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Human papillomavirus (HPV) is a major cause of cancers and benign lesions.

High-risk (HR) types, including HPV16 and HPV18, are strongly implicated in

cervical and other malignancies, while low-risk (LR) types, such as HPV11, are

predominantly associated with benign conditions. Although the immune evasion

of HPV oncoproteins E6 and E7 are extensively studied, the immunomodulatory

functions of the E2 protein remain poorly underexplored. This study elucidates

the role of HPV11 and HPV16 E2 proteins in modulating innate immune

responses, focusing on their interaction with key innate antiviral signaling

pathways. We demonstrate that HPV11 and HPV16 E2 proteins effectively

suppress the activation of pivotal antiviral signaling pathways, including RIG-I/

MDA5-MAVS, TLR3-TRIF, cGAS-STING, and JAK-STAT. Mechanistic analyses

reveal that E2 proteins interact with the core components of type I interferon

(IFN)-inducing pathways, inhibiting IRF3 phosphorylation and nuclear

translocation, thereby attenuating IFN expression. Additionally, E2 disrupts the

JAK-STAT signaling cascade by preventing the assembly of the ISGF3 complex,

comprising STAT1, STAT2, and IRF9, ultimately inhibiting the transcription of

interferon-stimulated genes (ISGs). These findings underscore the broader

immunosuppressive role of HPV E2 proteins, complementing the well-

established immune evasion mechanisms mediated by E6 and E7. This work

advances our understanding of HPV-mediated immune evasion and positions

the E2 protein as a promising target for therapeutic strategies aimed at

augmenting antiviral immunity in HPV-associated diseases.
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1 Introduction

Human papillomavirus (HPV) represent a family of double-

stranded DNA viruses that predominantly infect epithelial cells (1),

classified into high-risk (HR) and low-risk (LR) types according to

their oncogenic potential (2). HR HPV types, including HPV16 and

HPV18, are causally linked to cervical, anogenital, and

oropharyngeal cancers, with HPV16 alone accounting for nearly

50% of cervical cancer cases worldwide (3, 4). Conversely, LR types,

such as HPV11, are primarily associated with benign proliferative

lesions, including genital warts (5, 6). Despite their differing

oncogenic potential, both HR and LR HPV types employ

convergent strategies to evade host immune defenses, enabling

persistent infection—a critical determinant of HPV-associated

disease progression (7). Persistent HPV infection is pivotal in

cancer development, driven by viral oncoproteins E6 and E7,

which orchestrate the disruption of host cellular processes,

notably immune evasion (8, 9). While the majority of HPV

infections are resolved by the host immune system, approximately

10% to 15% persist (10, 11), resulting in chronic infection and

elevated oncogenic risk (7). The capacity of HPV to evade innate

immune surveillance is fundamental to its persistence and

subsequent oncogenic progression (12).

The innate immune system constitutes the primary defense

against viral infections, employing pattern recognition receptors

(PRRs), including Toll-like receptor 3 (TLR3) (13, 14), RIG-I-like

receptors (RLRs) (15, 16), and cyclic GMP-AMP synthase (cGAS)

(17–20) to recognize viral elements and activate antiviral responses.

Endosomally localized TLR3 detects viral double-stranded RNA,

initiating the TRIF-dependent signaling cascade that activates

TANK-binding kinase 1 (TBK1), leading to the phosphorylates of

interferon regulatory factor 3 (IRF3) (21, 22). Cytoplasmic RLRs,

including retinoic acid-inducible gene-I (RIG-I) and melanoma

differentiation-associated protein 5 (MDA5), recognize viral RNA

and activate TBK1 and IRF3 via mitochondrial antiviral signaling

protein (MAVS) (15, 16, 23, 24). Cytosolic viral DNA is sensed by

cGAS, which synthesizes the second messenger cyclic GMP-AMP

(cGAMP) (17, 19, 20, 25, 26). cGAMP subsequently binds to

stimulator of interferon genes (STING), prompting its

translocation to the Golgi, where it activates TBK1 to

phosphorylate IRF3 (27, 28). These pathways converge on TBK1

and IRF3, critical signaling nodes responsible for induction of

interferons (IFNs) (29, 30). IFNs subsequently engage their

cognate receptors, activating Janus kinases (JAKs) and driving the

phosphorylation of signal transducer and activator of transcription

(STAT) proteins. STAT1, STAT2, and IRF9 assemble into the

ISGF3 complex, which translocates to the nucleus to activate

interferon-stimulated genes (ISGs), thereby fortifying antiviral

defense (31, 32).

HPV encodes a limited repertoire of viral proteins, notably E5, E6,

and E7, which actively suppress host antiviral responses by interfering

with the innate immune signaling pathways. The E5 protein disrupts

TLR3-TRIF signaling, thereby attenuating IFN production, whereas E6

associates with TRIM25 and USP15 to destabilize TRIM25, effectively

impairing RIG-I signaling (33). HPV16 E7 silences RIG-I expression
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via SUV39H1-mediated epigenetic modifications and directly inhibits

STING in the cGAS-STING pathway, hereby obstructing cellular

responses to viral DNA (9, 34). HPV16 E6 and E7 further inhibit

the JAK-STAT pathway by downregulating STAT1 expression and

preventing its phosphorylation and nuclear translocation, thereby

disrupting the ISGF3 complex formation and suppressing ISG

transcription (35, 36). Additionally, E6 inhibits STAT2 activation

through interactions with Tyk2 (37), whereas E7 disrupts the

interaction between IRF9 and STAT1/STAT2, further impeding

ISGF3 assembly (38, 39). These inhibitory effects on the JAK-STAT

pathway enable HPV to evade host antiviral defenses, facilitating

persistent infection. Collectively, these strategies underpin HPV’s

ability to evade host immune surveillance and establish long-

term persistence.

In addition to E6 and E7, other HPV proteins, including E1 and

E2, play essential roles in the viral life cycle. The E2 protein, in

particular, governs viral gene expression by binding to the viral

upstream regulatory region (URR) and ensures the stable

maintenance of the viral genome within host cells (40, 41). While

the roles of E5, E6, and E7 in immune evasion are well-defined, the

immunomodulatory functions of E2 remain poorly elucidated.

Emerging evidence suggests that HPV E2 can downregulate

critical immune components, including MDA5 (42), STING and

IFN-k, while concurrently suppress ISG expression (43, 44).

Additional studies have shown that HPV16 E2 represses

interferon-inducible genes in HPV-positive tumors, further

underscoring its role in subverting host immune responses.

Despite these insights, the role of E2 in immune regulation

remains poorly understood, and the precise mechanisms by

which HPV E2 modulates host antiviral pathways have yet to be

fully elucidated. Given its critical role in viral gene regulation and

genome maintenance, further investigation into its potential

immunomodulatory functions is essential for understanding HPV

persistence and pathogenesis.
2 Materials and methods

2.1 Cell lines

HEK293T, HEK293TT, HeLa, Vero, and L929 cell lines were

obtained from the American Type Culture Collection (ATCC). The

cells were maintained in Dulbecco’s Modified Eagle Medium

(DMEM; Gibco, USA) supplemented with 10% fetal bovine

serum (FBS; Gibco, USA), 100 U/mL penicillin, and 100 mg/mL

streptomycin. All cells were incubated in a humidified atmosphere

at 37°C with 5% CO2.
2.2 Plasmids and transfection

Plasmids encoding RIG-I, RIG-IN, MDA5, MAVS, TRIF,

STING, TBK1, IKKe, and IRF3-5D were constructed in our

previous studies (45, 46). The luciferase reporter plasmids of

IFNb (IFNb-Luc) and ISGs (ISRE-Luc) were described in earlier
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1555629
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2025.1555629
studies (45, 46). Plasmids containing the full-length genomes of

HPV16 and HPV11 were obtained from ATCC. DNA fragments

encoding HPV11 and HPV16 E2 were synthesized (General

Biology, China) and subsequently subcloned into pXJ2-Flag and

pXJ2-Myc expression vectors. pXJ2 is a eukaryotic expression

vector capable of driving high-level expression of target proteins

in mammalian cells. Plasmids expressing STAT1, STAT2, and IRF9

were also constructed using pXJ2 vectors. To assess subcellular

localization of E2 protein, pDsRed2-Mito, pDsRed2-ER, and

pEYFP-Golgi plasmids were purchased from Clontech (USA).

Transfections were conducted using Polyethylenimine “MAX”

(Polysciences, USA) for HEK293T cells and Lipofectamine 3000

(Invitrogen, USA) for HeLa cells. Poly(I:C) was delivered using

Lipofectamine 2000 (Invitrogen). All transfections followed the

manufacturer’s protocols.
2.3 Antibodies and reagents

Primary antibodies utilized in this study included: mouse anti-

Myc (19C2), mouse anti-GAPDH (3B3), mouse anti-IRF3

(CY5779), mouse anti-TBK1 (CY5145), and mouse anti-Lamin

B1 (AB0054) (Abways, USA); rabbit anti-Myc (71D10), rabbit

anti-pIRF3 (4D46), and rabbit anti-pTBK1 (D52C2) (Cell

Signaling Technology, USA); rabbit anti-Flag (Immunoway,

USA); and mouse anti-Flag M2 (Sigma-Aldrich, USA). Secondary

antibodies included horseradish peroxidase (HRP)-conjugated anti-

mouse IgG (AB0102) and anti-rabbit IgG (AB1010) (Abways,

USA), along with fluorescence-labeled Alexa Fluor antibodies—

Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 594 goat anti-

rabbit IgG, Alexa Fluor 488 goat anti-mouse IgG, and Alexa Fluor

594 goat anti-mouse IgG (Beyotime, China). Anti-Flag magnetic

beads were purchased from Abmart (China).
2.4 Quantitative Real-Time PCR (RT-qPCR)
analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen,

USA) in accordance with the manufacturer’s protocol. Reverse

transcription was conducted using the HiScript III 1st Strand

cDNA Synthesis Kit (Vazyme, China). RT-qPCR assays were

performed using the UltraSYBR Mixture (CWBIO) on a Roche

LightCycler 96 system. Primers sequences utilized in the study are

provided in Supplementary Table 1. All experiments were

conducted in triplicate, and relative gene expression levels were

normalized to GAPDH using the 2-DDCt method.
2.5 Dual-luciferase reporter assays

Dual-luciferase reporter assays were performed using the Dual-

Luciferase Reporter Assay Kit (Vazyme) following the

manufacturer’s protocol. HEK293T cells were co-transfected with

Firefly luciferase reporter plasmids (IFNb-Luc and ISRE-Luc),
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Renilla luciferase control plasmids (pRL-TK), and the respective

protein expression plasmids. After 30 hours of transfection, cells

lysates were prepared, and luciferase activity was quantified. Firefly

luciferase activity was normalized against Renilla luciferase activity

to control for transfection efficiency.
2.6 Co-immunoprecipitation and
immunoblot analysis

HEK293T cells (3 × 106 cells/flask) were seeded into T25 culture

flasks and transfected with plasmids for 36 hours. For co-

immunoprecipitation, cells were washed with phosphate-buffered

saline (PBS) and lysed in ice-cold lysis buffer (150 mM NaCl, 1%

NP-40, 50 mM EDTA, and 50 mM Tris-HCl, pH 7.4),

supplemented with protease and phosphatase inhibitors (Sigma-

Aldrich). Cell lysates were clarified by centrifugation at 13,000 × g

for 15 minutes at 4°C, and protein concentrations were quantified

using a BCA assay kit (Beyotime). An aliquot (one-tenth) of the

lysate was mixed with 5× SDS loading buffer and boiled at 100°C for

15 minutes for input analysis. The remaining lysate was incubated

with anti-Flag magnetic beads (Sigma-Aldrich) at 4°C overnight.

The magnetic beads were washed four times with lysis buffer,

resuspended in 2× SDS loading buffer, and boiled at 100°C for 10

minutes. For immunoblotting, protein samples were separated via

SDS-PAGE, and transferred onto PVDF membranes (Millipore).

The membranes were blocked in 5% (w/v) nonfat milk and

subsequently incubated with appropriate primary and secondary

antibodies. Protein bands were visualized using the SuperSignal

chemiluminescent ECL reagent kit (Beyotime).
2.7 Immunofluorescence

Immunofluorescence assays were performed as described in

previous studies (45, 46). HEK293T cells (1 × 105 cells/well) and

HeLa cells (3 × 104 cells/well) were seeded onto glass coverslips,

transfected with the indicated plasmids for 20 hours, and

subsequently stimulated with virus for 6 hours. The cells were

washed with PBS, fixed with 4% paraformaldehyde, permeabilized

with 0.2% Triton X-100 in PBS with Tween-20 (PBST), and blocked

using an immunofluorescence assay kit (Beyotime) according to the

manufacturer’s instructions. After blocking and gentle washing, the

cells were incubated with the primary antibodies, followed by

fluorescence-conjugated secondary antibodies. Coverslips were

mounted onto slides using a mounting medium containing DAPI

(Beyotime) for nuclear staining. Images were captured using a Zeiss

LSM900 confocal microscope and processed using ImageJ software.
2.8 Nuclear and cytoplasmic fractionation

Nuclear and cytoplasmic protein fractions were isolated from

HEK293T cells using the Nuclear and Cytoplasmic Protein

Extraction Kit (P0027; Beyotime) according to the manufacturer’s
frontiersin.org
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protocol. Briefly, HEK293T cells (3 × 106 cells per T25 flask) were

seeded and cultured overnight before transfection. Following

transfecting with plasmids for 36 hours, cells were stimulated

with Sendai virus (SeV) for 6 hours. Cells were washed with PBS

and centrifuged at 1,000 × g for 5 minutes. For cytoplasmic proteins

extraction, the cell pellets were resuspended in Cytoplasmic Extract

Reagent A (P0027-1; Beyotime) supplemented with a protease

inhibitor mixture and incubated on ice for 15 minutes with

periodic vortexing. Cytoplasmic Extract Reagent B (P0027-2;

Beyotime) was subsequently added, followed by vortexing and

centrifugation at 13,000 × g for 15 minutes at 4°C. The

supernatant was retained as the cytoplasmic fraction. To isolate

nuclear protein, the remaining pellet was resuspended in Nuclear

Extract Reagent (P0027-3; Beyotime) and incubated on ice for 30

minutes with periodic vortexing. The lysates were centrifuged at

13,000 × g for 15 minutes at 4°C, and the supernatant was collected

as the nuclear protein fraction.
2.9 Viruses and infection

The viral strains utilized in this study were vesicular stomatitis virus

(VSV)-enhanced green fluorescent protein (eGFP), Sendai virus (SeV),

murine coronavirus mouse hepatitis virus-A59 (MHV-A59), herpes

simplex virus type 1 (HSV), and HPV16 virions. Viral infections were

conducted according to established protocols (46–48). Cells were

washed with prewarmed serum-free DMEM and incubated with

virus preparations diluted in DMEM at the desired multiplicity of

infection (MOI) for 1–2 hours. Following the infection period, the

virus-containing supernatant was discarded, and the cells were

maintained in fresh complete DMEM.
2.10 Production of HPV16 virions

Infectious HPV16 virions were generated using a transient

transfection method based on established protocols (49). Briefly,

HEK293TT cells were seeded in 10-cm culture dishes 24 hours

before transfection. The cells were co-transfected with plasmids

encoding HPV16 L1 and L2 capsid proteins, along with the full-

length HPV16 genome using Lipofectamine 2000 (Invitrogen).

Following 48 hours of incubation at 37°C, the cells were

harvested, lysed in a custom lysis buffer, and virions were

concentrated using the polyethylene glycol (PEG8000) method.

The purified virions were used for subsequent infection

experiments with HeLa cells.
2.11 Virus titration

Virus titers were determined using a plaque assay on Vero

cells. Vero cells (1.2 × 105 cells per well) were seeded into 24-well

plates 24 hours before infection. Virus samples were serially

diluted in serum-free DMEM. The Vero cells were washed with

PBS and then exposed to the diluted virus for 1 hour. Following
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infection, the virus-containing medium was replaced with 0.5%

agar overlay prepared in DMEM supplemented with 2% FBS.

Once the agar overlay solidified, the cells were incubated for 24

hours and subsequently fixed with a methanol-ethanol solution

for 30 minutes. The agar overlay was gently removed, and the

cells were stained with 0.05% crystal violet for 15 minutes.

Plaques were counted, and virus titers were calculated as

plaque-forming units per milliliter (PFU/mL) using standard

calculation methods.
2.12 Statistics

All data analyses were performed using GraphPad Prism 9

software. Statistical significance was assessed using a two-tailed

unpaired Student’s t-test, and results are reported as mean ±

standard deviation (SD). A p-value of <0.05 was considered

indicative of statistically significant. The levels of significance are

denoted as follows: *p < 0.05, ** p < 0.01, *** p < 0.001,

****p < 0.0001.
3 Results

3.1 HPV E2 suppresses IFN and
inflammatory responses triggered by
diverse viral stimuli

Persistent HR HPV16 infection contributes to cervical cancer

and other diseases, with immune evasion playing a pivotal role in

sustaining viral persistence. Previous research has established that

HPV non-structural proteins, such as E5, E6, and E7, suppress

innate antiviral immune responses, facilitating immune evade

evasion (9, 43, 50–53). To determine whether HPV16 E2

modulates host innate immunity, we evaluated its impact on

virus-induced IFN responses. HeLa cells stably expressing HPV16

E2 or an empty vector were infected with VSV, MHV, and HSV1.

RT-qPCR analysis revealed that E2-expressing cells exhibited

significantly reduced mRNA levels of IFN-b, ISG54, ISG56, and
CXCL10 compared to controls (Figures 1A–C). Similarly,

HEK293T cells transiently transfected with HPV16 E2 or an

empty vector and stimulated with poly(I:C) showed significantly

reduced expression of IFN-b and ISGs in E2-expressing cells

(Figure 1D). Furthermore, infection of HeLa cells stably

expressing HPV16 E2 with HPV16 virions, resulted in

significantly reduced mRNA levels of IFN-b, ISG54, ISG56, and
CXCL10 compared to empty vector controls (Figure 1E). To

determine whether HPV E2 modulates NF-kB signaling, we

examined the expression levels of IL-6 and TNF-a, key target

genes of the NF-kB pathway, using RT-qPCR in these samples.

Our results showed that HPV E2 significantly reduced IL-6 and

TNF-a expression, suggesting that E2 suppresses NF-kB-mediated

inflammatory responses (Figure 1). These results demonstrate that

HPV16 E2 effectively suppresses innate immune responses

triggered across various viral stimuli.
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3.2 HPV E2 facilitates virus replication

Following the observation that HPV16 E2 suppresses IFN

responses, we investigated its role in viral replication. Due to the host

and tissue specificity of HPV replication, surrogate models were

employed for these experiments. HEK293T cells overexpressing
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HPV16 E2 or an empty vector were infected with VSV-eGFP and

HSV1 to simulate HPV infection. Plaque assays of culture supernatants

demonstrated significantly elevated viral titers in HPV16 E2-expressing

cells compared to controls (Figures 2A, B). These results suggest that

HPV16 E2 promotes viral replication, potentially through the

suppression of innate antiviral immune responses.
FIGURE 1

HPV16 E2 suppresses IFN and ISG expression. (A-C) HeLa cells stably expressing HPV16 E2 or an empty vector were infected with VSV (MOI=0.1), HSV1
(MOI=1), or MHV (MOI=0.2) for 6 and 12 hours, RNA was extracted and RT-qPCR was performed to quantify mRNA levels of IFN-b, ISG54, ISG56,
CXCL10, IL-6 and TNF-a. (D) HEK293T cells transfected with plasmid expressing HPV16 E2 or an empty vector were treated with poly(I:C) for 9 and 12
hours, followed by RT-qPCR to measure mRNA levels of IFN-b, ISG54, ISG56, CXCL10, IL-6 and TNF-a. (E) HeLa cells stably expressing E2 or an empty
vector were infected with HPV16 virions for 24 hours, followed by RT-qPCR to analyze IFN-b, ISG54, ISG56, CXCL10, IL-6 and TNF-a mRNA levels. Data
are presented as mean ± SD (n = 3). Statistical significance was analyzed using Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). E.V.,
empty vector.
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3.3 HPV E2 restrains IFN expression by
modulating innate immune signaling
pathways

To elucidate the mechanisms underlying HPV E2-mediated

suppression of IFN production, we examined its effects on key

antiviral signaling pathways. HEK293T cells were co-transfected

with plasmids encoding HPV11 or HPV16 E2 and pathway-

specific activators, including RIG-IN, RIG-I, MDA5, MAVS,

TBK1, IKKe, STING, TRIF, and IRF3-5D, along with luciferase

reporters for IFN-b or ISRE activation. Luciferase reporter assays

showed that E2 consistently suppressed the activation of both

IFN-b and ISRE promoters across all evaluated pathways

(Figures 3A, B). RT-qPCR analysis further validated that E2
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expression significantly decreased mRNA levels of IFN-b,
CXCL10, and ISG56 in cells overexpressing these pathway

activators (Figures 4A–C). These findings indicate that HPV11

and HPV16 E2 broadly suppress innate immune responses by

targeting the RIG-I/MDA5, TLR3-TRIF, and cGAS-STING

signaling pathways.
3.4 HPV E2 interacts with components of
innate immune signaling pathways

To identify the molecules targets of HPV E2 in IFN suppression,

co-immunoprecipitation and confocal microscopy were employed

to assess interactions between E2 and key signaling proteins. Co-
FIGURE 2

HPV16 E2 facilitates viral replication. (A, B) HEK293T cells were co-transfected with plasmids expressing HPV16 E2 or an empty vector. After 24
hours, cells were infected with VSV-eGFP (MOI=0.1) or HSV1 (MOI=1). Culture supernatants were collected 24–36 hours post-infection and
analyzed via plaque assays to measure virus titer. Data are shown as mean ± SD from three independent experiments. Statistical significance was
analyzed using Student’s t-test (****p < 0.0001).
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immunoprecipitation assays show that HPV11 and HPV16 E2

interact with multiple signaling proteins, including RIG-I, MDA5,

MAVS, TRIF, STING, IKKe, TBK1, and IRF3 (Figures 5A, B).

Confocal microscopy revealed colocalization of these innate

immune signaling proteins and an ER marker with HPV E2

(Figures 6A–F, Figures 7A–P), suggesting its association with ER-

localized signaling complexes. These results indicate that HPV E2

modulates the RLR signaling pathway through interactions with

RIG-I, MDA5, and MAVS, and potentially affects TLR3-TRIF

signaling via interaction with TRIF. Additionally, HPV11 and

HPV16 E2 appear to influence the cGAS-STING pathway by

interacting with STING, contributing to the suppression of IFN

responses across critical antiviral signaling pathways.
3.5 HPV E2 inhibits IRF3 phosphorylation
and nuclear translocation

Phosphorylation and nuclear translocation of IRF3 are

pivotal events in the RIG-I/MDA5, TLR3-TRIF, and cGAS-

STING pathways that culminate in IFN production (54).

Western blot analysis showed that HPV11 and HPV16 E2

proteins markedly suppressed TBK1 and IRF3 phosphorylation

in VSV-infected HeLa cells (Figure 8A). Nuclear-cytoplasmic

fractionation and confocal microscopy further demonstrated

that HPV11 and HPV16 E2 proteins inhibited IRF3 nuclear

translocation in SeV-infected cells, resulting in its cytoplasmic

retention (Figures 8B–E). These results indicate that HPV E2

prote ins suppress IFN product ion by blocking IRF3

phosphorylation and nuclear translocation.
Frontiers in Immunology 07
3.6 HPV E2 disrupts JAK-STAT pathway by
inhibiting ISGF3 complex formation

As HPV E2 impairs IFN responses, we next investigated its

impact on downstream JAK-STAT signaling. The JAK-STAT

pathway is a critical downstream signaling cascade triggered by

IFNs, resulting in the assembly of the ISGF3 complex (comprising

STAT1, STAT2, and IRF9), which translocates to the nucleus to

activate ISG transcription. RT-qPCR analysis revealed that IFN-

stimulated E2-expressing cells exhibited significantly reduced

mRNA levels of ISG15, ISG54, and ISG56 (Figures 9A, B).

Activation of this pathway by IRF9-S2C (an ISGF3 activator)

plasmid transfection, showed that HPV11 and HPV16 E2 further

suppressed ISG expression (Figure 9C). Confocal microscopy

confirmed that HPV11 and HPV16 E2 colocalize with STAT1,

STAT2, and IRF9 (Figures 9D, E). Co-immunoprecipitation assays

demonstrated that HPV11 and HPV16 E2 interact with STAT1,

STAT2, and IRF9, thereby disrupting their interaction and

inhibiting ISGF3 complex formation (Figures 9F–H). These

findings indicate that HPV11 and HPV16 E2 suppress the JAK-

STAT pathway by interfering with ISGF3 complex formation and

subsequent signaling events.
3.7 HPV E2 prevents nuclear translocation
of STAT1, STAT2, and IRF9

Our findings indicate that HPV11 and HPV16 E2 suppress the

JAK-STAT pathway by interacting the interactions between STAT1,

STAT2, and IRF9, components of the ISGF3 complex that
FIGURE 3

HPV11 and HPV16 E2 inhibit IFN and ISG luciferase reporter activity. (A, B) HEK293T cells were co-transfected with plasmids expressing HPV11 E2,
HPV16 E2, or an empty vector (E.V.), along with innate immune signaling pathway activators, and IFN-b-Luc (A) or ISRE-Luc (B) reporters. For all
conditions, the empty vector was co-transfected alongside the respective expression plasmids to ensure consistent experimental controls. After 30
hours, luciferase activity was measured 30 hours post-transfection. Experiments were conducted in triplicate. Statistical significance was analyzed
using Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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translocate to the nucleus to drive ISG expression. To evaluate the

impact of HPV11 and HPV16 E2 on ISGF3 nuclear translocation,

HeLa cells co-transfected with HPV E2 and STAT1, STAT2, or

IRF9 were infected with SeV. Confocal microscopy revealed that in

control cells, SeV infection induced nuclear translocation of STAT1,

STAT2, and IRF9, while this translocation was inhibited in E2-

expressing cells (Figures 10A–F). These results highlight the ability

of HPV11 and HPV16 E2 to inhibit JAK-STAT signaling and

downstream ISG transcr ip t ion by prevent ing ISGF3

nuclear translocation.
4 Discussion

The HPV E2 protein has traditionally been characterized for

its role in viral genome maintenance, replication, and

transcription regulation. In this study, we identify HPV E2
Frontiers in Immunology 08
protein as a critical modulator of host innate immune pathways,

demonstrating its role in immune evasion that extends beyond its

established functions in viral replication and genome

maintenance. We show that HPV11 and HPV16 E2 proteins

effectively suppress critical antiviral signaling pathways,

including TLR3-TRIF, RIG-I/MDA5-MAVS, cGAS-STING, and

JAK-STAT. This suppression results in reduced type I IFN and

ISG expression, thereby fostering a microenvironment conducive

to viral persistence and pathogenesis.

Transient expression of HPV16 E2 significantly inhibits IFN

and ISG responses triggered by diverse viral infections and stimuli,

including VSV, HSV1, MHV, and HPV16 (Figures 1A–E). In

addition to its inhibitory effects on the IFN pathway, our study

reveals that HPV E2 also suppresses NF-kB signaling, as evidenced

by the downregulation of IL-6 and TNF-a. This finding suggests

that E2 exerts a broader immunosuppressive role, potentially

contributing to HPV persistence by dampening pro-inflammatory
FIGURE 4

HPV11 and 16 E2 suppress IFN and ISG expression. (A-C) HEK293T cells were co-transfected with plasmids expressing HPV11 and HPV16 E2 along
with innate immune signaling pathway activators, or an empty vector as control for 24 hours. Control conditions included co-transfection of the
empty vector (E.V.) with pathway activators to maintain consistency across experimental groups. Total RNA was extracted and analyzed by RT-qPCR
to measure mRNA levels of IFN-b (A), CXCL10 (B), and ISG56 (C). Data represent results from three biological replicates, with SD shown. Statistical
significance was analyzed using Student’s t-test (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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cytokine responses. The elevated viral titers observed in E2-

expressing cells corroborate the role of E2 in immune evasion,

enhancing conditions for viral persistence (Figures 2A, B).

Luciferase reporter assays and RT-qPCR analyses further confirm

that HPV E2 suppresses IFN-b and ISG expression by modulating
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multiple innate immune pathways, such as RIG-I/MDA5, TRIF,

and STING (Figures 3A, B, Figures 4A–C). These findings are

consistent with previous studies showing that HPV E2

downregulates MDA5, IFN-k and STING, highlighting its role in

attenuating innate immune signaling (42, 43).
FIGURE 5

HPV11 and HPV16 E2 interact with RIG-I, MDA5, STING, MAVS, TRIF, TBK1, IKKe, and IRF3. (A, B) HEK293T cells were co-transfected with plasmids
expressing HPV11 E2 (A) or HPV16 E2 (B), along with plasmids expressing innate immune signaling proteins. Cells were harvested 36–48 hours post-
transfection for co-immunoprecipitation and western blotting were performed.
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Previous studies have demonstrated that HPV16 E6 binds IRF3,

inhibiting its transcriptional activity (51), whereas HPV16 E7

promotes STING degradation via NLRX1, thereby disrupting the

cGAS-STING pathway (52). HPV18 E7 similarly antagonizes DNA

sensing by inhibiting the cGAS-STING pathway, and both HPV16
Frontiers in Immunology 10
and HPV18 E7 activate SUV39H1-mediated epigenetic silencing of

cGAS, STING, and RIG-I (34). Co-immunoprecipitation assays

revealed that HPV E2 proteins target key components of innate

immune signaling pathways to suppress host antiviral defenses

(Figures 5A, B). Specifically, HPV11 and HPV16 E2 proteins bind
FIGURE 6

Subcellular localization of HPV11 and HPV16 E2. (A-F) HeLa cells were transfected with plasmids expressing HPV11 E2 (A-C) or HPV16 E2 (D-F) and
plasmids encoding organelle marker plasmids for ER, mitochondria, and Golgi. Cells were processed for immunofluorescence using primary and
fluorescence-conjugated secondary antibodies. Nuclei was counterstained with DAPI. Scale bar, 10 mm.
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to RIG-I, MDA5, MAVS, TRIF, and STING, disrupting the complex

formation necessary for IFN induction. These interactions prevent

MAVS, TRIF, and STING from associating with TBK1, thereby

inhibiting TBK1 and IRF3 phosphorylation and blocking IRF3

nuclear translocation—crucial steps required for IFN production

(Figures 8A–E). Our findings reveal that E2-mediated inhibition of

IRF3 extends beyond the suppression of its phosphorylation.

Although E2 reduces IRF3 phosphorylation (Figure 8A), IRF3-

5D, a phospho-mimetic mutant, remains repressed by E2

(Figures 3, 4). This strongly suggests that E2 inhibits IRF3

activation through an additional mechanism downstream of

phosphorylation. Given that IRF3 activation requires its

phosphorylation-dependent dissociation from adaptor complexes

and subsequent nuclear translocation, our data support a model in

which E2 primarily impairs IRF3 nuclear transport rather than

merely blocking phosphorylation. This hypothesis is directly

supported by our nuclear-cytoplasmic fractionation and

immunofluorescence analyses (Figures 8B–E), which show that E2

prevents IRF3 from translocating into the nucleus, thereby

impairing its ability to initiate IFN transcription. Mechanistically,

this may involve E2 stabilizing IRF3’s interaction with upstream

adaptor proteins, disrupting nuclear import machinery, or actively

promoting cytoplasmic sequestration. These findings uncover a
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previously unrecognized mode of immune suppression by E2,

highlighting its ability to target multiple stages of the IRF3

activation cascade and reinforcing its role as a key modulator

of HPV-mediated immune evasion. Our findings demonstrate

that HPV E2 exerts a comparable but broader role in immune

suppression by targeting multiple signaling pathways. This

newly identified function of HPV E2 underscores the diverse

strategies HPV employs to establish persistence in host cells and

evade immune detection, offering novel insights into its

pathogenic mechanisms.

HPV16 E6 and E7 suppress the JAK-STAT pathway by

reducing STAT1 expression and impairing its phosphorylation

and nuclear translocation, thereby disrupting ISGF3 complex

formation and ISG transcription (35). E6 further interferes with

STAT2 activation through interactions with Tyk2, while E7 disrupts

the interaction between IRF9 with STAT1/STAT2, exacerbating

ISGF3 complex inhibition (37–39). In this study, we demonstrated

that HPV E2 proteins disrupt the JAK-STAT pathway by directly

interacting with STAT1, STAT2, and IRF9, thereby inhibiting

ISGF3 complex formation and suppressing ISG expression. Using

IFN-a and IFN-b to activate the JAK-STAT pathway in HEK293T

cells, we observed that HPV16 E2 significantly inhibited

downstream ISG expression (Figures 9A, B). Furthermore,
FIGURE 7

Colocalization of HPV11 and HPV16 E2 with innate immune signaling proteins. (A-P) HeLa cells were co-transfected with plasmids expressing HPV11
E2 (A-H) or HPV16 E2 (I-P), along with plasmids for innate immune signaling pathway proteins. Cells were fixed 20 hours post-transfection and
processed for immunofluorescence. Nuclei was stained with DAPI (blue). Scale bar, 10 mm.
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FIGURE 8

HPV11 and HPV16 E2 inhibit the phosphorylation and nuclear translocation of IRF3. (A) HEK293T cells transfected with plasmids expressing HPV11
E2, HPV16 E2, or an empty vector were infected with VSV (MOI=0.1). TBK1 and IRF3 phosphorylation were analyzed by western blotting 24 hours
post-transfection. (B-C) HEK293T cells overexpressing HPV11 E2 (B) or HPV16 E2 (C) were infected with SeV (MOI=1). Six hours post-transfection,
cells were harvested for nuclear-cytoplasmic fractionation. The nuclear and cytoplasmic fractions were analyzed by western blotting for IRF3, HPV11
E2, HPV16 E2, Lamin B1 (nuclear marker), and GAPDH (cytoplasmic marker). (D, E) HeLa cells overexpressing HPV11 E2 (D) or HPV16 E2 (E) were
seeded onto 12 well coverslips overnight and subsequently infected with SeV (MOI=1). Immunofluorescence staining was performed 6 hours post-
infection to observe IRF3 localization. Scale bar, 10 mm. The percentage of nuclear-localized IRF3 was quantified based on immunofluorescence
results (90-100 cells per group; 3 replicates). Data are shown as mean ± SD (n=3). Statistical significance was analyzed using Student’s t-test (****p <
0.0001). Abbreviations: 11E2, HPV11 E2; 16E2, HPV16 E2.
Frontiers in Immunology frontiersin.org12

https://doi.org/10.3389/fimmu.2025.1555629
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2025.1555629
FIGURE 9

HPV11 and HPV16 E2 inhibit ISGF3 complex formation. (A, B) HEK293T cells transfected with plasmids expressing HPV11 E2, HPV16 E2, or an empty
vector were stimulated with IFN-a or IFN-b for 6 hours, 24 hours post-transfection. mRNA levels of ISG15, ISG54, and ISG56 were quantified by RT-
qPCR. Data are shown as mean ± SD (n=3). Statistical significance was analyzed using Student’s t-test (****p < 0.0001). (C) HEK293T cells were
transfected with plasmids expressing HPV11 E2, HPV16 E2, along with the IRF9-S2C plasmid, as indicated. Total RNA was extracted 24 hours post-
transfection, reverse transcribed, and analyzed for mRNA levels of ISG15, ISG54, ISG56, and CXCL10 by RT-qPCR. Data are shown as mean ± SD
(n=3). Statistical significance was analyzed using Student’s t-test (****p < 0.0001). (D, E) HeLa cells were co-transfected with HPV11 E2 or HPV16 E2
plasmids and plasmids expressing STAT1, STAT2, or IRF9. Twenty hours post-transfection, cells were processed for immunofluorescence. Nuclei
were stained with DAPI (blue). Scale bar, 10 mm. (F, G) HEK293T cells were co-transfected with plasmids expressing HPV11 E2 or HPV16 E2, along
with plasmids for STAT1, STAT2, or IRF9. Co-immunoprecipitation assays were conducted 36 hours post-transfection to examine interactions
between E2 and STAT1, STAT2, or IRF9. (H) HEK293T cells were co-transfected with HPV16 E2 and STAT1, STAT2, or IRF9 plasmids. Co-
immunoprecipitation assays were conducted 36 hours post-transfection to analyze interactions among STAT1, STAT2, and IRF9.
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employing a self-constructed IRF9-S2C plasmid to mimic ISGF3

transcriptional activation independently of IFN stimulation, we

showed that E2 suppresses ISG induction by ISGF3 (Figure 9C).

Co-immunoprecipitation and confocal microscopy assays

confirmed that E2 interacts with STAT1, STAT2, and IRF9,

blocking ISGF3 complex formation and nuclear translocation,
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further suppressing ISG transcription (Figures 9D–H). This

inhibition curtails ISG-mediated antiviral responses, establishing

E2 as a potent contributor to HPV’s immune evasion strategy, akin

to the established roles of E6 and E7 in targeting IRF3 and STING.

Collectively, these findings suggest that HPV employs a coordinated

strategy involving multiple viral proteins, including E2, E6, and E7,
FIGURE 10

HPV11 and 16 E2 inhibit the nuclear translocation of STAT1, STAT2, and IRF9. (A-F) Subcellular localization of STAT1, STAT2, and IRF9. HeLa cells
were co-transfected with plasmids expressing HPV11 E2 or HPV16 E2 plasmids, along with plasmids for STAT1, STAT2, or IRF9, with an empty vector
serving as a control. Cells were infected with SeV (MOI=1) for 6 hours, fixed, blocked, and stained with primary antibodies followed by fluorescence-
conjugated secondary antibodies. Nuclei were stained with DAPI (blue). Scale bar, 10 mm. Nuclear localization of STAT1, STAT2, and IRF9 was
quantified by analyzing 40-50 cells per group, with three replicates. Statistical significance between experimental and control groups is indicated in
the figure (****p < 0.0001).
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to achieve robust immune suppression and sustain viral persistence.

These findings highlight E2’s dual ability to suppress early PRR

signaling and downstream ISG expression, adding a novel

dimension to HPV’s immune evasion mechanisms. In contrast to

E6 and E7, which primarily target specific immune checkpoints, E2

functions as a broad-spectrum inhibitor, suppressing multiple arms

of the host’s antiviral response, including the RIG-I/MDA5-MAVS,

TLR3-TRIF, cGAS-STING, and JAK-STAT pathways. This broader

suppression underscores the diverse strategies employed by HPV to

evade immune detection and sustain persistence. While E6 and E7

are well-established immune suppressors, our findings position E2

as an additional and critical player in HPV ’s immune

evasion repertoire.

Although these findings underscore E2’s role in immune

evasion, further in vivo studies are required to validate these

mechanisms in a physiological context, particularly during

natura l HPV infec t ions . Moreover , the re l i ance on

overexpression models may not fully reflect endogenous E2

levels and functions in naturally infected cells, potentially

influencing the degree of immune suppression observed.
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However, studying HPV E2 expression and function under

natural infection conditions presents significant challenges.

Unlike many other viruses, HPV requires epithelial cell

differentiation to complete its life cycle, making in vitro

propagation difficult and limiting the feasibility of high-titer

infection models. While organotypic raft cultures allow some

level of viral replication, they yield low viral titers and are not

conducive to large-scale functional studies. Additionally, patient-

derived HPV-infected samples, while potentially informative, are

difficult to obtain due to the virus’s restricted tropism for stratified

squamous epithelium and its typically low and heterogeneous

gene expression in vivo. Ethical and regulatory constraints further

limit access to clinical specimens, complicating efforts to analyze

endogenous E2 expression and colocalization with immune

signaling proteins. Future research should employ in vivo

models, such as animal systems or organotypic cultures, to more

accurately replicate the HPV infection microenvironment. The

use of patient-derived samples could further elucidate the role of

E2 under natural infection conditions, providing clinically

relevant insights into its function.
FIGURE 11

Proposed model of HPV E2-mediated suppression of innate immune signaling. Upon infection, RIG-I/MDA5-MAVS, TLR3-TRIF, cGAS-STING, and
JAK-STAT pathways are activated to induce the expression of IFNs and ISGs. HPV E2 disrupts these pathways by targeting core signaling molecules,
thereby inhibiting signalosome formation and suppressing of IRF3 phosphorylation and nuclear translocation. In addition, HPV E2 inhibits the JAK-
STAT pathway by interacting with STAT1, STAT2, and IRF9, preventing ISGF3 complex assembly and nuclear translocation. Together, these
mechanisms suppress IFN production and ISG induction, thereby dampening antiviral immunity and promoting viral replication.
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This study establishes HPV16 E2 as a critical immune modulator,

expanding its recognized roles in viral replication and genome

maintenance to include the suppression of key antiviral pathways,

including RIG-I/MDA5-MAVS, TLR3-TRIF, cGAS-STING, and JAK-

STAT. Importantly, HPV16 E2 exhibits a dual role by inhibiting both

upstream PRR pathways and downstream JAK-STAT signaling,

establishing it as a critical factor in immune evasion (Figure 11).

Through its modulation of these pathways, HPV16 E2 effectively

suppresses IFN responses, thereby facilitating viral persistence and

immune evasion. These findings provide novel insights into HPV’s

immune evasion strategies, positioning E2 as a broad-spectrum

inhibitor with distinct functions that complement, yet differ from,

those of E6 and E7. This study not only advances our understanding of

HPV pathogenesis but also identifies E2 as a promising therapeutic

target for augmenting antiviral immunity in HPV-associated diseases.
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Epidemiologic classification of human papillomavirus types associated with cervical
cancer. N Engl J Med. (2003) 348:518–27. doi: 10.1056/NEJMoa021641

3. Yu L, Majerciak V, Zheng ZM. HPV16 and HPV18 genome structure, expression,
and post-transcriptional regulation. Int J Mol Sci. (2022) 23(9):4943. doi: 10.3390/
ijms23094943

4. Lechner M, Liu J, Masterson L, Fenton TR. HPV-associated oropharyngeal
cancer: epidemiology, molecular biology and clinical management. Nat Rev Clin
Oncol. (2022) 19:306–27. doi: 10.1038/s41571-022-00603-7
5. Egawa N, Doorbar J. The low-risk papillomaviruses. Virus Res. (2017) 231:119–
27. doi: 10.1016/j.virusres.2016.12.017

6. Chen X, Xu H, Xu W, Zeng W, Liu J, Wu Q, et al. Prevalence and genotype
distribution of human papillomavirus in 961,029 screening tests in southeastern China
(Zhejiang Province) between 2011 and 2015. Sci Rep. (2017) 7:14813. doi: 10.1038/
s41598-017-13299-y

7. Hemmat N, Bannazadeh Baghi H. Association of human papillomavirus infection
and inflammation in cervical cancer. Pathog Dis. (2019) 77(5):ftz048. doi: 10.1093/
femspd/ftz048

8. Boon JAd, Pyeon D, Wang SS, Horswill M, Schiffman M, Sherman M, et al.
Molecular transitions from papillomavirus infection to cervical precancer and cancer:
frontiersin.o
rg

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1555629/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1555629/full#supplementary-material
https://doi.org/10.1056/NEJMoa021641
https://doi.org/10.3390/ijms23094943
https://doi.org/10.3390/ijms23094943
https://doi.org/10.1038/s41571-022-00603-7
https://doi.org/10.1016/j.virusres.2016.12.017
https://doi.org/10.1038/s41598-017-13299-y
https://doi.org/10.1038/s41598-017-13299-y
https://doi.org/10.1093/femspd/ftz048
https://doi.org/10.1093/femspd/ftz048
https://doi.org/10.3389/fimmu.2025.1555629
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2025.1555629
Role of stromal estrogen receptor signaling. Proc Natl Acad Sci U.S.A. (2015) 112(25):
E3255–64. doi: 10.1073/pnas.1509322112

9. Lau L, Gray EE, Brunette RL, Stetson DB. DNA tumor virus oncogenes antagonize
the cGAS-STING DNA-sensing pathway. Science. (2015) 350:568–71. doi: 10.1126/
science.aab3291

10. Shanmugasundaram S, You J. Targeting persistent human papillomavirus
infection. Viruses. (2017) 9(8):229. doi: 10.3390/v9080229

11. Okunade KS. Human papillomavirus and cervical cancer. J Obstet Gynaecol.
(2020) 40:602–8. doi: 10.1080/01443615.2019.1634030

12. zur Hausen H. Papillomaviruses and cancer: from basic studies to clinical
application. Nat Rev Cancer. (2002) 2:342–50. doi: 10.1038/nrc798

13. Yang Q, Shu HB. Deciphering the pathways to antiviral innate immunity and
inflammation. Adv Immunol. (2020) 145:1–36. doi: 10.1016/bs.ai.2019.11.001

14. Funami K, Matsumoto M, Obuse C, Seya T. 14-3-3-zeta participates in TLR3-
mediated TICAM-1 signal-platform formation. Mol Immunol. (2016) 73:60–8.
doi: 10.1016/j.molimm.2016.03.010

15. Thoresen D, Wang W, Galls D, Guo R, Xu L, Pyle AM. The molecular
mechanism of RIG-I activation and signaling. Immunol Rev. (2021) 304:154–68.
doi: 10.1111/imr.v304.1

16. Meylan E, Curran J, Hofmann K, Moradpour D, Binder M, Bartenschlager R,
et al. Cardif is an adaptor protein in the RIG-I antiviral pathway and is targeted by
hepatitis C virus. Nature. (2005) 437:1167–72. doi: 10.1038/nature04193

17. Wu J, Sun L, Chen X, Du F, Shi H, Chen C, et al. Cyclic GMP-AMP is an
endogenous second messenger in innate immune signaling by cytosolic DNA. Science.
(2013) 339:826–30. doi: 10.1126/science.1229963

18. Kato K, Omura H, Ishitani R, Nureki O. Cyclic GMP-AMP as an endogenous
second messenger in innate immune signaling by cytosolic DNA. Annu Rev Biochem.
(2017) 86:541–66. doi: 10.1146/annurev-biochem-061516-044813

19. Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, Röhl I, et al. cGAS
produces a 2’-5’-linked cyclic dinucleotide second messenger that activates STING.
Nature. (2013) 498:380–4. doi: 10.1038/nature12306

20. Gao P, Ascano M, Wu Y, Barchet W, Gaffney BL, Zillinger T, et al. Cyclic [G
(2’,5’)pA(3’,5’)p] is the metazoan second messenger produced by DNA-activated cyclic
GMP-AMP synthase. Cell. (2013) 153:1094–107. doi: 10.1016/j.cell.2013.04.046

21. Funami K, Sasai M, Ohba Y, Oshiumi H, Seya T, Matsumoto M. Spatiotemporal
mobilization of Toll/IL-1 receptor domain-containing adaptor molecule-1 in response
to dsRNA. J Immunol. (2007) 179:6867–72. doi: 10.4049/jimmunol.179.10.6867

22. Chen Y, Lin J, Zhao Y, Ma X, Yi H. Toll-like receptor 3 (TLR3) regulation
mechanisms and roles in antiviral innate immune responses. J Zhejiang Univ Sci B.
(2021) 22:609–32. doi: 10.1631/jzus.B2000808

23. Barrat FJ, Elkon KB, Fitzgerald KA. Importance of nucleic acid recognition in
inflammation and autoimmunity. Annu Rev Med. (2016) 67:323–36. doi: 10.1146/
annurev-med-052814-023338

24. Hartmann G. Nucleic acid immunity. Adv Immunol. (2017) 133:121–69.
doi: 10.1016/bs.ai.2016.11.001

25. Stetson DB, Medzhitov R. Recognition of cytosolic DNA activates an IRF3-
dependent innate immune response. Immunity. (2006) 24:93–103. doi: 10.1016/
j.immuni.2005.12.003

26. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic
DNA sensor that activates the type I interferon pathway. Science. (2013) 339:786–91.
doi: 10.1126/science.1232458

27. Burdette DL, Monroe KM, Sotelo-Troha K, Iwig JS, Eckert B, Hyodo M, et al.
STING is a direct innate immune sensor of cyclic di-GMP. Nature. (2011) 478:515–8.
doi: 10.1038/nature10429

28. Hopfner K-P, Hornung V. Molecular mechanisms and cellular functions of
cGAS–STING signalling.Nat Rev Mol Cell Biol. (2020) 21:501–21. doi: 10.1038/s41580-
020-0244-x

29. Yum S, Li M, Fang Y, Chen ZJ. TBK1 recruitment to STING activates both IRF3
and NF-kB that mediate immune defense against tumors and viral infections. Proc Natl
Acad Sci U.S.A. (2021) 118(14):e2100225118. doi: 10.1073/pnas.2100225118

30. Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, et al. Phosphorylation of innate
immune adaptor proteins MAVS, STING, and TRIF induces IRF3 activation. Science.
(2015) 347:aaa2630. doi: 10.1126/science.aaa2630

31. Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. Nat Rev
Immunol. (2014) 14:36–49. doi: 10.1038/nri3581

32. Schneider WM, Chevillotte MD, Rice CM. Interferon-stimulated genes: a
complex web of host defenses. Annu Rev Immunol. (2014) 32:513–45. doi: 10.1146/
annurev-immunol-032713-120231

33. Chiang C, Pauli EK, Biryukov J, Feister KF, Meng M, White EA, et al. The
human papillomavirus E6 oncoprotein targets USP15 and TRIM25 to suppress RIG-I-
Frontiers in Immunology 17
mediated innate immune signaling. J Virol. (2018) 92(6):e01737-17. doi: 10.1128/
JVI.01737-17

34. Lo Cigno I, Calati F, Borgogna C, Zevini A, Albertini S, Martuscelli L, et al.
Human papillomavirus E7 oncoprotein subverts host innate immunity via SUV39H1-
mediated epigenetic silencing of immune sensor genes. J Virol. (2020) 94(4):e01812-19.
doi: 10.1128/JVI.01812-19

35. Gutiérrez-Hoya A, Soto-Cruz I. Role of the JAK/STAT pathway in cervical
cancer: its relationship with HPV E6/E7 oncoproteins. Cells. (2020) 9(10):2297.
doi: 10.3390/cells9102297

36. Nees M, Geoghegan JM, Hyman T, Frank S, Miller L, Woodworth CD.
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) 75:4283–96. doi: 10.1128/JVI.75.9.4283-
4296.2001

37. Li S, Labrecque S, Gauzzi MC, Cuddihy AR, Wong AH, Pellegrini S, et al. The
human papilloma virus (HPV)-18 E6 oncoprotein physically associates with Tyk2 and
impairs Jak-STAT activation by interferon-alpha. Oncogene. (1999) 18:5727–37.
doi: 10.1038/sj.onc.1202960

38. Paul A, Tang TH, Ng SK. Interferon regulatory factor 9 structure and regulation.
Front Immunol. (2018) 9:1831. doi: 10.3389/fimmu.2018.01831

39. Antonsson A, Payne E, Hengst K, McMillan NA. The human papillomavirus
type 16 E7 protein binds human interferon regulatory factor-9 via a novel PEST
domain required for transformation. J Interferon Cytokine Res. (2006) 26:455–61.
doi: 10.1089/jir.2006.26.455

40. Bellanger S, Tan CL, Xue YZ, 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) 1:373–89.

41. McBride AA. The papillomavirus E2 proteins. Virology. (2013) 445:57–79.
doi: 10.1016/j.virol.2013.06.006

42. Rattay S, Hufbauer M, Hagen C, Putschli B, Coch C, Akgül B, et al. Human beta
papillomavirus type 8 E1 and E2 proteins suppress the activation of the RIG-I-like
receptor MDA5. Viruses. (2022) 14(7):1361. doi: 10.3390/v14071361

43. Sunthamala N, Thierry F, Teissier S, Pientong C, Kongyingyoes B,
Tangsiriwatthana T, et al. E2 proteins of high risk human papillomaviruses down-
modulate STING and IFN-k transcription in keratinocytes. PloS One. (2014) 9:e91473.
doi: 10.1371/journal.pone.0091473

44. Evans MR, James CD, Bristol ML, Nulton TJ, Wang X, Kaur N, et al. Human
papillomavirus 16 E2 regulates keratinocyte gene expression relevant to cancer and the
viral life cycle. J Virol. (2019) 93(4):e01941-18. doi: 10.1128/JVI.01941-18

45. Zheng Y, Deng J, Han L, Zhuang MW, Xu Y, Zhang J, et al. SARS-CoV-2 NSP5
and N protein counteract the RIG-I signaling pathway by suppressing the formation of
stress granules. Signal Transduct Target Ther. (2022) 7:22. doi: 10.1038/s41392-022-
00878-3

46. Deng J, Zheng SN, Xiao Y, Nan ML, Zhang J, Han L, et al. SARS-CoV-2 NSP8
suppresses type I and III IFN responses by modulating the RIG-I/MDA5, TRIF, and
STING signaling pathways. J Med Virol. (2023) 95:e28680. doi: 10.1002/jmv.28680

47. Deng J, Zheng Y, Zheng SN, Nan ML, Han L, Zhang J, et al. SARS-CoV-2 NSP7
inhibits type I and III IFN production by targeting the RIG-I/MDA5, TRIF, and STING
signaling pathways. J Med Virol. (2023) 95:e28561. doi: 10.1002/jmv.28561

48. Han L, Zheng Y, Deng J, Nan ML, Xiao Y, Zhuang MW, et al. SARS-CoV-2
ORF10 antagonizes STING-dependent interferon activation and autophagy. J Med
Virol. (2022) 94:5174–88. doi: 10.1002/jmv.v94.11

49. Pyeon D, Lambert PF, Ahlquist P. Production of infectious human
papillomavirus independently of viral replication and epithelial cell differentiation.
Proc Natl Acad Sci U.S.A. (2005) 102(26):9311–6. doi: 10.1073/pnas.0504020102

50. Castro-Muñoz LJ, Manzo-Merino J, Muñoz-Bello JO, Olmedo-Nieva L, Cedro-
Tanda A, Alfaro-Ruiz LA, et al. The Human Papillomavirus (HPV) E1 protein
regulates the expression of cellular genes involved in immune response. Sci Rep.
(2019) 9:13620. doi: 10.1038/s41598-019-49886-4

51. Ronco LV, Karpova AY, Vidal M, Howley PM. Human papillomavirus 16 E6
oncoprotein binds to interferon regulatory factor-3 and inhibits its transcriptional
activity. Genes Dev. (1998) 12:2061–72. doi: 10.1101/gad.12.13.2061

52. Luo X, Donnelly CR, Gong W, Heath BR, Hao Y, Donnelly LA, et al. HPV16
drives cancer immune escape via NLRX1-mediated degradation of STING. J Clin
Invest. (2020) 130:1635–52. doi: 10.1172/JCI129497

53. Miyauchi S, Kim SS, Jones RN, Zhang L, Guram K, Sharma S, et al. Human
papillomavirus E5 suppresses immunity via inhibition of the immunoproteasome and
STING pathway. Cell Rep. (2023) 42:112508. doi: 10.1016/j.celrep.2023.112508

54. Lee MS, Kim YJ. Signaling pathways downstream of pattern-recognition
receptors and their cross talk. Annu Rev Biochem. (2007) 76:447–80. doi: 10.1146/
annurev.biochem.76.060605.122847
frontiersin.org

https://doi.org/10.1073/pnas.1509322112
https://doi.org/10.1126/science.aab3291
https://doi.org/10.1126/science.aab3291
https://doi.org/10.3390/v9080229
https://doi.org/10.1080/01443615.2019.1634030
https://doi.org/10.1038/nrc798
https://doi.org/10.1016/bs.ai.2019.11.001
https://doi.org/10.1016/j.molimm.2016.03.010
https://doi.org/10.1111/imr.v304.1
https://doi.org/10.1038/nature04193
https://doi.org/10.1126/science.1229963
https://doi.org/10.1146/annurev-biochem-061516-044813
https://doi.org/10.1038/nature12306
https://doi.org/10.1016/j.cell.2013.04.046
https://doi.org/10.4049/jimmunol.179.10.6867
https://doi.org/10.1631/jzus.B2000808
https://doi.org/10.1146/annurev-med-052814-023338
https://doi.org/10.1146/annurev-med-052814-023338
https://doi.org/10.1016/bs.ai.2016.11.001
https://doi.org/10.1016/j.immuni.2005.12.003
https://doi.org/10.1016/j.immuni.2005.12.003
https://doi.org/10.1126/science.1232458
https://doi.org/10.1038/nature10429
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1073/pnas.2100225118
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1038/nri3581
https://doi.org/10.1146/annurev-immunol-032713-120231
https://doi.org/10.1146/annurev-immunol-032713-120231
https://doi.org/10.1128/JVI.01737-17
https://doi.org/10.1128/JVI.01737-17
https://doi.org/10.1128/JVI.01812-19
https://doi.org/10.3390/cells9102297
https://doi.org/10.1128/JVI.75.9.4283-4296.2001
https://doi.org/10.1128/JVI.75.9.4283-4296.2001
https://doi.org/10.1038/sj.onc.1202960
https://doi.org/10.3389/fimmu.2018.01831
https://doi.org/10.1089/jir.2006.26.455
https://doi.org/10.1016/j.virol.2013.06.006
https://doi.org/10.3390/v14071361
https://doi.org/10.1371/journal.pone.0091473
https://doi.org/10.1128/JVI.01941-18
https://doi.org/10.1038/s41392-022-00878-3
https://doi.org/10.1038/s41392-022-00878-3
https://doi.org/10.1002/jmv.28680
https://doi.org/10.1002/jmv.28561
https://doi.org/10.1002/jmv.v94.11
https://doi.org/10.1073/pnas.0504020102
https://doi.org/10.1038/s41598-019-49886-4
https://doi.org/10.1101/gad.12.13.2061
https://doi.org/10.1172/JCI129497
https://doi.org/10.1016/j.celrep.2023.112508
https://doi.org/10.1146/annurev.biochem.76.060605.122847
https://doi.org/10.1146/annurev.biochem.76.060605.122847
https://doi.org/10.3389/fimmu.2025.1555629
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Human papillomavirus E2 proteins suppress innate antiviral signaling pathways
	1 Introduction
	2 Materials and methods
	2.1 Cell lines
	2.2 Plasmids and transfection
	2.3 Antibodies and reagents
	2.4 Quantitative Real-Time PCR (RT-qPCR) analysis
	2.5 Dual-luciferase reporter assays
	2.6 Co-immunoprecipitation and immunoblot analysis
	2.7 Immunofluorescence
	2.8 Nuclear and cytoplasmic fractionation
	2.9 Viruses and infection
	2.10 Production of HPV16 virions
	2.11 Virus titration
	2.12 Statistics

	3 Results
	3.1 HPV E2 suppresses IFN and inflammatory responses triggered by diverse viral stimuli
	3.2 HPV E2 facilitates virus replication
	3.3 HPV E2 restrains IFN expression by modulating innate immune signaling pathways
	3.4 HPV E2 interacts with components of innate immune signaling pathways
	3.5 HPV E2 inhibits IRF3 phosphorylation and nuclear translocation
	3.6 HPV E2 disrupts JAK-STAT pathway by inhibiting ISGF3 complex formation
	3.7 HPV E2 prevents nuclear translocation of STAT1, STAT2, and IRF9

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


