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ABSTRACT Recurrent respiratory papillomatosis (RRP) is a rare benign tumor caused
mainly by the infection of the respiratory tract epithelial cells by the human papillo-
mavirus (HPV) type 6/11. However, the specific mechanisms underlying the inhibition
of the host’s innate immune response by HPV remain unclear. For this purpose, we
employed single-cell RNA sequencing to analyze the states of various immune cells
in RRP samples post-HPV infection and utilized a cellular model of HPV infection to
elucidate the mechanisms by which HPV evades the innate immune system in RRP.
The results revealed distinct immune cell heterogeneity in RRP and demonstrated that
HPV11 E7 can inhibit the phosphorylation of the stimulator of interferon genes protein,
thereby circumventing the body’s antiviral response. In vitro co-culture experiments
demonstrated that stimulation of macrophages to produce interferon-beta induced the
death of HPV-infected epithelial cells, also reducing HPV viral levels. In summary, our
study preliminarily identifies the potential mechanisms by which HPV evades the host’s
antiviral immune response, as well as the latent antiviral functions exhibited by activated
macrophages. This research serves as an initial exploration of antiviral immune evasion
in RRP, laying a solid foundation for investigating immunotherapeutic approaches for the
disease.

IMPORTANCE  Surgical tumor reduction is the most common treatment for recurrent
respiratory papillomatosis (RRP). One of the characteristics of RRP is its persistent
recurrence, and multiple surgeries are usually required to control the symptoms.
Recently, some adjuvant therapies have shown effectiveness, but none of them can
completely clear human papillomavirus (HPV) infection, and thus, a localized antiviral
immune response is significant for disease control; after all, HPV infection is limited to the
epithelium. Inhibition of interferon-beta (IFN-B) secretion by HPV11 E7 viral proteins in
epithelial cells by affecting stimulator of interferon genes phosphorylation may account
for the persistence of low-risk HPV replication in the RRP. Moreover, suppression of the
IFN-I pathway in RRP cell types might provide clues regarding the hyporeactive function
of local immune cells. However, activation of macrophage groups to produce IFN-3 can
still destroy HPV-infected cells.
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ecurrent respiratory papillomatosis (RRP) is a rare, benign tumor mainly caused

by persistent infection with low-risk human papillomavirus (HPV) types 6 or 11
(1). Patients with RRP exhibit a permissive innate response that supports chronic HPV
infection and hampers virus clearance (2). For example, RRP presents an interleukin-10
(IL-10)-enriched microenvironment, which inhibits dendritic cell expression of proinflam-
matory cytokines to impair the development of anti-HPV immunity (3). Additionally,
the Langerhans cells of papillomas display an immature state to express TH2-like and
suppressor CD4* T cells in RRP (4). Given the ability of HPV to compromise innate
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immune responses, there is a pressing need to better understand local cell-mediated
antiviral defenses in RRP.

The type | interferon beta (IFN-B) plays a vital role in the forefront of host defense
against pathogens and is a pivotal element in controlling viral infections, using multiple
strategies to activate innate and adaptive immune cells (5). As a result, the virus must
encode specific proteins to inhibit the activation of IFN- and maintain its replication.
Recently, viral proteins in HPV were reported to selectively target nucleic acid-sensing
protein complexes, including the stimulator of interferon genes (STING) complex, which
strengthens the ability of the virus to control host immunity (6). In addition to their
antiviral capabilities, IFN-B exhibits anti-proliferative and apoptotic functions in viral
infections, including the Encephalomyocarditis (EMC) virus, vesicular stomatitis virus
(VSV), Herpes simplex virus (HSV), and hepatitis C virus (HCV) (7), and in vitro in cancer
cell lines, including breast and prostate cancer cell lines. Treatment with crude IFN-I
preparations has direct antiproliferative and cell cycle modulatory effects (8). Therefore,
IFNs are widely used as therapeutics in clinics. Viruses infect host cells. Macrophages, as
early producers of IFN-B, trigger other macrophages and nearby immune cells to secrete
large amounts of proinflammatory cytokines to defend against viruses with different
mechanisms (5). For example, macrophage-expressed IFN-B results in apoptosis of
influenza virus-infected alveolar epithelial cells and produces proinflammatory cytokines
to defend against severe acute respiratory syndrome coronavirus (9). The role of IFN-3
and macrophages in RRP in intrinsic antiviral immunity remains unclear.

Human papillomavirus is a double-stranded DNA virus comprising more than 400
types, which causes infection of the genital or oral mucosa and is the causative agent
of almost all cervical cancers, head and neck cancers, genital warts, and RRP (10). The
oncogenic properties of high-risk HPV depend on two viral oncogenes, E6 and E7
(11), and the low-risk HPV6 and HPV11 genotypes will be investigated in this study.
Repeated infections with low-risk HPV types 6 and 11 drive epithelial differentiation,
which upregulates viral DNA replication and early E6 and E7 gene expression (12). Similar
to other DNA viruses, these early genes can subvert immune responses by inhibiting
interferon synthesis and signaling (8). Upon viral invasion, pattern recognition receptors
identify pathogen-associated molecular patterns. This triggers the activation of the
DNA sensor cyclic GMP-AMP synthase (cGAS), which produces the second messenger
2’,3"-cyclic GMP-AMP (cGAMP). Subsequently, cGAMP binds to the double-stranded DNA,
activating STING and initiating downstream IFN-f3 activation (13). High-risk HPV type 16
E7 binds to interferon regulatory factor 9 (IRF-9) (14), impairing its nuclear translocation
and attenuating IFN-I transcription. Human papillomavirus 18 E7 directly binds to the
STING protein via its LXCXE motif to inhibit the downstream response (15). The effects of
low-risk type HPV6/11 E7 remain poorly understood relative to those of HPV16 or HPV18
(12,14)

Much of the current research focuses on the activation and dysfunction of immune
cells in the RRP immune milieu and does not explain why local immunity remains
depressed in the presence of large amounts of viral antigens. To address this knowledge
gap, our study focused on cellular immune escape in HPV infection through manipula-
tion of the STING/IFN-I pathway. Therefore, our study sought to annotate the landscape
of IFN-B antiviral responses in the immune microenvironment of dysregulated RRPs and
to reveal the mechanisms by which HPV6/11 evades STING-induced IFN-I activation.

MATERIALS AND METHODS
Human specimens

Twenty-seven clinical samples were obtained from patients with RRP after obtaining
informed consent. Papilloma samples were collected from patients with RRP. Four
papilloma and three normal mucosal samples were subjected to transcriptome profiling
by single-cell RNA sequencing (scRNA-Seq). The clinical characteristics of all the samples
used in this study are summarized in Table S1.
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Single-cell RNA sequencing data processing and analysis

Fresh biopsies of the four RRPs were collected from the primary papilloma during
surgical resection. Three pharyngopalatine arch mucosa samples were obtained from
tonsil hypertrophy as a comparative group, and each tissue was separated into extra
pieces and sent for pathological analysis. Seven samples were loaded onto the 10x
genomics chromium single-cell platform, and libraries were sequenced using an lllumina
platform with 150 bp pair-end sequencing. FASTQ with default parameter filtering of
the adaptor sequence was applied, and low-quality reads were removed. Then, feature -
barcode matrices were obtained by aligning reads to the human genome (GRCh38
Ensemble: version 100) using the package CellRanger. Next, downsampling analysis was
performed among samples sequenced according to the mapped barcoded reads per cell
of each sample, and finally, an aggregated matrix was obtained. The mitochondrial genes
were removed from the expression tables. Further analyses were performed using the
Seurat software package. For the quality control of the original data, the quality control
conditions are the number of genes expressed by a single cell between 500 and 6,000,
the unique molecular identifier (UMI) number >500, and the ratio of phosphorus gene
expression <20%. Based on the expression table according to the UMI counts of each
sample and the percentage mitochondrial rate, raw feature counts were log-normalized,
scaled, and subjected to principal component analysis, which was performed based on
the scaled data of the top 2,000 highly variable genes. The top 10 principal components
(PCs) were used for TSNE and UMAP construction, and the unsupervised cell cluster
results based on the top 10 PCs were obtained using a graph-based cluster method.

Differential gene expression analysis

To identify differentially expressed genes among the groups (RRP vs control; cells vs
cells), the FindMarkers function with the Wilcoxon rank- sum test was used. Differentially
expressed genes meeting the following criteria were selected: InFC > 0.25, P < 0.05,
and min. Pct >0.1. All processes were performed using the Novogene Cloud Analysis
platform.

Tissue and primary cell suspension immunofluorescence staining

Formalin-fixed paraffin-embedded papilloma blocks were cut into 2 um sections and
placed on slides. Sections were deparaffinized and rehydrated, heat-induced epitope
retrieval was performed, and the sections were permeabilized with PBS containing 0.01%
Triton. Samples were stained with primary antibodies (HPV, Abcam) (IFN-B, Proteintech)
for 12 h at 4°C. The sections were then stained with fluorescently labeled secondary
antibodies (anti-rabbit, anti-mouse, Thermo Scientific) for 30 min at room temperature,
washed three times with PBS, and stained with DAPI (Thermo Scientific) for 10 min. For
immunofluorescence of suspension cells, the tissues were first dissociated into single-cell
suspensions (Miltenyi Biotec) and seeded into 6-well plates for 12 h. On the second day,
the experimental group was stimulated with 2°,3"-cGAMP (MCE) (Lipo3000 is required for
stimulation to improve 2’,3"-cGAMP transfection efficiency) for 2 h, and the control group
was stimulated with an incomplete medium for 2 h. Cells were fixed using 400 pL of 4%
paraformaldehyde for 10 min at 37°C. The paraformaldehyde solution was removed, and
the cells were washed three times with PBS. These steps were identical to those used for
tissue immunofluorescence after heat-induced epitope retrieval. Images were captured
using a confocal immunofluorescence microscope (OlyVIA; Olympus).

Enzyme-linked immunosorbent assay

Interferon-f levels in tissue and cell-culture media were measured using an IFN-3
enzyme-linked immunosorbent assay kit (ABclonal) according to the manufacturer’s
instructions.
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Viral load of HPV

The clone plasmids PUC57-HPV6E7-GFP and PUC57-HPV11E7-GFP (GenBank accession
no.: AY492337.1 and KC329915) were produced by General Biol Co., Ltd., and the plasmid
was extracted using a mini plasmid kit (Tiangen). After preparing the calibrators, we
generated HPV6 E7 and HPV11 E7 calibration curves by qPCR using a range of HPV6
E7 and HPV11 E7 dilutions, as appropriate. The standard solution was diluted from
x107" to x107°. Differently diluted solutions were adjusted to the same volume and
prepared in the same PCR master mix. The calibrator was subjected to PCR cycling under
the conditions appropriate for amplifying the genes of interest, and each cycle was
performed as per standards. A calibration curve was generated based on the cycles (16).
To calculate the HPV load of clinical samples, we first determined HPV infection type 6
or 11 (cycle number < 30 indicates positive) and then determined the count of HPV6 E7
and HPV11 E7 (cycle number < 23 indicates positive). The primers used for each HPV type
were as follows:

HPV6: forward 5-TGCAACGACCATAGACCA-3’, reverse 5-GCATATCCAGCATAATCAAAGT
-3

HPV11: forward 5-CGAGCAGACGTCCGTCCTCG-3’, reverse 5-GGAATACATGCGCCATGT
GG-3;

HPV11 E7: forward 5-CTGACCCTGTAGGGTTACATTG-3’, reverse 5-CGCAGATGGGACAC
ACAATA-3’; and

HPV6 E7: forward 5-GTATTAGACCTGCAACCTCCAG-3’, reverse 5-TGCACTTCTCTGATGT
CTGTTT-3".

The total DNA of each sample was extracted (Tiangen), and the total amount was
set to be the same. Polymerase chain reaction was then performed to determine the
number of cycles. The PCR conditions were the same as those used for plasmid PCR, and
the primers were designed according to the sequence expressed by the plasmid. The
number of cycles obtained was introduced into the algorithm using a standard curve to
obtain the HPV6 E7 or HPV11 E7 load in the sample. Simple calculations were performed
as previously described (17, 18).

Cell culture

The human head and neck squamous cell carcinoma cell line SNU-1076 was provided
by Dr. Yanxiao from the ENT Center of Tongren Hospital affiliated with Capital Med-
ical University, Beijing, China. The human monocyte cell line THP-1 was purchased
from the Chinese Academy of Sciences, Shanghai, China. The cells were cultured in
RPMI1640 (Servicebio) supplemented with 10% fetal bovine serum (Gibco) and 1%
penicillin-streptomycin-glutamine (Gibco) at or below 90% confluency to optimize the
growth conditions. For macrophage generation, 3x 10° THP-1 cells were seeded in
0.4 um-sized pore inserts treated with 200 nM phorbol 12-myristate 13-acetate (Bio
shark) for 48 h and polarized into macrophages. Macrophages and SNU-1076 cells were
co-cultured using a non-contact Transwell system (Corning). Inserts containing THP-1
macrophages were transferred to 6-well plates seeded with SNU-1076 cells in advance
and co-cultured. After 12 h of co-culture, macrophages were treated with 2’,3"-cGAMP
(MCE) for 2 h, and the control group was stimulated with incomplete medium. SNU-1076
cells and cell suspensions were harvested for further analyses.

Lentiviral transduction and stable cell generation

Packaging of lentivirus and retroviruses that expressed CMV-HPV6 E7-ZsGreen-T2A-PURO
and CMV-HPV11 E7-ZsGreen-T2A-PURO was conducted by General Biol Co., Ltd. The
lentivirus-packaged sequencing was the same as that for the plasmid. Stable HPV6 E7
and HPV11 E7 cells (SNU-1076) were generated by lentiviral transduction, followed by
puromycin selection (19). The cells were transduced, and empty vector constructs were
used as negative controls. The minimum concentration at which puromycin killed the
wild-type cells was determined before testing for positive transfection of the virus. The
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titer of the transfected virus depends on the cell density; an MOI of 50 was determined
as optimal for the transfected virus. For successful transfection, after adding the virus and
co-infection reagent, cells were incubated for 24-48 h, and puromycin was added twice
or thrice for screening. In general, puromycin was added twice at 24 h, and after two
times, the experiment was performed according to the cell density. The cell line can be
used immediately after the screening. Successfully constructed cells fluoresced as a solid
green color.

Antibodies and reagents for western blotting

The following antibodies were used for western blot analysis: rabbit monoclonal
antibody against phosphor-(ser366) STING (Cell Signaling Technology), rabbit mono-
clonal antibody against STING (ABclonal), rabbit monoclonal antibody against phos-
phor-(s396) IRF3 (Cell Signaling Technology), rabbit polyclonal antibody against IRF3
(ABclonal), rabbit monoclonal antibody against TANK-binding kinase 1 (TBK1) (ABclonal),
rabbit monoclonal antibody against phosphor-TBK1 (Abcam), and rabbit monoclonal
antibody against GAPDH (ABclonal).

Transfected cells were stimulated with 2’,3-cGAMP (MCE) or incomplete medium.
Cells were harvested and lysed in RIPA buffer, protease inhibitor cocktail (MCE),
phosphatase inhibitors (MCE), and PMSF (MCE). After centrifugation, the cleared lysates
were analyzed using SDS-PAGE and western blotting.

Antibodies for flow cytometry

Papilloma tissues were lysed using a single-cell suspension (Miltenyi Biotec). The cells
were then washed three times with PBS. Samples were washed with FACS buffer (0.2%
BSA, 0.02% NaNs3, and PBS) and labeled for 30 min at 4°C using the anti-human
antibodies: anti-human CD45 EF450 (eBioscience), CD68 monoclonal antibody FITC
(eBioscience), 7AAD (Invitrogen), and Annexin V-propidium iodide (Servicebio). Data
were acquired using a cytometer (BD Biosciences) and analyzed using the FlowJo
software.

Gene expression qPCR

Total RNA was extracted using the Cell/Tissue Total RNA Isolation Kit (Vazyme). The
RNA concentration was measured using a NanoDrop spectrophotometer (Thermo Fisher
Scientific). RNA was reverse transcribed into cDNA using HiScript QRT SuperMix for gPCR.
The primers were synthesized by Integrated DNA Technologies as follows:

IFIT: forward 5-CTCTCTCTGCTTCCTTCTTCAC-3’, reverse 5-GTGCCATAATCTCTGTCCTA
CC-35

OAS2: forward 5-CGCTCTCTTCTCTGGAACTAAC-3’, reverse 5-GATGTCTGCCTCATCCTC
TTAC-3%

MX1: forward 5-GGATTGGAACCATAGCTCTACC-3’, reverse 5-GACCTTGCCTCTCCACTT
ATC-3%

IL-6: forward 5-CTCTGGGAAATCGTGGAAAT-3’, reverse 5-CCAGTTTGGTAGCATCCATC
_3’;

IL-1PB: forward 5-CCACAGACCTTCCAGGAGAATG-3’, reverse 5'-GTGCAGTTCAGTGATCG
TACAGG-3’; and

IL-8: forward 5-GAGAGTGATTGAGAGTGGACCAC-3’, reverse 5-CACAACCCTCTGCACCC
AGTTT-3".

Hematoxylin-eosin staining and the ThinPrep cytologic test

Surgically excised papilloma specimens were embedded in paraffin for hematoxylin-
eosin staining. The results were analyzed by a professional pathologist. The surgically
excised specimens were prepared as single-cell suspensions, and the experimental group
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was subjected to 2/,3-cGAMP stimulation, and cells stimulated in an incomplete culture
medium were used as the control group. The cell suspension was collected for liquid-
based cytological analysis (20). The cell sections from the experimental and control
groups were examined under a microscope to determine the number of koilocytes.

Statistics

All functional experiments were performed with at least three independent biological
replicates, and the number of replicates is indicated in the figure legends. Statistical
analyses of functional experiments were performed using GraphPad Prism 9.0. All
histograms are presented as mean * SEM. The Student’s t-test was used for comparisons
in experiments with two sample groups. Analysis of variance (ANOVA) was performed
for experiments with more than two sample groups. Pearson’s correction was used for
correction analysis.

RESULTS
Association between IFN- level, HPV load, and clinical severity

All clinical samples were obtained by surgical resection with histological features
including koilocytosis, hyperkeratosis, and multinucleated cells (21) (Fig. 1A). The
selected patients were aged 27 + 17.1 (6-66) years and represented a mixture of adult-
and juvenile-onset RRP, harbored RRP driven by HPV types 6 or 11, and displayed variable
disease severity as measured by the number of clinically indicated interventions in the
12 months before biopsy and a total number of lifetime surgeries (Table S1). IFN-f serves
as the major contributor in defending against viruses by obstructing the replication
of numerous viruses (7). To better investigate whether this difference affects the local
antiviral response, we examined the local tissue IFN-B levels as well as viral load in
surgically resected tumors (Fig. 1B). Correlation analysis revealed that IFN-B levels in
localized neoplasms were negatively correlated with viral load (for patients infected
with both types 6 and 11, we combined the viral loads for the statistics) (Fig. 1C). The
relationships among viral load, interferon levels, and clinical severity were evaluated.
The clinical severity was evaluated based on the number of surgeries performed per
year (Fig. 1B). Furthermore, correlation analysis found higher tissue IFN-f3 expression
levels and lower viral loads in patients who experienced fewer clinical treatments in
1 year (Fig. 1D and E). Increased HPV load is highly likely to be an aggressive disease
characteristic. Interferon-beta in the RRP microenvironment exerts disruptive effects on
viral replication.

Single-cell RNA sequencing defines RRP cellular alterations and the antiviral
functional landscape

STING is ubiquitously expressed by epithelial and immune cells, accompanied by the fact
that both cancer and immune cells should produce IFN-B. To better identify the RRP
microenvironment after HPV infection, we performed scRNA-Seq analysis and compared
four HPV-infected RRP tissue samples with three pharyngopalatine arch mucosa samples
from patients with tonsil hypertrophy who were not infected with HPV using the 10x
genomics chromium platform (Fig. 2A). The clinical information is summarized in Table
S1. After removing low-quality cells and potential doublets, 72,867 cells remained. We
identified 12 clusters and annotated them using differentially expressed marker genes
(Fig. S1A through C), including those of immune cells (B cells, T cells, mast cells, NK cells,
NKT cells, and macrophages) and non-immune cells (basal cells, epithelial cells, endothe-
lial cells, fibroblasts, keratinocytes, and mesenchymal cells). We then separated them into
control and RRP groups (Fig. 2B). Compared to the control, the RRP group showed
marked proportional alterations in the cell clusters (Fig. 2B and C). Among the 12 clusters,
three, namely basal cells, epithelial cells, and koilocytes, derived from the basal layer of
the epithelium, showed the greatest increase in RRP. Allimmune cell populations showed
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FIG 1
nuclei and koilocytes. (B) The bar plots represent the corresponding interferon-beta expression, HPV type, viral load, the total number of lifetime surgeries, and

the number of surgeries in a year prior to biopsy for each patient. (C) Correlation analysis of the corresponding tissue interferon-beta expression with local

HPV viral load (n = 13, Pearson correlation coefficient). (D) Correlation analysis of tissue IFN-f expression and surgeries’ intervention in a year (n = 18, Pearson
correlation coefficient). (E) Correlation analysis of tissue HPV viral load (patients co-infected with HPV11 and HPV6 were selected for comparison with the total

viral load) and surgeries’ intervention in a year (n = 17, Pearson correlation coefficient).

the opposite trend, except for macrophages, the proportion of which was the only
upregulated immune cell population compared to that of the control (Fig. 2B and Q).
These findings present an alternative perspective on continuous HPV6 or HPV11
infections at local sites. Despite RRP presenting with HPV accumulation, the cells still
showed a persistent absence of immune activity, with immune cell levels lower than
typical post-infection levels (Fig. 2C). To explain this, we investigated the profile of the
IFN-B activator, the STING pathway. Despite accumulating evidence demonstrating that
high-risk HPV infection downregulates IFN-I expression in cervical or head and neck
cancers, alterations in the immune response to RRP caused by HPV6 or HPV11 remain
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FIG 2 (A) Experimental scheme depicts the tissue harvesting for scRNA-Seq. RRP cells and pharyngopalatine arch mucosa cells were harvested, purified, and

subjected to scRNA-Seq (n = 7). (B) UMAP plot displays the 11 major color-coded cell clusters in the control group (pharyngopalatine arch mucosa cells)

and 12 major clusters in the RRP group. Pie charts display the proportion of each cell type in overall control group cells and RRP group cells by scRNA-Seq.

(C) The column charts and tables show the ratio of immune cells and non-immune cells in the control groups and RRP groups. (D) Heatmap shows the average

expression levels (color-scaled, row-wise Z scores) of the STING/IFN-B related genes (columns) across the cell clusters (rows). (E) KEGG analysis shows the

downregulated signaling pathways.

poorly understood. We primarily mapped the STING pathway genes by patient identity,
and RRP exhibited a large number of downregulated genes related to innate antiviral
response (Fig. S1D). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the
downregulated genes revealed that most pathways involved IFN-I response and antigen
processing (Fig. S1E). We specifically analyzed IFN-I pathway-related genes, particularly
the STING pathway, in each cell type. Consistent with the patient identity data, most
STING pathway-related genes, Interferon-stimulated genes (ISGs), and downstream IFN-I
cytokines were downregulated or not activated in almost all RRP cell types compared
with the control (22). In particular, the epithelial and basal clusters barely demonstrated
anti-viral gene activation (Fig. 2D and E). These data suggest that in RRP, not only is the
infiltration of immune cells low in number but the STING/IFN- pathway is also sup-
pressed, possibly related to the low reactivity of RRP.
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HPV11 E7 downregulates IFN-B responses by inhibiting STING phosphoryla-
tion

To further investigate the effect of HPV6 or HPV11 oncoproteins on antiviral functions
in epithelial cells, we established a stable cell model expressing HPV6 or HPV11 E7
oncoproteins using the SNU-1076 cell line (19) (Fig. 3A; Fig. S2A). Human papillomavi-
rus often employs strategies to counteract the host IFN-I response, thereby enhancing
viral replication and integration. To identify whether HPV11 E7 and HPV6 E7 inhibit
the downstream STING/IFN-B pathway, we initially treated HPV~ SNU-1076 cells with
2',3’-cGAMP, an endogenous agonist of IFN-f (5) for 2 and 6 h. STING activation was
observed at 2 h, which then decreased at 6 h (Fig. 3B). Quantitative enzyme-linked
immunosorbent assay analysis of IFN-f3 protein levels showed a similar pattern, reaching
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FIG 3 (A) Experimental scheme depicts the RRP model building process in vitro. (B) Immunoblot of SNU-1076 cell line used in panels C-E. (C) Western blot
analysis of HPV11E7 and HPV6E?7 stably infected SNU-1076 cell line treated with 2’,3" cGAMP using indicated antibodies (n = 3); ELISA analysis of IFN- level of cell
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the highest levels at 2 h (Fig. S2B). These results suggest that activation of the STING
pathway to induce IFN-B is normal in the absence of HPV. We examined the STING
pathway in HPV11 E7-transfected SNU-1076 cells stimulated with 2,3"-cGAMP for 2 h. To
exclude the influence of viral capsids, we included an empty vector control group. STING,
TBK1, and IRF3 protein levels did not show significant changes in HPV11 E7-transfected
cells, which was consistent with our results of scRNA-Seq analysis for transcriptional
expression (Fig. 2D and 3C). The cellular experiments exhibit the transcriptional levels
associated with the STING pathway, which vary from RRP patient samples. Genes IRF1,
JAK1, STAT3, and IRF2 are known STING signaling targets that showed substantial
variability between RRP samples. The second patient’s sample demonstrated markedly
lower expression of anti-viral related genes in comparison to other RRP patient samples
(Fig. S1D). However, the phosphorylation of STING, TBK1, and IRF3 noticeably decreased
(Fig. 3C). This indicates that inhibition of the STING pathway is primarily due to the
suppression of STING phosphorylation. Similarly, the levels of secreted IFN-3 showed
significant suppression in HPV11 E7-expressing cells (Fig. 3C). Activation of the STING
pathway represents a relatively initial step for the induction of IFN-. When we analyzed
the mRNA expression of downstream ISGs and cytokines, including IFIT1, MX1, OAS2,
IL-1B, IL-6, and IL-8, which are essential IFN-I target genes (22), we observed a significant
decrease in ISGs. The transcription levels of these cytokines were repressed in HPV11
E7-expressing cells after treatment with 2’,3'-cGAMP (Fig. 3D and E). These data indicated
that HPV11 E7 potently suppressed STING-induced immune activation. Regarding the
effect of HPV6 E7 on the interferon response, in epithelial cells transfected with HPV6
E7 after stimulation with 2’,3"-cGAMP for 2 h, we observed that the phosphorylation of
IRF3 (p-IRF3) was inhibited, whereas the activation of other proteins remained unaffected
(Fig. 3C). The levels of IFN-B in the supernatant of HPV6 E7-transfected cells did not show
a significant decrease (Fig. 3C). Total protein levels were consistent with the single-cell
transcriptional levels, with no noticeable changes observed (Fig. S2C).

Effects of macrophage-induced IFN-B on HPV-infected epithelial cells

Keratinocytes act as a first line of defense by separating the external environment from
the internal environment, and they are born with pattern recognition receptors that
allow them to recognize pathogens and initiate antiviral immunity (12). However, in
HPV6- or HPV11-infected RRP, scRNA-Seq results indicated that the IFN-I response was
inhibited in most cell types. We mapped the reads of all cell types to IFN-B expression
and identified the location as macrophages in RRP and healthy tissue as a control (Fig.
4A; Fig. S4B). Coincidentally, macrophages represent the exclusively increased immune
cell type in RRP, which simultaneously do not perform transcriptional repression of
antiviral genes, similar to epithelial cells, and the activation markers are expressed
normally (Fig. 2D; Fig. S3A). These results suggest that macrophages were activated
(23). However, the antiviral STING pathway was not activated. Therefore, activating the
STING pathway in macrophages might yield an unexpected effect on enhancing their
antiviral capacity. In addition to the antiviral effect, IFN-B could also exert antiprolifera-
tive and proapoptotic functions to interrupt the virus replication strategy in host cells by
inducing cell death (7). To further investigate the potential role of macrophage-induced
IFN-B in RRP, we used the phorbol 12-myristate 13-acetate-differentiated THP-1 cell line
as a macrophage model (24), co-cultured with HPV cells in vitro (Fig. 4B). Following
THP-1 stimulation with 2’,3-cGAMP, an endogenous agonist of IFN-$ in mammalian
cells, for 2 h, the IFN-B level in the cell supernatant was increased (Fig. 4B and C).
We used the THP-1 co-culture system to culture the HPV11 E7/HPV6 E7 stably transfec-
ted SNU-1076 cell line with an incomplete culture medium as a control, and THP-1
co-cultured with vector and SNU-1076 as non-E7 control (Fig. 4B; Fig. S3C and D). The
effects of macrophage-induced IFN-f3 on HPV-infected epithelial cells were evaluated by
annexin V-propidium iodide staining and flow cytometry. Significantly higher cell death
was observed in the 2’,3-cGAMP cultured HPV11 E7/HPV6 E7 cells than in the control
(Fig. 4D and E; Fig. S3B and E). To verify this effect in the RRP microenvironment, we
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FIG 4 (A) UMAP plot displays IFN-3 expression majorly located in macrophage cluster in RRP samples. (B) Depicting the procedure of co-culture of phorbol
12-myristate-13-acetate (PMA)-differentiated THP1 cells and HPV11E7-transfected SNU-1076 cell line. HPV11E7 cell viability was quantified by immune staining
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FIG 4 (Continued)

showed Annexin V-PI expression in HPV11E7 with or without 2’3" cGAMP stimuli. (E) Flow cytometry showed Annexin V-PI expression in HPV11E7 with or
without 2°,3" cGAMP stimuli (n = 3, **P < 0.01). (F) Flow cytometry gating strategy of macrophage in primary RRP single cell suspension (n = 5) and healthy
control sample (n =3, ***P < 0.001, paired t-tests). (G) ThinPrep cytologic test represents the number of koilocytes in primary RRP cell suspension decreased after
stimulation with 2,3" cGAMP. Control RRP cell suspension was stimulated with incomplete media. (H) Confocal fluorescent microscopy displays the intensity of
IFN-B and HPV L1 after stimulation with or without 2’,3" cGAMP.

first detected an increased number of macrophages in the RRP (Fig. 4F), consistent with
scRNA-Seq results (Fig. 2D). Next, we treated 2/,3"-cGAMP to the single-cell suspension
prepared using primary RRP tissue. The ThinPrep cytologic test, a detection method for
atypical squamous cells in cervical cancer screening, which allows abnormal epithelial
cells to be observed (20), was used to observe the changes in epithelial cells of RRP
clearly after treatment. We found the 2°,3-cGAMP treatment suspension had a reduced
number of heterogeneous epithelial cells compared with the not-treated suspension
(Fig. 4G; Fig. S3C). Furthermore, based on the negative correlation of HPV load and IFN-3
expression (Fig. 1D), observation of the fixed RRP single cell suspension showed that
the 2/,3-cGAMP-stimulated suspension exhibited a decline in HPV protein expression
with an increased IFN-f3 expression level (Fig. 4H; Fig. S3D). These data indicated that
macrophage-produced IFN-B produced by STING activation contributes largely to the
death of infected epithelial cells and destroys the HPV in vitro.

Anti-viral immunity

Escape

Macrophage

HPV* Epithelial cells

Anti-viral immunity

FIG5 Schematic model of local immune regulation in RRP. Inhibiting STING phosphorylation by HPV11 E7 circumvents the body’s antiviral response in epithelial
cells. Stimulating macrophages to produce IFN-f induces the death of HPV-infected epithelial cells and reduces HPV viral levels.
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DISCUSSION

In the RRP management landscape, which has historically emphasized surgical lesion
excision, emerging therapies involving HPV vaccines and bevacizumab offer notable
promise (25, 26). However, these therapies have not provided evidence of HPV particle
clearance. Interferon-f3 serves as an antiviral agent with antiproliferation effects and the
ability to activate adaptive immunity (7). Our study highlights the role of tissue IFN-3
levels in RRP, clinical severity, and their correlation with HPV6/11 loads, thus emphasiz-
ing the importance of alternative treatment avenues. This sheds light on the antiviral
immune mechanism of IFN-f in RRP.

To our knowledge, this is the first study employing scRNA-Seq to gain insights
into RRP. The data revealed an apparent downregulation in the number of immune
cell groups, except for macrophages. This aligns with previous research showing
innate immunity defects in RRP, including Langerhans cells displaying diminished
CD83 maturation markers and impaired killer cell immunoglobulin-like receptor gene
haplotypes (4, 27, 28). Our data predominantly indicate a broader immune cell type
alteration in RRP, consistent with the HPV-induced immunosuppressive environment,
but also, at another level, explain the immunological condition of patients with RRP
by altering the number of immune cells. Utilizing scRNA-Seq, we identified differential
IFN-B-related gene expression across cell clusters. There is substantial variability in gene
expression in the STING pathway in patient samples compared to the cell culture results.
Specifically, we observed a downregulation of the IFN-B pathway starting from the
upstream gene STING in epithelial cells, consistent with the downregulation of basal
cells. This observation supports the involvement of the HPV oncoprotein in basal cells,
which leads to the shutdown of host immune detection in basal cells that have the
highest proportion of RRP. These results suggest that even if basal cells differentiate into
epithelial cells, the virus is still affecting their function. Consistent with previous studies,
post-HPV infection, the virus’s life cycle uniquely adapts according to the maturity and
differentiation of epithelial cells, thereby extending its own lifespan.

Like most DNA viruses, HPV subverts host immune surveillance by manipulating
IFN signaling (29). Viral infection activates the cytosolic DNA to produce cGAS, which
then induces cGAMP and finally activates STING. The activated STING protein recruits
downstream TBK1 to the C-terminal tail (CTT) to form oligomers that allow the CTT-
bound TBK1 to phosphorylate CTT that is not bound to TBK1 (30). The phosphorylated
residues on the CTT represent a motif for the phosphorylation and translocation of IRF3
into the nucleus to induce IFN-B (31). Previous studies have shown that the cGAS/STING
response does not occur at the initial stage of HPV infection (32), and based on our
data, according to our experimental data, STING activation is inhibited in HPV-infected
epithelial cells. Our study complements the role of HPV on STING in persistent HPV
infection status. Human papillomavirus usually compromises the critical factor in this
pathway (29). Our results show that STING can be activated in HPV6E7-transfected cells,
while downstream phosphorylated IRF3 is not activated. This indicates that HPV6E7
uniquely influences the activation of phosphorylated IRF3, diverging for distinct reasons.
One study found that high-risk HPV18E7 inhibited STING activation, and another found
that STING activation was significantly elevated by the addition of 2",3" cGAMP to HPV31-
and HPV16-transfected cells (6, 33). Such discrepancies underscore the heterogeneity in
how different HPV strains modulate the STING pathway. Our findings also show such
a manifestation. High-risk HPV16 or HPV18 is linked to the development of cervical
cancer and head and neck squamous cell carcinoma (12). Oncoprotein E7 of high-risk
HPV16 binds to IRF9, pRb, and IRF1 to prevent downstream cytokine transcription (34).
In HPV16-positive head and neck squamous cell carcinomas, cGAS-STING responses are
destroyed and restored when HPV16 E7 is lost (34). HPV18 E7 preferentially interacts with
STING, the center of the DNA-sensing pathway (15). Oncoprotein E7 of low-risk HPV6
or HPV11 is less well known. Our study revealed that E7 of HPV11 prevents the IFN-3
response by inhibiting the phosphorylation of STING in vitro in RRP, suggesting that even
low-risk HPV11 E7 has the ability to interrupt the antiviral response in epithelial cells.
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Our study also showed that STING and TBK1 activation was normal in another HPV6
E7 subtype, whereas IRF3 phosphorylation was abnormal. This suggests that HPV11 E7
might exert a stronger inhibitory effect on antiviral functions compared to HPV6 E7.
This observation might also elucidate why patients infected with HPV11 tend to exhibit
more severe clinical manifestations (35). Our data suggest that HPV6 and HPV11 may
differentially affect the STING pathway. Both HPV6 and HPV11 viruses are non-carcino-
genic group Alphapapillomaviruses (36). Some studies have identified infection with
HPV11 as being associated with more aggressive disease and higher recurrence of
lesions. And HPV6 gene sequences are four times more diverse than HPV11 types (37).
They have more diversity in their gene sequences. Our data suggest that types 6 and 11
do not act the same way on STING, or it could be due to sequence differences, but the
exact mechanism still needs to be further investigated.

In HPV-infected lesions, viral replication and protein production occur within the
upper layers of the squamous epithelium, thereby upregulating the viral gene expression
following keratinocyte differentiation (12). This process unfolds locally and is devoid of
proinflammatory cytokines or infiltrated immune cells because local epithelial cells lose
their interferon-secreting capacity (38). Consequently, cell-mediated immune response
is crucial for viral clearance. Macrophages play a pivotal role in antiviral defense
by promoting the removal of infected cells, antigen presentation, and expression of
effector molecules for viral clearance. Notably, alveolar macrophage-derived IFN-$ can
induce alveolar epithelial cell injury via autocrine TNF-related apoptosis-inducing ligand
induction (39). Combining probiotics with alveolar macrophage-derived IFN-3 demon-
strates the suppression of respiratory syncytial virus infection (40). Our findings suggest
that the number of macrophages in the RRP group was elevated with uninhibited STING
expression. Macrophage-secreted IFN-B contributes significantly to immune develop-
ment and antiviral response.

IFN-B serves as a critical mediator of apoptosis in certain virus infections, such as
EMC virus, VSV, and HSV, as evidenced by the inhibition of infected cell apoptosis when
anti-IFN-a/B antibodies are introduced or when the IFN receptor or Stat-1 signaling
factor is lacking in null cells (41). Interferons, particularly IFN-a, have been successfully
used in clinical applications for hepatitis C and hepatitis B, Kaposi's sarcoma, genital
warts, hairy cell leukemia, chronic myelogenous leukemia, and malignant melanoma
(42). Early studies on RRP suggested that exogenous therapeutic IFN-a is not a curative or
substantially beneficial adjunctive agent for long-term RRP management (25). Our study
shows that stimulating macrophages to produce IFN-B induces the death of infected
epithelial cells in vitro. Therefore, our data highlight the potential of macrophage-
induced IFN-B in RRP as a novel strategy for treating HPV and papilloma infections.

In conclusion, our study utilized scRNA-Seq to elucidate the inhibitory antiviral
function of HPV11 and HPV6 in RRP. We observed that HPV11 suppresses IFN-I in
epithelial cells via the STING signaling pathway and identified a novel role for macro-
phage-induced IFN-B in potentially counteracting this mechanism, thereby laying the
foundation for developing effective therapeutic interventions for HPV6- or HPV11-infec-
ted RRP(Fig. 5).
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