 Could Act as Down-
Regulator in Cellular Genes Implicated in Apoptosis, Proliferation and Cell Differentiation. Virol. J. 2011, 8, 247. [CrossRef]

45. Sunthamala, N.; Thierry, F.; Teissier, S.; Pientong, C.; Kongyingyoes, B.; Tangsiriwatthana, T.; Sangkomkamhang, U.; Ekalak-
sananan, T. E2 Proteins of High Risk Human Papillomaviruses Down-Modulate STING and IFN-Kappa Transcription in
Keratinocytes. PLoS ONE 2014, 9, e91473. [CrossRef]

46. DiMaio, D.; Petti, L.M. The E5 Proteins. Virology 2013, 445, 99–114. [CrossRef]
47. Muto, V.; Stellacci, E.; Lamberti, A.G.; Perrotti, E.; Carrabba, A.; Matera, G.; Sgarbanti, M.; Battistini, A.; Liberto, M.C.; Focà,

A. Human Papillomavirus Type 16 E5 Protein Induces Expression of Beta Interferon through Interferon Regulatory Factor 1 in
Human Keratinocytes. J. Virol. 2011, 85, 5070–5080. [CrossRef]

48. Herdman, M.T.; Pett, M.R.; Roberts, I.; Alazawi, W.O.F.; Teschendorff, A.E.; Zhang, X.-Y.; Stanley, M.A.; Coleman, N. Interferon-
Beta Treatment of Cervical Keratinocytes Naturally Infected with Human Papillomavirus 16 Episomes Promotes Rapid Reduction
in Episome Numbers and Emergence of Latent Integrants. Carcinogenesis 2006, 27, 2341–2353. [CrossRef]

49. Scott, M.L.; Woodby, B.L.; Ulicny, J.; Raikhy, G.; Orr, A.W.; Songock, W.K.; Bodily, J.M. Human Papillomavirus 16 E5 Inhibits
Interferon Signaling and Supports Episomal Viral Maintenance. J. Virol. 2020, 94, e01582-19. [CrossRef]

50. Nees, M.; Geoghegan, J.M.; Hyman, T.; Frank, S.; Miller, L.; Woodworth, C.D. Papillomavirus Type 16 Oncogenes Downregulate
Expression of Interferon-Responsive Genes and Upregulate Proliferation-Associated and NF-KappaB-Responsive Genes in
Cervical Keratinocytes. J. Virol. 2001, 75, 4283–4296. [CrossRef]

51. Ronco, L.V.; Karpova, A.Y.; Vidal, M.; Howley, P.M. Human Papillomavirus 16 E6 Oncoprotein Binds to Interferon Regulatory
Factor-3 and Inhibits Its Transcriptional Activity. Genes Dev. 1998, 12, 2061–2072. [CrossRef]

52. Barnard, P.; McMillan, N.A. The Human Papillomavirus E7 Oncoprotein Abrogates Signaling Mediated by Interferon-Alpha.
Virology 1999, 259, 305–313. [CrossRef]

53. Lau, L.; Gray, E.E.; Brunette, R.L.; Stetson, D.B. DNA Tumor Virus Oncogenes Antagonize the CGAS-STING DNA-Sensing
Pathway. Science 2015, 350, 568–571. [CrossRef]

54. Bortnik, V.; Wu, M.; Julcher, B.; Salinas, A.; Nikolic, I.; Simpson, K.J.; McMillan, N.A.; Idris, A. Loss of HPV Type 16 E7 Restores
CGAS-STING Responses in Human Papilloma Virus-Positive Oropharyngeal Squamous Cell Carcinomas Cells. J. Microbiol.
Immunol. Infect. 2021, 54, 733–739. [CrossRef]

55. Park, J.S.; Kim, E.J.; Kwon, H.J.; Hwang, E.S.; Namkoong, S.E.; Um, S.J. Inactivation of Interferon Regulatory Factor-1 Tumor Sup-
pressor Protein by HPV E7 Oncoprotein. Implication for the E7-Mediated Immune Evasion Mechanism in Cervical Carcinogenesis.
J. Biol. Chem. 2000, 275, 6764–6769. [CrossRef]

56. Li, S.; Labrecque, S.; Gauzzi, M.C.; Cuddihy, A.R.; Wong, A.H.; Pellegrini, S.; Matlashewski, G.J.; Koromilas, A.E. The Human
Papilloma Virus (HPV)-18 E6 Oncoprotein Physically Associates with Tyk2 and Impairs Jak-STAT Activation by Interferon-Alpha.
Oncogene 1999, 18, 5727–5737. [CrossRef] [PubMed]

57. Lo Cigno, I.; Calati, F.; Borgogna, C.; Zevini, A.; Albertini, S.; Martuscelli, L.; De Andrea, M.; Hiscott, J.; Landolfo, S.; Gariglio, M.
Human Papillomavirus E7 Oncoprotein Subverts Host Innate Immunity via SUV39H1-Mediated Epigenetic Silencing of Immune
Sensor Genes. J. Virol. 2020, 94, e01812-19. [CrossRef] [PubMed]

58. LaFleur, D.W.; Nardelli, B.; Tsareva, T.; Mather, D.; Feng, P.; Semenuk, M.; Taylor, K.; Buergin, M.; Chinchilla, D.; Roshke, V.; et al.
Interferon-Kappa, a Novel Type I Interferon Expressed in Human Keratinocytes. J. Biol. Chem. 2001, 276, 39765–39771. [CrossRef]
[PubMed]

59. DeCarlo, C.A.; Severini, A.; Edler, L.; Escott, N.G.; Lambert, P.F.; Ulanova, M.; Zehbe, I. IFN-κ, a Novel Type I IFN, Is Undetectable
in HPV-Positive Human Cervical Keratinocytes. Lab. Investig. 2010, 90, 1482–1491. [CrossRef]

http://doi.org/10.1146/annurev-virology-100114-055226
http://doi.org/10.1016/j.vaccine.2005.09.002
http://doi.org/10.1016/j.virol.2013.07.020
http://doi.org/10.1038/emboj.2008.241
http://doi.org/10.1098/rsob.130119
http://doi.org/10.1038/s41598-019-49886-4
http://doi.org/10.1016/j.virol.2015.11.015
http://doi.org/10.1016/j.virol.2013.06.006
http://doi.org/10.1007/s00705-018-04124-6
http://doi.org/10.1186/1743-422X-8-247
http://doi.org/10.1371/journal.pone.0091473
http://doi.org/10.1016/j.virol.2013.05.006
http://doi.org/10.1128/JVI.02114-10
http://doi.org/10.1093/carcin/bgl172
http://doi.org/10.1128/JVI.01582-19
http://doi.org/10.1128/JVI.75.9.4283-4296.2001
http://doi.org/10.1101/gad.12.13.2061
http://doi.org/10.1006/viro.1999.9771
http://doi.org/10.1126/science.aab3291
http://doi.org/10.1016/j.jmii.2020.07.010
http://doi.org/10.1074/jbc.275.10.6764
http://doi.org/10.1038/sj.onc.1202960
http://www.ncbi.nlm.nih.gov/pubmed/10523853
http://doi.org/10.1128/JVI.01812-19
http://www.ncbi.nlm.nih.gov/pubmed/31776268
http://doi.org/10.1074/jbc.M102502200
http://www.ncbi.nlm.nih.gov/pubmed/11514542
http://doi.org/10.1038/labinvest.2010.95


Biomedicines 2022, 10, 2965 13 of 13

60. Reiser, J.; Hurst, J.; Voges, M.; Krauss, P.; Munch, P.; Iftner, T.; Stubenrauch, F. High-Risk Human Papillomaviruses Repress
Constitutive Kappa Interferon Transcription via E6 to Prevent Pathogen Recognition Receptor and Antiviral-Gene Expression. J.
Virol. 2011, 85, 11372–11380. [CrossRef]

61. Bowie, A.G.; Unterholzner, L. Viral Evasion and Subversion of Pattern-Recognition Receptor Signalling. Nat. Rev. Immunol. 2008,
8, 911–922. [CrossRef]

62. Hasan, U.A.; Bates, E.; Takeshita, F.; Biliato, A.; Accardi, R.; Bouvard, V.; Mansour, M.; Vincent, I.; Gissmann, L.; Iftner, T.; et al.
TLR9 Expression and Function Is Abolished by the Cervical Cancer-Associated Human Papillomavirus Type 16. J. Immunol. 2007,
178, 3186–3197. [CrossRef]

63. Hasan, U.A.; Zannetti, C.; Parroche, P.; Goutagny, N.; Malfroy, M.; Roblot, G.; Carreira, C.; Hussain, I.; Muller, M.; Taylor-
Papadimitriou, J.; et al. The Human Papillomavirus Type 16 E7 Oncoprotein Induces a Transcriptional Repressor Complex on the
Toll-like Receptor 9 Promoter. J. Exp. Med. 2013, 210, 1369–1387. [CrossRef]

64. Lee, J.-W.; Choi, J.-J.; Seo, E.S.; Kim, M.J.; Kim, W.Y.; Choi, C.H.; Kim, T.-J.; Kim, B.-G.; Song, S.Y.; Bae, D.-S. Increased Toll-like
Receptor 9 Expression in Cervical Neoplasia. Mol. Carcinog. 2007, 46, 941–947. [CrossRef]

65. Fehri, E.; Ennaifer, E.; Ardhaoui, M.; Ouerhani, K.; Laassili, T.; Rhouma, R.B.H.; Guizani, I.; Boubaker, S. Expression of Toll-like
Receptor 9 Increases with Progression of Cervical Neoplasia in Tunisian Women–a Comparative Analysis of Condyloma, Cervical
Intraepithelial Neoplasia and Invasive Carcinoma. Asian Pac. J. Cancer Prev. 2014, 15, 6145–6150. [CrossRef]

66. Ghosh, A.; Dasgupta, A.; Bandyopadhyay, A.; Ghosh, T.; Dalui, R.; Biswas, S.; Banerjee, U.; Basu, A. A Study of the Expression
and Localization of Toll-like Receptors 2 and 9 in Different Grades of Cervical Intraepithelial Neoplasia and Squamous Cell
Carcinoma. Exp. Mol. Pathol. 2015, 99, 720–724. [CrossRef]

67. Martinez-Campos, C.; Bahena-Roman, M.; Torres-Poveda, K.; Burguete-Garcia, A.I.; Madrid-Marina, V. TLR9 Gene Polymorphism
-1486T/C (Rs187084) Is Associated with Uterine Cervical Neoplasm in Mexican Female Population. J. Cancer Res. Clin. Oncol.
2017, 143, 2437–2445. [CrossRef]

68. Tobouti, P.L.; Bolt, R.; Radhakrishnan, R.; de Sousa, S.C.O.M.; Hunter, K.D. Altered Toll-like Receptor Expression and Function in
HPV-Associated Oropharyngeal Carcinoma. Oncotarget 2018, 9, 236–248. [CrossRef]

69. Yablonska, S.; Hoskins, E.E.; Wells, S.I.; Khan, S.A. Identification of MiRNAs Dysregulated in Human Foreskin Keratinocytes
(HFKs) Expressing the Human Papillomavirus (HPV) Type 16 E6 and E7 Oncoproteins. MicroRNA 2013, 2, 2–13. [CrossRef]

70. Zhang, R.; Su, J.; Xue, S.-L.; Yang, H.; Ju, L.-L.; Ji, Y.; Wu, K.-H.; Zhang, Y.-W.; Zhang, Y.-X.; Hu, J.-F.; et al. HPV E6/P53 Mediated
down-Regulation of MiR-34a Inhibits Warburg Effect through Targeting LDHA in Cervical Cancer. Am. J. Cancer Res. 2016, 6,
312–320.

71. Chiantore, M.V.; Mangino, G.; Iuliano, M.; Zangrillo, M.S.; De Lillis, I.; Vaccari, G.; Accardi, R.; Tommasino, M.; Columba Cabezas,
S.; Federico, M.; et al. Human Papillomavirus E6 and E7 Oncoproteins Affect the Expression of Cancer-Related MicroRNAs:
Additional Evidence in HPV-Induced Tumorigenesis. J. Cancer Res. Clin. Oncol. 2016, 142, 1751–1763. [CrossRef] [PubMed]

72. Greco, D.; Kivi, N.; Qian, K.; Leivonen, S.-K.; Auvinen, P.; Auvinen, E. Human Papillomavirus 16 E5 Modulates the Expression of
Host MicroRNAs. PLoS ONE 2011, 6, e21646. [CrossRef] [PubMed]

73. Saba, R.; Sorensen, D.L.; Booth, S.A. MicroRNA-146a: A Dominant, Negative Regulator of the Innate Immune Response. Front.
Immunol. 2014, 5, 578. [CrossRef]

74. Wang, H.; Zhang, Y.; Wu, X.; Wang, Y.; Cui, H.; Li, X.; Zhang, J.; Tun, N.; Peng, Y.; Yu, J. Regulation of Human Natural Killer
Cell IFN-γ Production by MicroRNA-146a via Targeting the NF-KB Signaling Pathway. Front. Immunol. 2018, 9, 293. [CrossRef]
[PubMed]

75. Trotta, R.; Chen, L.; Ciarlariello, D.; Josyula, S.; Mao, C.; Costinean, S.; Yu, L.; Butchar, J.P.; Tridandapani, S.; Croce, C.M.; et al.
MiR-155 Regulates IFN-γ Production in Natural Killer Cells. Blood 2012, 119, 3478–3485. [CrossRef]

http://doi.org/10.1128/JVI.05279-11
http://doi.org/10.1038/nri2436
http://doi.org/10.4049/jimmunol.178.5.3186
http://doi.org/10.1084/jem.20122394
http://doi.org/10.1002/mc.20325
http://doi.org/10.7314/APJCP.2014.15.15.6145
http://doi.org/10.1016/j.yexmp.2015.11.015
http://doi.org/10.1007/s00432-017-2495-2
http://doi.org/10.18632/oncotarget.18959
http://doi.org/10.2174/2211536611302010002
http://doi.org/10.1007/s00432-016-2189-1
http://www.ncbi.nlm.nih.gov/pubmed/27300513
http://doi.org/10.1371/journal.pone.0021646
http://www.ncbi.nlm.nih.gov/pubmed/21747943
http://doi.org/10.3389/fimmu.2014.00578
http://doi.org/10.3389/fimmu.2018.00293
http://www.ncbi.nlm.nih.gov/pubmed/29593706
http://doi.org/10.1182/blood-2011-12-398099

	Introduction 
	Human Papillomavirus 
	Immune Responses for HPV Clearance 
	The IFN-Pathway 
	Deregulation of the IFN Pathway by HPV Proteins 
	HPV E1 Protein 
	HPV E2 Protein 
	HPV E5 Protein 
	HPV E6 and E7 Proteins 

	Concluding Remarks 
	References

