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Abstract

The innate immune response constitutes the first line of defense against infections by pathogens. 

Successful pathogens such as human papillomaviruses (HPVs) have evolved mechanisms that 

target several points in these pathways including sensing of viral genomes, blocking the synthesis 

of interferons and inhibiting the action of JAK/STAT transcription factors. Disruption of these 

inhibitory mechanisms contributes to the ability of HPVs to establish persistent infections, which 

is the major etiological factor in the development of anogenital cancers. Interestingly, HPVs also 

positively activate several members of these pathways such as STAT-5 that are important for their 

differentiation-dependent life cycle. STAT-5 activation induces the ATM and ATR DNA damage 

response pathways that play critical roles in HPV genome amplification. Targeting of these 

pathways by pharmaceuticals can provide novel opportunities to inhibit infections by these 

important human pathogens.
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1. Introduction

The host defense against pathogens is mediated by two basic systems: the innate immune 

pathway and the adaptive immune response. The innate immune response is the first line of 

defense against pathogens such as bacteria, fungi, or viruses. Following entry, pathogens are 

recognized by pattern recognition receptors (PRRs) that can identify small non-self 

molecular motifs referred to as pathogen-associated molecular patterns or PAMPs (Abbas et 

al., 2015). PAMPs include lipopolysaccharides and endotoxins on the surface of bacteria and 

nucleic acid motifs present on viral genomes. For viruses, recognition by PRRs leads to the 

activation of a cascade of downstream signaling pathways, including the interferon regulator 

factor (IRF) signaling pathway and the signal transducer and activator of transcription 
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(STAT) pathway, as well as the production of many cytokines such as interferons (IFNs) and 

interleukin-1 (IL-1) (Abbas et al., 2015). IFNs are named for their ability to protect cells 

from viral infection by acting as messengers between cells to trigger expression of antiviral 

genes. Following infection of keratinocytes by human papillomaviruses (HPVs) an innate 

immune response is triggered and viral proteins act to modulate this response to establish 

persistent infections (Hebner and Laimins, 2006). Prior to describing what is known about 

how HPV modulates the innate immune response, it is first important to provide a general 

description of the cellular pathways involved. We will describe how viruses are detected by 

the innate immune response and how this leads to synthesis of IFNs and other cytokines. 

This is followed by a discussion of IRF signaling as well as the effects of IFNs on the JAK/

STAT pathway and the roles of these factors in regulating the productive life cycle of HPVs. 

In addition, the effects of HPV proteins on cytokine expression will be addressed.

2. Summary of the innate immune response

2.1 Sensing of viral infection

The first step in mounting an innate immune response against viral infections is the detection 

of viral genomes following entry into cells, which as discussed is mediated by PRRs. PRRs 

are classified as cell surface PRRs or cytosolic according to their cellular locations (Abbas et 

al., 2015). The PRRs that detect RNA genomes are better understood than those that 

recognize DNA genomes and some of these act on both types of genomes. Following entry, 

viral RNAs can be recognized by membrane-bound Toll-like receptors (TLRs), such as 

TLR3, 7, and 8, as well as RIG-I-like receptors (RLRs), such as retinoic acid-inducible 

gene-I protein (RIG-I), melanoma differentiation-associated protein 5 (MDA5), and 

laboratory of genetics and physiology 2 (Lgp2) (Seth et al., 2006). TLR3 regulates the 

activation of the transcription factor IRF3, which induces expression of IFNs (Doan et al., 

2008). Other TLRs act through the myeloid differentiation primary response gene 88 

(MyD88) pathway that results in recruitment of downstream signaling molecules such as 

kinases that phosphorylate the inhibitor of nuclear factor kappa-B kinase subunit β (IKKβ) 

to induce nuclear factor kappa-light chain-enhancer of activated B cells (NF-κB) signaling 

(Seth et al., 2006). Another arm of RNA sensing is RIG-I/MDA5 pathway which can induce 

NF-κB activation as well as IFN production (Loo and Gale, 2011).

The DNA viral sensors include DNA-dependent activator of IFN-regulatory factors (DAI), 

Absent in melanoma 2 (AIM2), NACHT, LRR and PYD domains-containing protein 3 

(NLRP3), γ-interferon-inducible protein 16 (IFI16), cyclic GMP-AMP synthase (cGAS) and 

other factors (Chan and Gack, 2016; Chen and Ichinohe, 2015). DAI responds to 

poly(dA:dT) or viral double-stranded DNAs (dsDNAs) to induce IFN expression (Takaoka 

et al., 2007). In a similar manner AIM2 and IFI16 are cytosolic DNA sensors that contribute 

to the activation of IFN signaling. cGAS recognizes and binds to dsDNA to produce cyclic 

GMP-AMP, which activates the interferon synthesis pathway through the stimulator of 

interferon genes (STING) proteins (Gao et al., 2013; Sun et al., 2013). Though these DNA 

sensors have been shown to be associated with many viruses, only a few studies have 

characterized their effects on HPV infection and this will be discussed below.
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2.2 Interferon and the JAK/STAT pathway

Recognition of viral infection by PRRs results in activation of the IRF family of 

transcription factors, which consists of nine members (IRF1-9). Following activation, these 

factors bind to the promoters of interferon-stimulated genes (ISGs) through specific 

sequences called interferon stimulatory response elements (ISRE) to activate transcription 

(Abbas et al., 2015). The IRFs are initially localized inactive in the cytoplasm and following 

activation migrate to the nucleus to activate interferon transcription as well as expression of 

other cellular genes such as p53. The IFN family consists of three major types. For human, 

Type I IFNs include IFN-α, IFN-β, IFN-ε, IFN-κ, and IFN-ω. Type II is IFN-γ whereas 

type III IFNs include IFN-λ1, IFN-λ2, and IFN-λ3 (Abbas et al., 2015). Type I IFNs are 

synthesized following recognition of viral genomes by PRRs and subsequent activation of 

IRF transcription factors. Type II IFNs are synthesized primarily by natural killer (NK) cells 

and natural killer T cells along with CD4 and CD8 T cells (Doan et al., 2008). Type III IFNs 

work similar to type I but act through different cytokine receptor complexes. IRF1, 3, 5 and 

7 are the primary activators of Type I IFNs while IRF2 is a negative regulator of IRF1 

activity (Doan et al., 2008).

After synthesis and secretion of IFNs from the infected cells, extracellular IFNs bind to 

receptors on adjacent cells leading to the activation of the JAK-STAT pathway to stimulate 

expression of hundreds of genes that act to block viral propagation. In the canonical type I 

IFN pathway, IFN-α and IFN-β bind to a heterodimeric transmembrane receptor termed 

IFNAR, which consists of IFNAR1 and IFNAR2 subunits (Abbas et al., 2015). Engagement 

of IFNAR activates the receptor-associated Janus kinase 1 (JAK1) and tyrosine kinase 2 

(TYK2), which phosphorylate inactive STAT proteins located in the cytoplasm. Similarly, 

IFN-γ binds to IFNGR to activate JAK1 and JAK2, which then phosphorylate STAT 

proteins.

The STAT protein family has seven mammalian members: STAT-1, STAT-2, STAT-3, 

STAT-4, STAT-5α, STAT-5β, and STAT-6. STAT-1 and 2 are primarily responsible for 

mediating the response to type I and II IFNs while STAT-5 responds to cytokines and 

activates a different set of downstream genes (Doan et al., 2008). The other STATs play roles 

in development of cancers as well as inflammation and respond to different signaling 

molecules. In this review we will focus the discussion on the activities of STAT-1, 3 and 5 as 

they have been shown to impact HPV pathogenesis.

In uninfected cells, unphosphorylated STAT proteins are localized in the cytoplasm. 

Following receptor binding of IFNs, the STAT proteins become phosphorylated by receptor 

associated kinases, such as JAK1, 2 and TYK2 (Abbas et al., 2015). Upon phosphorylation, 

STAT-1and STAT-2 form heterodimers that also recruit IRF-9, to form a complex referred to 

as interferon stimulated gene factor (ISGF3). The ISGF3 complex migrates to the nucleus to 

bind to the interferon stimulated elements (ISRE) located in promoter regions of over 100 

anti-viral genes (referred to as ISGs) to induce their expression. These ISGs include 

myxovirus resistance 1 (MX1), IFN-inducible double-stranded RNA-dependent protein 

kinase (PKR), 2′-5′-oligoadenylate synthease (OAS), IFN-induced protein with 

tetratricopeptide repeats (IFIT), IFN-induced transmembrane proteins (IFITMs) (Diamond 

and Farzan, 2013) and the tripartite motif-containing (TRIM) family of molecules 
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(Rajsbaum et al., 2014). Two important factors are PKR that blocks translation of viral 

proteins and RNase L that mediates degradation of viral RNAs. Following binding of IFNγ 
to its receptors, bound JAK kinases are activated to phosphorylate STAT-1 proteins that then 

form homodimers, migrate to the nucleus and bind to interferonγ-activated sequence (GAS) 

elements in the promoters to induce the expression of ISGs. An overlapping set of genes 

becomes activated by ISGF3 complexes and STAT-1 homodimers. Similarly STAT-5 is 

localized in an unphosphorylated form in the cytoplasm and become activated by 

phosphorylation following binding of cytokines to the cytokine receptors resulting in the 

formation of either homo or heterodimers between its two isoforms STAT-5α and STAT-5β 
(Heltemes-Harris and Farrar, 2012). These STAT-5 complexes activate a different set of 

downstream genes than those targeted by STAT-1 and STAT-2. Interestingly, recent studies 

have also shown that unphosphorylated STAT-1 can associate with unphosphorylated 

STAT-2 as well as IRF9 to induce expression of a small subset of genes that have antiviral or 

immune-regulatory functions (Cheon and Stark, 2009).

2.3 The NF–κB pathway

The NF–κB (nuclear factor kappa-light chain-enhancer of activated B cells) complex of 

proteins plays a central role in regulating the immune response to viral and bacterial 

infections. It regulates transcription of cytokines and other factors in response to stress, 

external cytokines, UV as well as viral and bacterial antigens (Abbas et al., 2015). NF–κB is 

present in the cytoplasm in an inactive state in complex with the inhibitor IκBα. Following 

activation of the kinase IKK by external stimuli sensed by membrane receptors such as the 

TLRs, IκBα becomes phosphorylated resulting in ubiquitination and degradation. The 

unbound NF–κB then migrates to the nucleus to bind to specific response elements in the 

promoter regions of a set of responsive genes including those involved in innate immune 

regulation (Doan et al., 2008). The NF–κB family of proteins consists of NF–κB1 and 2 that 

are made up of p50 and p52 subunits as well as three REL (proto-oncogene c-Rel) proteins 

that can form either homo or heterodimers (Abbas et al., 2015). Importantly the NF–κB 

pathway is often suppressed by viruses during infection.

3. Human papillomaviruses

3.1 HPV viral proteins and its life cycle

HPVs infect stratified epithelia and are the primary causative agents of cervical, anal as well 

as many oropharyngeal cancers. Over 200 types of HPVs have been identified and 

approximately one third of these infect the genital tract (zur Hausen, 2002). Approximately 

9 types of HPV are considered as high risk types, including HPV16, 18, 31, and 45 that are 

the causative agents of most anogenital cancers. HPVs’ genomes are about 8 kb in length 

and contain at least eight open reading frames that encode for E1, E2, E4, E5, E6, E7 early 

proteins, as well as two capsid proteins L1 and L2 (Munger and Howley, 2002). E1 and E2 

regulate HPV genome replication, while E4 and E5 modulate late viral functions. The E6 

and E7 proteins regulate cell cycle regulatory activities in both undifferentiated and 

differentiated cells as well as play critical roles in maintenance of viral episomes. In the 

high-risk types, E6 and E7 act as oncogenes that are necessary for the development of 

anogenital cancers. One of the important targets of the high-risk E6 protein is the 
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transcription factor p53. E6 binds to the cellular E3 ubiquitin ligase E6-associated protein 

(E6AP) to degrade p53 (Huibregtse et al., 1991; Scheffner et al., 1993; 1990) as well as to 

inhibit p53 function by blocking acetylation (Hebner et al., 2007). The E7 protein regulates 

cell cycle events by binding to retinoblastoma protein (pRb) to facilitate the activities of E2F 

family members that regulate expression of many S-phase genes (Dyson et al., 1989; 

Longworth et al., 2005; Munger et al., 1989). A more detailed discussion of the action of the 

HPV viral proteins is described in other chapters in this volume.

To understand how HPVs modulate the innate immune response, it is important to first 

briefly describe the viral life cycle. The HPV life cycle is dependent on epithelial 

differentiation (Bodily and Laimins, 2011). Since these viruses encode only a small number 

of proteins they must utilize the host regulatory and replication enzymes to facilitate viral 

replication (Hebner and Laimins, 2006). HPVs infect cells in the basal layers of stratified 

squamous epithelia that become exposed upon trauma. Following entry, HPV genomes are 

established as low copy episomes (around 100 copies per cell) in the nuclei of basal cells. In 

infected basal cells, HPV episomes are replicated together with cellular chromosomes and 

distributed equally to the new basal cell and the daughter cell that will undergo 

differentiation. As this infected daughter cell undergoes differentiation, the viral genomes 

are replicated to thousands of copies per cell in a process referred to as amplification. While 

little is known how HPV modulates the innate immune response during initial viral entry, 

information is available about how viral proteins target these pathways once early genes are 

expressed.

3.2 Sensing HPV by the host DNA sensors

HPV utilizes several distinct ways to escape innate immune surveillance to establish 

persistent infections. First, HPV targets the DNA sensors that trigger downstream events to 

impair viral infection. Second, HPV interferes with the activities of IRF proteins that 

regulate interferon expression. Third, HPV proteins block activation of the JAK-STAT 

pathway to suppress expression of downstream effector genes. We will discuss each of these 

mechanisms in detail below.

Several studies reported that nuclear and cytoplasmic DNA sensors recognize HPV 

genomes. A role for the nuclear DNA sensor, IFI16, in detecting HPV genomes has been 

suggested by studies in which its overexpression impairs HPV18 transient replication while 

silencing increases replication (Lo Cigno et al., 2015). Interestingly, examination of the 

biopsy material from patients demonstrates increased levels of IFI16 in HPV-related cancers 

(Mazibrada et al., 2014; Reinholz et al., 2013), suggesting this factor may also play a role in 

cancer progression perhaps by interfering with viral replication. The HPV18 E7 protein has 

been reported to bind to cytoplasmic DNA sensor STING and inhibit its activity, while 

silencing of E7 restored cGAS-STING activation. No studies, however, have reported the 

effects of cGAS-STING on viral replication or stable maintenance of episomes so it is 

unclear how this binding affects these activities. In addition, RIG-I/MDA5 expression is 

down-regulated in HPV-positive cells (Reiser et al., 2011), however, neither E6 nor E7 

associates with members of the RIG-I pathway.
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A series of studies have reported HPV-induced changes in the levels of Toll-like receptors 

though the effects differ with the HPV types. Some studies indicate TLR9 levels are 

increased in HPV16-positive cells, while others report a decrease (Cannella et al., 2015; 

Hasan et al., 2013). In addition, no changes are seen in TLR9 levels in HPV18-positive cells 

while TLR3 levels are reduced (Reiser et al., 2011). Moreover, HPV38 down-regulates 

TLR9 levels through the action of the transcriptional regular ΔNp73 (Pacini et al., 2015). It 

is therefore difficult to make general conclusions about TLRs and HPV infections as effects 

may be type specific.

3.3 Suppression of IFN signaling by HPV

In addition to targeting DNA sensors, HPV deregulates the synthesis of interferons by 

regulating IRF transcription factors (Figure 1B). HPV16 E7 has been shown to block IRF-1 

expression via an HDAC-dependent mechanism (Park et al., 2000). Similarly, 

overexpression of HPV38 E6E7 leads to downregulation of IRF-1 as well as MHC I heavy 

chain expression (Cordano et al., 2008). HPV16 E6 also targets IRFs and has been shown to 

bind to IRF-3 to inhibit its transcriptional activity (Ronco et al., 1998). As a consequence of 

these and other as yet uncharacterized interactions, IRFs are deregulated by HPV proteins to 

reduce expression of IFN-α (Chang and Laimins, 2000), IFN-β (Park et al., 2000; Ronco et 

al., 1998), as well as IFN-κ (Rincon-Orozco et al., 2009). IFN-κ is a unique IFN that is 

specifically expressed in skin tissue and may be a major type affecting HPV infections. HPV 

E6 has also been shown to regulate methylation of the IFN-κ promoter so as to down-

regulate its expression (Rincon-Orozco et al., 2009), which also leads to changes of the 

expression pattern of PRRs (Reiser et al., 2011). Interestingly, IRFs can also function as part 

of a feedback loop to directly regulate HPV transcription as IRF-2 can activate the promoter 

of E6E7 in keratinocytes (Lace et al., 2010), while IRF-3 suppresses HPV8 expression 

(Oldak et al., 2011).

In addition to repressing interferon expression, HPV proteins also interfere with the 

induction of the JAK-STAT pathway (Figure 1A). HPV E6 interferes with activation of 

STAT proteins by directly interacting with TYK2 to impair phosphorylation of STAT-1 and 

STAT-2 (Li et al., 1999). Similarly, E7 has been reported to bind p48, which is a component 

of ISGF3 complex, to block the complex translocation to the nucleus and inhibiting ISG 

gene expression (Barnard and McMillan, 1999). Microarray analysis of HPV31 and 16 

cervical keratinocytes has shown that STAT-1 but not STAT-2 transcription is repressed by 

E6 and E7 proteins (Nees et al., 2001). This results in suppression of STAT-1 expression in 

HPV31-positive keratinocytes and correspondingly reduced transcription of downstream 

genes (Chang and Laimins, 2000). High-risk HPV proteins suppress the expression of a 

broad set of ISGs including MX1, IFIT1, OAS, and defensin-β1 (Chang and Laimins, 2000). 

Upon exposure to exogenously added IFNs, the expression of these genes can be restored to 

that seen in normal cells. The IFN-inducible IFIT1 has been shown to bind to E1 replication 

protein and sequester it to the cytoplasm, resulting in a decrease in HPV replication (Terenzi 

et al., 2008). Unlike IFIT1, other members of the IFIT family, such as IFITM proteins, do 

not have any inhibitory effects on HPV infection (Warren et al., 2014). The dsRNA-activated 

protein kinase (PKR) is commonly targeted by viral proteins and PKR expression is also 

suppressed by HPV proteins leading to impaired regulation of the eukaryotic translation 

Hong and Laimins Page 6

Virus Res. Author manuscript; available in PMC 2018 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



initiation factor 2α(eIF2α) (Hebner et al., 2006; Kazemi et al., 2004). In addition, HPV18 

E6 can relocalize PKR to cytoplasmic P-bodies to further inhibit PKR activities (Hebner et 

al., 2006).

Inhibition of STAT-1 expression by HPV proteins is critical for the stable maintenance of 

viral episomes as well as amplification in differentiating cells (Hong et al., 2011). When 

cells that maintain HPV episomes were transfected with STAT-1 expression vectors so as to 

restore levels to those seen in normal keratinocytes, the amount of viral genomes was rapidly 

decreased, differentiation-dependent amplification was inhibited and cells with integrated 

genomes became the predominant species. Whether the critical regulator that needs to be 

suppressed is STAT-1 itself or a downstream target is, however, unclear. In addition, HPV 

acts on the co-activators associated with STAT-1 proteins such as p300/CBP and MCM5. 

HPV E6 binds to p300/CBP to inhibit its ability to acetylate p53, resulting in blocking cell 

growth arrest induced by IFNs (Hebner et al., 2007). While the levels of MCM5 are 

increased in all grades of HPV-positive squamous and glandular dysplasia (Murphy et al., 

2005), the specific role of MCM5 plays in the HPV life cycle is not yet clear. Overall, these 

studies demonstrate the importance of suppressing STAT-1 in HPV infections.

Other members of the STAT family, such as STAT-3 and STAT-5 are regulated differently 

than STAT-1 in HPV-positive cells. Both STAT-3 and STAT-5 are involved in controlling 

cellular proliferation, differentiation, as well as the innate immune response. Studies have 

shown the enhanced expression of STAT-3 in HPV-positive cells is the result of E6 and E7 

directed decreases in the levels of miRNA-125a that regulates STAT-3 synthesis (Fan et al., 

2015). Furthermore, inhibition of STAT-3 activities by siRNAs or pharmacological inhibitors 

lead to an accumulation of p53 as well as pRb and reduced HPV gene expression (Shukla et 

al., 2013). Silencing of HPV E6 by E6-specific siRNAs results in abrogation of STAT-3 

signaling (Tyagi et al., 2016), whereas HPV E7 controls CDC91L1 (Guo et al., 2004) which 

in turn increases STAT-3 phosphorylation.

Expression of high-risk HPV proteins has also been shown to induce the constitutive 

activation of STAT-5 while only minimally affecting total levels. This activation of STAT-5 

in HPV positive cells results in induction of the Ataxia Telangiectasia Mutated (ATM) DNA 

damage repair pathway (Hong and Laimins, 2013). Activation of the ATM pathway is 

required for HPV genome amplification but has only a minimal effect on the stable 

maintenance of episomes (Moody and Laimins, 2009). HPV proteins act through PPARγ, 

GSK3β, as well as Tip60 to induce ATM activation (Hong et al., 2015; Hong and Laimins, 

2013). Furthermore, high-risk HPV proteins also activate the Ataxia Telangiectasia and 

Rad3-related (ATR) pathway, which mediates repair of single strand DNA breaks, to further 

regulate HPV viral replication. STAT-5 regulates ATR activation, in part, by controlling the 

transcription of the topoisomerase II -binding protein 1 (TopBP1), a binding partner of ATR 

(Hong et al. 2015).

3.4 HPV and NF-κB

In addition to controlling IFN signaling, HPV also regulates the NF-κB pathway that 

crosstalks with IFN signaling. HPV E7 associates with IκB kinase complex and reduces 

activities of IKK to attenuate NF-κB activation (Spitkovsky et al., 2002). E7 also reduces the 
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nuclear translocation and acetylation of the p65 subunit of NF-κB (Richards et al., 2015). 

Both E6 and E7 have been reported to compete with NF-κB/p65 to bind to p300/CBP to 

decrease IL-8 expression (Huang and McCance, 2002). Interestingly, at the same time 

HPV16 E6 has been reported to enhance the expression of NF-κB-dependent gene products 

such as TRAF-interacting proteins (Nees et al., 2001). HPV E6 is also responsible for 

prolonged hypoxia-induced NF-κB activation in cancer development via degradation of the 

CYLD lysine 63 (K63) deubiquitinase, which is a negative mediator for NF-κB pathway 

(An et al., 2008). The effects of HPV proteins on NF-κB activation are complex but 

important for viral pathogenesis.

3.5 Cytokines and HPV

Many cytokines play important roles in cell apoptosis as well as antiviral response. IL-1β is 

a key regulator of programmed cell death and a critical product of inflammasome activation. 

The inflammasome complex is a critical component of the innate immune response as it is 

responsible for induction of cell pyroptosis, recruitment of immune cells to the sites of 

infection as well as mediating antiviral response. The complex consists of NOD-like 

receptors (NLRs), apoptosis-associated speck-like protein containing a caspase recruitment 

domain (ASC), and pro-caspase-1. The assembly of this complex leads to the formation of 

mature caspase-1 that processes pro-IL-1β and pro-IL-18 to cleaved forms that are secreted 

as active pro-inflammatory cytokines. It has been shown that HPV16 E6 down-regulates 

IL-1β expression via E6-AP and p53 through post-translational modifications and may 

interfere with inflammasome recruitment (Niebler et al., 2013). HPV E7 can also suppress 

expression of the cytokines that can activate migration of activated NKT cells (Cicchini et 

al., 2016).

4. Conclusion

HPVs must escape innate immune surveillance to establish persistent infections and viral 

proteins manipulate this process by several mechanisms. First, HPV reduces the levels of the 

DNA sensors that can recognize HPV. Second, HPV suppresses IRF signaling as well as 

production of IFNs to block this critical part of the innate immune response. Third, viral 

proteins suppress STAT-1 expression while activating STAT-5 both of which are necessary 

for HPV life cycle. Targeting these multiple factors of the innate immune response is 

therefore essential for persistence of human papillomavirus infections.
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Highlights

HPV reduces the levels of the DNA sensors such as TLR9 and PKR.

HPV proteins suppress IRF-1 and IRF-3 to reduce expression of type I IFNs 

including IFN-α, IFN-β, and IFN-κ.

IFN-κ is specifically expressed in epithelial cells and HPV E2 or E6 proteins can 

reduce IFN-κ expression levels.

Suppression of STAT-1 activity and STAT-1-dependent ISGs is necessary for HPV 

life cycle.

Activation of STAT-5 is required for HPV genome amplification as well as 

activation of DNA damage response
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Figure 1. HPV modulates STAT pathways
A. HPV suppresses STAT-1 expression while it activates STAT-5. STAT-1 phosphorylation is 

induced following binding of type I or II IFNs to receptors and activation of associated 

kinases. The TYK2 kinase can be regulated by E6 protein. The phosphorylated STAT-1 

forms heterodimers with STAT-2 or homodimers that migrate to the nucleus to activate 

expression of over 100 genes. HPV E6 or E7 suppress STAT-1 transcription. In contrast, 

HPV promotes STAT-5 phosphorylation in the absence of exogenous activating signals.

B. Regulation of host innate immune factors by HPV viral proteins. HPV E6 binds to 

p300/CBP to inhibit its acetylation of p53. E6 can also regulate CBP as well as IRF-3. E7 

inhibits ISGF3 complex formation to suppress STAT-1-dependent induction of downstream 

genes. E7 also regulates p48 and STING proteins. E1 can bind to IFIT1 and this interaction 

results in a dampened eukaryotic initiation factor 3 (eIF3) activity.
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