

[image: Gene expression levels associated with impaired immune response and increased proliferation could serve as biomarkers for women following cervical cancer screening programmes]
Gene expression levels associated with impaired immune response and increased proliferation could serve as biomarkers for women following cervical cancer screening programmes





ORIGINAL RESEARCH

published: 06 December 2024

doi: 10.3389/fimmu.2024.1507193

[image: image2]


Gene expression levels associated with impaired immune response and increased proliferation could serve as biomarkers for women following cervical cancer screening programmes


Irene T. Ovestad 1*, Ingvild Dalen 2, Kristiane Soreng 3, Saleha Akbari 1, Morten Lapin 4, Emiel AM Janssen 1,5, Marie Austdal 2, Ane Cecilie Munk 6 and Einar Gudlaugsson 1


1 Department of Pathology, Stavanger University Hospital, Stavanger, Norway, 2 Section of Biostatistics, Department of Research, Stavanger University Hospital, Stavanger, Norway, 3 National HPV Reference laboratory Department of Microbiology and Infection Control, Akershus University Hospital, Lørenskog, Norway, 4 Department of Haematology and Oncology, Stavanger University Hospital, Stavanger, Norway, 5 Department of Chemistry, Bioscience and Environmental Technology, University of Stavanger, Stavanger, Norway, 6 Department of Gynaecology, Sorlandet Hospital, Kristiansand, Norway




Edited by: 

Mariza Gonçalves Morgado, Oswaldo Cruz Foundation (Fiocruz), Brazil

Reviewed by: 

Catalina Lunca, Grigore T. Popa University of Medicine and Pharmacy, Romania

Marcia Antoniazi Michelin, Universidade Federal do Triângulo Mineiro, Brazil

*Correspondence: 

Irene T. Ovestad
 irene.tveiteras.ovestad@sus.no


Received: 07 October 2024

Accepted: 18 November 2024

Published: 06 December 2024

Citation:
Ovestad IT, Dalen I, Soreng K, Akbari S, Lapin M, Janssen EA, Austdal M, Munk AC and Gudlaugsson E (2024) Gene expression levels associated with impaired immune response and increased proliferation could serve as biomarkers for women following cervical cancer screening programmes. Front. Immunol. 15:1507193. doi: 10.3389/fimmu.2024.1507193



Human papilloma virus (HPV) infections vary in their oncogenic potential, and whether an infection progresses to cervical intraepithelial neoplasia (CIN) also depends on the immune response. Therefore, the aim of the present study was to explore biomarkers related to the immune system and cell proliferation, in combination with HPV classified as having high (HOP) or low oncogenic potential (LOP), that can possibly guide a more accurate identification of women following cervical cancer screening programmes in need for immediate follow-up with a biopsy. A next-generation sequencing transcriptomic immune profile analysis applied to 28 persistent CIN3 lesions and 14 normal biopsies identified four genes, the immune markers ARG1 and HLA-DQB2 and the tumour markers CDKN2A and KRT7, as possible markers for differentiating between CIN3 and normal tissue. To validate these findings, analysis of the relative gene expression of these markers by use of reverse transcriptase real-time quantitative polymerase chain reaction was performed in an independent cohort of 264 (82 normal, 64 CIN1, and 118 CIN2/CIN3) biopsies, and the data were combined with information on the HOP- or LOP-HPV identified in the biopsies. Statistical analysis was performed with receiver operating characteristic curves, reporting area under the curve (AUC) with 95% confidence intervals (CIs), and logistic regression. Statistically significantly higher median expression levels of CDKN2A (p < 0.001) and KRT7 (p = 0.045) and significantly lower expression of ARG1 (p = 0.012) were found in biopsies with HOP-HPV infections, with no difference detected for HLA-DQB2 (p = 0.82). Models using expression levels of CDKN2A (AUC, 0.91; 95% CI, 0.86–0.95), KRT7 (0.86, 0.81–0.91), or ARG1 (0.78, 0.70–0.85) together with HOP/LOP-HPV class were significantly better than HPV class alone (0.72, 0.66–0.79) in discriminating CIN2/3 versus CIN1 (p < 0.001, p < 0.001, and p = 0.014, respectively).
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1 Introduction

Cervical intraepithelial neoplasia (CIN) is a premalignant condition caused by persistent human papilloma virus (HPV) infections and is classified as CIN1, CIN2, or CIN3 based on increased severity. Most sexually active women are exposed to an HPV infection, but less than 10% develop persistent infections associated with a higher risk of developing cervical cancer. Ninety per cent of the infections are cleared naturally within 1–2 years without any harm (1). This suggests possible individual variation regarding the oncogenic potential and reduced immune defences provoked by different HPV types. Many national screening programmes have implemented primary HPV testing as a substitute for primary cytology screening. The advantage is to detect women at risk in an early phase, but at the expense of low specificity, resulting in several unnecessary biopsies taken from HPV-positive women, diagnosed as CIN1 or normal and not subjected to immediate risk for progression to cancer (2). In addition to evoking needless anxiety among many women, this also implies unnecessary use of staff resources in pathology departments. Many HPV assays used for routine screening specifically detect HPV16 and 18, while a group of 12 other high-risk HPVs (hrHPVs) is often detected as groups with highly variable oncogenic potential (3). The use of extended genotyping analysis to detect genotypes with the most oncogenic potential in the group “12 others” is being introduced in Scandinavian countries (4).

In an evaluation by the International Agency for Research on Cancer (IARC) (5), 12 different HPV types are defined as hrHPV (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59), while a group of 13 HPV types are characterized as possible/probably high-risk (phrHPV) (HPV26, 30, 34, 53, 66, 67, 68, 69, 70, 73 82, 85, and 97). However, the oncogenic potential still shows large variation within these categories. HPV6 and 11 are characterized as low-risk (lrHPV) and non-carcinogenic.

Prior to the prophylactic HPV vaccination era, a population-based study in four Nordic countries evaluated the distribution of HPV genotypes from women with CIN2, CIN3, or cervical cancer. The most prevalent HPV types detected in CIN2 and CIN3 were HPV16 (35.9% and 50.2%, respectively) and HPV31 (10.9% and 12.1%, respectively). HPV33, 52, and 18 were overall less prevalent, with 8.4%, 13.2%, and 7.8% in CIN2 and 12.3%, 8.7%, and 8.6% in CIN3, respectively. However, the HPV types that were most prevalent in cancer were HPV16 (48.8%) and HPV18 (15.3%) (6).

In the first screening round in a long-term follow-up HPV primary screening trial in Sweden, the hrHPV types HPV16, 18, 31, 33, 45, 52, and 58 were found to contribute 80.8% and 88.2% for CIN2+ and CIN3+ development, respectively, while less than 10% cumulative incidence risk for CIN2+ was found for hrHPV types HPV35, 39, 51, 56, and 59 and phrHPV types HPV66 and 68 (7). Furthermore, a worldwide, retrospective, cross-sectional study detected single phrHPV types HPV26, 53, 66, 67, 68, 70, 73, and 82 in approximately 3% of the tested cervical cancer cases (8). The two most common lrHPV types, HPV6 and 11, have been found to be mostly involved in laryngeal squamous cell carcinoma and only sporadically in cervical cancer (9). The carcinogenicity of different HPV types may also depend on the viral load. A study of HPV copy number, as measured by quantitative polymerase chain reaction (PCR)-based fluorescent assays, found differences in copy number between various HPV types (HPV16, 18, 31, and 45) and a significant increase in accordance with more severe disease as detected in normal, CIN1, and CIN2/3 biopsies (10).

Even though an infection with HPV is the underlying cause, it is not always sufficient for developing cervical cancer (11, 12). In order to successfully reproduce viral copies, hrHPV types have developed the ability to downregulate tumour suppressors and thereby interfere with the host cell cycle and immune responses.

During cervical cancer progression, the HPV oncogene E7 entails the overexpression of the cyclin-dependent kinase inhibitor p16INK4a, encoded by CDKN2A. The result is inactivation and degradation of the cell cycle regulatory retinoblastoma protein (pRb). Furthermore, the E6 oncogene mediates degradation of the tumour suppressor p53 with subsequent attenuated cell cycle arrest in response to DNA damage. Immediately after infection, an upregulation of host cell cycle and proliferation-related genes has been observed (13, 14).

Additionally, hrHPV oncogenes E6 and E7 have developed the ability to epigenetically regulate host gene expression by interfering with the activity of the DNA methyl transferase DNMT1, a key enzyme responsible for maintaining the methylation pattern of promoter CpG islands (15). Upregulated methylation patterns of the type III interferon-γ (IFN-γ) promoter and subsequently lower levels of IFN-γ were found in cervical cancer, as compared to normal, CIN1, CIN2, and CIN3 tissues (16, 17). The result is diminished favourable immune responses with downregulated development of effector T cells and adapted immunity with antigen-specific memory T cells (18).

Type I IFN-κ is constitutively expressed in uninfected cervical keratinocytes but was found to be downregulated by E6 in HPV16- and 18-positive cervical carcinoma cells due to increased methylation of the promoter. Diminished IFN-κ could be an early event during cervical carcinogenesis, affecting the expression of the tumour suppressor p53, IFN regulatory factors (IRFs), and MxA (19). IRF acts as a link between cellular responses and oncogenesis (20), and a downregulation would affect the development and function of several types of immune cells. Downregulation of the antiviral activity for the interferon-induced MxA GTPase would also have an impact on the immune response (21). Moreover, CXCL14 is a chemokine with downregulated expression due to promoter hypermethylation by hrHPV E7. Reduced expression of CXCL14 in HPV-infected cells affects the activation and migration of dendritic cells (DCs), causing immune evasion and suppressed antitumour immune responses with lower numbers of natural killer (NK) cells, CD4+ helper T cells, and cytotoxic CD8+ T cells (22, 23).

In summary, when expressed simultaneously, E6 and E7 can downregulate immune responses, immortalize human cells by blocking their exit from the cell cycle, and prevent cell cycle arrest of cells harbouring damaged DNA. The result is enhanced proliferation of infected cells with hundreds of HPV copies per cell in a carcinogenic environment with a risk of developing cancer.

The objective of the present study was to explore biomarkers to distinguish between women following a cervical cancer screening programme (CCSP) in need of immediate follow-up with biopsy and those who would benefit from a less invasive follow-up with cytology. We tested the use of expression levels for CDKN2A, KRT7, ARG1, and HLA-DQB2, identified through next-generation sequencing (NGS) analysis, for their ability to discriminate CIN2/CIN3 versus CIN1/and or normal biopsies, both alone and in combination with the distinct oncogenic potential of the HPV types.




2 Materials and methods



2.1 Biological material

Biological material collected at Stavanger University Hospital, Norway (SUH), from three different cohorts was included in the study. The women were referred to the gynaecologic outpatient clinic for histologic follow-up of an abnormal or HPV-positive cytology test. In cohort 1, 254 women were prospectively recruited at the gynaecologic outpatient clinic between January 2007 and December 2008; in cohort 2, 354 women were similarly recruited between March 2015 and June 2018. Cohorts 1 and 2 have been thoroughly described in earlier studies (24, 25). Cohort 3 consists of 111 biopsies collected retrospectively at the Pathology Department (SUH) between November 2017 and June 2018. The women were identified to have an abnormal and/or HPV-positive cytology specimen and were referred for a biopsy as recommended by the CCSP.

An expert pathologist evaluated all haematoxylin and eosin (H&E)-stained slides from the formalin-fixed paraffin-embedded (FFPE) biopsies, supported by immunohistochemical (IHC) staining of Ki-67 and p16. Interpretation by the pathologist regarding the lesion and sufficient high-quality RNA as measured by the RNA quantification assay supported the selection of 42 biopsies used in the transcriptomic study (14 normal and 28 CIN3) and 264 biopsies for use in the validation study (82 normal, 64 CIN1, 7 CIN2, and 111 CIN3). Figure 1 gives an overview of the study cohorts. Written informed consent was received from all patients by inclusion. The studies were approved by the Norwegian Regional Ethics Committee (REC West) (2016/805, 2019/264, 2012/1292, 2019/10399, and 2022/10399).




Figure 1 | Overview of the study cohorts and biopsies used in the transcriptomic and validation studies.






2.2 Cytology diagnoses

As described earlier and in accordance with the former national guidelines of the Norwegian cervical cancer screening programme (25), the baseline cytology specimens were categorized as negative for intraepithelial lesion malignancy (NILM), atypical squamous cells of undetermined significance (ASC-US), atypical glandular cells of undetermined significance (AGUS), low-grade squamous intraepithelial lesion (LSIL), atypical squamous cells, cannot rule out high-grade squamous intraepithelial lesion (ASC-H), or high-grade squamous intraepithelial lesion (HSIL). Regardless of diagnosis, in total, 69.8% were proven HPV positive, whereas 26.9% were diagnosed as HSIL/ASC-H and in line with the Norwegian national guidelines were not HPV tested. Additionally, three cases diagnosed as AS-CUS, five as AGUS, and one normal, in total 3.4%, were not HPV tested.




2.3 Isolation of RNA and DNA and transcription of cDNA

RNA and DNA were isolated from FFPE biopsies. For CIN1, CIN2, and CIN3 biopsies, nucleic acids were isolated from (5–10) × (4–5 µm) sections from the FFPE tissue block. The sections were macro-dissected from the most severe dysplastic area of the epithelium and the adjacent stroma, as marked by an expert pathologist. For normal biopsies, nucleic acids were isolated from (2–5) × (4–5 µm) sections comprising all the biopsies in the FFPE tissue block. To assure quality for the CIN1 and CIN2/CIN3 diagnoses, adjacent sections to the sections used for isolation were H&E-stained and examined by the pathologist.

For cohort 1, the miRNeasy FFPE kit (Qiagen, Hilden, Germany) was used for RNA isolation and the E.Z.N.A® Tissue DNA Kit (Omega Bio-tek Inc., Norcross, GA, USA) for DNA isolation. For cohorts 2 and 3, the “Recover all total nucleic acid isolation” kit (Thermo Fisher Scientific, Waltham, MA, USA) was used for simultaneous isolation of RNA and DNA. An RNA quantification assay (Thermo Fisher Scientific, Pub. No. MAN0015867) was applied to ensure the exact amplifiable RNA concentrations from each of the FFPE samples. The assay is a one-step reverse transcriptase real-time quantitative PCR (RT-qPCR) procedure performed on the LightCycler® 480 System (Roche Diagnostics, Rotkreuz, Switzerland) and has been thoroughly explained in former publications (24, 25). The Superscript Vilo cDNA synthesis kit (Thermo Fisher Scientific) was used for the transcription of 10 ng total RNA, as calculated by functional RNA quantification. For all methods, the procedure was performed according to the protocol of the manufacturer. To ensure no genomic DNA contamination of the RNA samples, a non-reverse transcriptase (noRT) control was included in all batches of samples for cDNA transcription.




2.4 HPV genotyping and categorization

From cohort 2, 34 of 150 normal biopsies were genotyped using the INNO-LiPA HPV detection system (Fujirebio Europe N.V., Gent, Belgium). INNO-LiPA is an automated line probe assay for the detection of 32 different genotypes including high-risk, low-risk, and probably/possible high-risk HPV (26). The analysis was performed according to the manufacturer’s recommendations.

Anyplex II HPV28 (Seegene, Seoul, South Korea) was performed on DNA isolated from all CIN1, CIN2, and CIN3 biopsies as recommended by the manufacturer (Seegene, South Korea). The assay simultaneously detects 28 HPV genotypes using HPV-specific dual priming oligonucleotides (DPOs) (27) in a multiplex real-time PCR, coupled with the TOCE™ technology (28). HPV genotyping with Anyplex II HPV28 was performed on a CFX96 real-time PCR instrument (Bio-Rad, Hercules, CA, USA; provided together with the Anyplex II HPV28 kit). Data analysis was carried out using the Seegene viewer software according to the manufacturer’s instructions.

Based on results from the IARC working group (5), the International Human Papillomavirus Reference Center (29), and previous longitudinal studies mentioned above (6-8), the observed HPV types were grouped according to their oncogenic potential either as high oncogenic potential HPV (HOP-HPV) (HPV16, 18, 31, 33, 45, 52, and 58) or as low oncogenic potential HPV (LOP-HPV) (HPV26, 35, 39, 51, 53, 56, 59, 66, 68, 69, 73, and 82). The LOP-HPV group also includes non-cancerous lrHPV (HPV6, 42, 61, and 89) and HPV negativity, presumably with low HPV copy number and not detectable by HPV genotyping assays used in routine screening of women attending CCSP (3, 4). If more than one HPV type was detected and at least one of them was in the HOP-HPV group, the sample was categorized as HOP-HPV.




2.5 Next-generation sequencing analysis

The Oncomine™ Immune Response Research Assay (Thermo Fisher Scientific) targets and quantifies the expression levels of a panel of 398 immune response-related genes, including 10 housekeeping genes (30). According to the Ion Chef system protocol (Thermo Fisher Scientific), automated library preparation of the samples, each containing 10 ng/µL cDNA, was performed in batches of eight libraries of eight samples. The library concentrations were measured by use of the Ion Library TaqMan quantitation kit, and the Ion OneTouch™ 2 System (Thermo Fisher Scientific) was used to prepare the enriched, template-positive Ion PI™ Ion Sphere™ Particles (ISPs).

In total, 10 µL, diluted 1/6 with Tris Low EDTA (Low TE) buffer, from each library were combined and further diluted to 100 pM. The combined libraries were used as a template in the emulsion PCR on the Ion OneTouch™ 2 Instrument using the Ion PI™ Hi-Q™ OT2 200 kit (Thermo Fisher Scientific). Target sequencing was performed on an Ion Proton instrument using the Ion PI™ Hi-Q™ Sequencing 200 chemistry and an Ion PI™ chip (Thermo Fisher Scientific). The procedure has been thoroughly explained in former publications (24, 25).




2.6 Transcriptomic analysis

Subsequent to the target sequencing, the results were downloaded to the Affymetrix Transcriptome Analysis Console (TAC) (Thermo Fisher Scientific) for further data analysis of the 42 samples used in the transcriptomic study. Mean housekeeping gene scaled log2 count data from the 398 genes in the Oncomine Immune Response panel were obtained from the Torrent Suite™ Software (Thermo Fisher Scientific). Differential expressions between the two experimental groups, 28 CIN3 and 14 normal biopsies, were analysed by use of the TAC version 4.0.2. An exploratory grouping analysis provides gene-level analysis from small starting material, and the workflow involves a two-step process. The first step generates clusters from the data followed by expression analysis to generate fold-changes, p-values, and false discovery rate (FDR)-adjusted p-values. The analysis strategy has been thoroughly explained in earlier publications (24, 25).




2.7 Real-time quantitative PCR

Real-time quantitative PCR (qPCR) was performed on Quant Studio 6 (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). The qPCR was performed using TaqMan Fast Advanced Master Mix (Life Technologies, Carlsbad, CA, USA) and TaqMan assays targeting CDKN2A (Hs00923894), ARG1 (Hs00163660), KRT7 (Hs00559840), and HLA-DQB2 (Hs00745107). Based on the results from the NGS analysis, the housekeeping gene ABCF1 (hs01073518) was chosen as the internal reference. The normalized Cq method (2−ΔCq) was used to calculate the relative gene expression of each gene as measured in RNA isolated from normal, CIN1, CIN2, and CIN3 biopsies (31). To ensure that RNA was not contaminated with genomic DNA, noRT controls were included in all batches for cDNA synthesis and analysed by use of RT-PCR using the TaqMan genotyping MasterMix (Thermo Fisher Scientific) and the TaqMan Copy Number Assay for the housekeeping gene ABCF1. All analyses were conducted according to the manufacturer’s instructions.




2.8 Statistical analysis

Clustering analysis was performed with expression levels of the four biomarkers and illustrated in a heatmap including diagnosis (CIN2/3 vs. normal/CIN1) and the HPV group (HOP-HPV vs. LOP-HPV). Expression values of zero were imputed as half the minimum observed value. Following log transformation, expression values were scaled by subtracting the row (gene) mean expression and dividing by the standard deviation. Patients were clustered using complete clustering with Euclidian distance measures.

The ability to discriminate between CIN2/3 vs. normal and CIN1 was assessed using receiver operating characteristic (ROC) curves. For any one biomarker, the observed expression values went into the ROC analysis, from which we report the area under the ROC curve (AUC) and 95% confidence interval (CI). In situations where lower expression levels predicted higher risks of CIN2/3, we reversed the outcome (in essence detecting e.g., CIN1 vs. CIN2/3) and reported the corresponding AUC > 0.5. For models combining different biomarkers, binary logistic regression was used with CIN2/3 (yes/no) as outcome and log-transformed expression levels as predictors. Predicted probabilities (of CIN2/3) were estimated from the fitted model and went into the ROC analysis. Log transformation was conducted to stabilize the models by reducing the influence of outliers.

Notice that for the univariable ROC analyses, the log transformation of the predictor has no impact on the estimates of AUC. A comparison of different models for the same outcome was performed using the DeLong test, which allows for the fact that compared AUCs are assessed in the same data. A comparison of median expression levels between groups of participants was performed with quantile regression.

The clustered heatmap was generated using the pheatmap package v. 1.0.12 in R v. 4.2.3. ROC and regression analyses were performed in Stata v. 17, with functions roctab, logit, roccomp, allpossible, and qreg.





3 Results



3.1 Patient characteristics

In total 42 biopsies (16 CIN3 from cohort 1, and 12 CIN3 and 14 normal biopsies from cohort 2) were used for the NGS transcriptomic analysis. According to the former guidelines of the Norwegian national screening programme, the women, with a mean age of 33 years (range 26–51), were referred for follow-up with punch biopsy after an abnormal and/or HPV-positive cytology, with a median of 42 days [interquartile range (IQR), 37–58] prior to the biopsies. The median total follow-up of this cohort was 1,423 days (IQR, 1,291–2,297).

The mean age in the combined validation study cohort comprising 264 biopsies (82 normal, 64 CIN1, 7 CIN2, and 111 CIN3) was 35 years (range 23–71). A registered abnormal and/or HPV-positive cytology, defined as baseline cytology, was taken at a median of 41 days (IQR, 34–55) prior to the biopsy. The median total follow-up of the study cohort was 1,149 days (IQR, 694–1,677), counted from the biopsy collection until the last follow-up in February 2012 for cohort 1 and May 2023 for cohorts 2 and 3.




3.2 HPV genotypes

In the transcriptomic study, five HPV types with low oncogenic potential (LOP-HPV) and nine HPV types with high oncogenic potential (HOP-HPV) were detected in the normal biopsy group, while one LOP-HPV and 27 HOP-HPV were found in the CIN3 group.

In the validation cohort, HOP-HPV were detected in 127 (70%) of the 182 CIN-positive samples, and the distribution of HOP- and LOP-HPV was similar between the cohorts. In a cohort of 34 HPV-tested normal biopsies, 21 (62%) were HOP-HPV positive, 6 (18%) were LOP-HPV positive, and 7 (21%) were HPV negative. Thirteen of these were included in the current study: 10 (77%) HOP-HPV and 3 (23%) LOP-HPV. Table 1 gives an overview of the different biopsy diagnoses with the corresponding HPV group detected in the biopsy and the different cytology findings. Overall, the majority (101 of 118; 86%) of the CIN2/CIN3 biopsies were infected with HOP-HPV and, to a large extent, independently of the cytology findings prior to the biopsy. In the CIN1 group, the distribution was more even, with 26 of 64 (41%) HOP-HPV overall and much the same in all cytology groups apart from for ASC-H/HSIL with two of nine (22%) HOP-HPV.


Table 1 | Cytology results in baseline cytology and HPV genotypes and diagnoses in follow-up biopsies included in the validation study.






3.3 NGS transcriptomic analysis

The gene expression of 398 genes demonstrated 22 differentially expressed genes between the normal and CIN3 groups with absolute values of fold-changes >2, p-values <0.05, and FDR-adjusted p-values <0.05. Thirteen genes were upregulated and nine were downregulated in CIN3 versus normal biopsies (Table 2). In CIN3 versus normal biopsies, the tumour markers CDKN2A and KRT7 had the highest fold-change, while genes related to a favourable immune response, ARG1 and NCAM1, had the lowest. Predominantly, genes related to a favourable immune response (CX3CR1, HLA-DQA2, HLA-G, HLA-DQB2, HLA-F-AS1, CXCR3, and IL18) were downregulated in CIN3 versus normal, whereas genes related to attenuated immune response were upregulated (CCL20, CDK1, CXCL1, CXCL13, CCNB2, TNFRSF18, and POU2AF1). Two genes related to a favourable immune response, ARG1 and HLA-DQB2, and the tumour markers CDKN2A and KRT7 were selected for validation with qPCR and further analysis.


Table 2 | Twenty-two differentially expressed genes identified by the Oncomine™ Immune Response Research Assay as upregulated (13 genes) and downregulated (nine genes) in CIN3 biopsies vs. normal biopsies, with absolute values of fold-changes >2, p-values <0.05, and false discovery rate (FDR)-adjusted p-values <0.05.






3.4 Validation

The relative gene expressions of ARG1, HLA-DQB2, CDKN2A, and KRT7 as assessed in qPCR were tested for their potential to discriminate CIN2/CIN3 versus CIN1 and/or normal.



3.4.1 Hierarchical clustering

Hierarchical clustering based on the expression of the four genes differentiated CIN1 from CIN2/3. Despite discrepancies, the majority of CIN1 have clusters with low expression of the tumour markers CDKN2A and KRT7 and higher expression of ARG1. To a certain extent, the opposite is seen in CIN2/3 clusters with high expression of tumour markers and low expression of ARG1. Except for one clear cluster with low expression of HLA-DQB2 in the CIN2/3 group, the expression of HLA-DQB2 does not clearly differentiate between CIN1 and CIN2/3 (see Figure 2).




Figure 2 | Hierarchical clustering based on the expression of four genes—CDKN2A, KRT7, ARG1, and HLA-DQB2—in biopsy samples, with correlation clustering distance and average linkage. The biopsy diagnosis, CIN2/3 (n = 118) vs. CIN1 (n = 64), and the HPV type, high oncogenic potential = HOP-HPV (n = 127) vs. low oncogenic potential = LOP-HPV (n = 55), are included in the plot. HPV, human papilloma virus.






3.4.2 ROC analyses with biomarker expression levels

For the detection of CIN2/CIN3 (n = 118) versus CIN1/normal (n = 146), the AUC values obtained were 0.93 for CDKN2A (95% CI, 0.90–0.96), 0.85 for KRT7 (0.80–0.90), 0.68 for ARG1 (reversed) (0.61–0.75), and 0.57 for HLA-DQB2 (reversed) (0.50–0.64). The results demonstrated CDKN2A as a very good, KRT7 as a good, and ARG1 as a fairly good classifier for CIN3 versus normal or CIN1, while HLA-DQB2 was not fitted for discriminating between the two groups as a stand-alone test.

A combined model for all four biomarkers, i.e., (log-transformed) CDKN2A, KRT7, ARG1, and HLA-DQB2 with AUC 0.95 (95% CI 0.93–0.97), showed statistically significantly better discrimination than CDKN2A alone (p = 0.027). However, the improvement came with the addition of ARG1, giving an AUC of 0.95 (0.92–0.97; p = 0.030 compared with only CDKN2A); any further improvement was deemed not statistically significant. The best model is illustrated in Figure 3A.




Figure 3 | Ability of biomarkers to discriminate between CIN2/3 and CIN1 and/or normal; best models obtained with candidate genes CDKN2A, KRT7, ARG1, and HLA-DQB2: (A) CDKN2A + ARG1 for discriminating CIN2/3 (n = 118) vs. CIN1/normal (n = 146), (B) CDKN2A + ARG1 and (C) CDKN2A + HLA-DQB2 for discriminating CIN2/3 vs. normal (n = 82), and (D) CDKN2A for discriminating CIN2/3 vs. CIN1 (n = 64). See further details in Table 3.



For the detection of CIN2/CIN3 (n = 118) versus normal (n = 82), the AUC for CDKN2A was 0.96 (95% CI, 0.94–0.99), KRT7 0.89 (0.85–0.94), ARG1 0.72 (0.65–0.80), and HLA-DQB2 0.69 (0.61–0.76). A combined model for all four biomarkers (log-transformed) with AUC 0.99 (0.97–1) was statistically significantly better for classification compared to CDKN2A alone (p = 0.027).

A model using CDKN2A and ARG1 (AUC 0.98, 0.97–1; Figure 3B) or CDKN2A and HLA-DQB2 (AUC 0.98, 0.97–1; Figure 3C) were both statistically significantly better than CDKN2A alone (p = 0.030 and p = 0.041, respectively), and no statistically significant differences were found between the two combinations (p = 0.76). Using all three biomarkers was also statistically significantly better than CDKN2A alone (AUC 0.98, 0.97–1; p = 0.036), but not statistically significantly better than a combination of either CDKN2A and ARG1 or CDKN2A and HLA-DQB2 (p = 0.37 and p = 0.24, respectively). Neither was the model using all four biomarkers statistically significantly better than these two combinations (p = 0.21 and p = 0.14, respectively).

For the classification of CIN2/CIN3 (n = 118) versus CIN1 (n = 64), the AUC for CDKN2A was 0.89 (95% CI, 0.85–0.94; Figure 3D), KRT7 0.80 (0.74–0.87), ARG1 0.62 (0.54–0.71), and HLA-DQB2 0.54 (0.46–0.63). The AUC for the model with all four biomarkers was 0.91 (0.87–0.95) and not statistically significantly better as compared to CDKN2A alone (p = 0.11). Neither was the best combination of two biomarkers, i.e., CDKN2A and ARG1 with AUC 0.91 (0.86–0.95), statistically significantly better than CDKN2A alone (p = 0.17).

All results from the ROC analyses are summarized in Table 3.


Table 3 | Discriminative ability of the expression of CDKN2A, KRT7, ARG1, and HLA-DQB2 from qPCR analyses with regard to detecting CIN2/3 vs. CIN1 and/or normal and in combination with high/low oncogenic potential (HOP/LOP) HPV detected in the biopsies.






3.4.3 Expression levels related to HPV groups

CDKN2A and KRT7 showed significantly higher relative expressions in the HOP-HPV group (n = 127) compared to the LOP-HPV group (n = 55) with medians of 1.89 vs. 0.29 (p < 0.001) and 1.88 vs. 1.13 (p = 0.032), respectively. A statistically significantly lower expression was found for ARG1 (p = 0.012), but for HLA-DQB2, there were no statistically significant differences (p = 0.82).




3.4.4 ROC analysis with combined biomarker expression levels and HPV groups

HOP-HPV was associated with a positive predictive value for CIN2/3 (vs. CIN1) of 80%, whereas LOP-HPV was associated with a negative predictive value of 69%, and the ROC AUC was 0.72 (95% CI, 0.66–0.79) (see Figure 4A). The models using a combination of the HPV group (HOP/LOP) and (log-transformed) CDKN2A, KRT7, or ARG1 were statistically significantly better at predicting CIN2/3 versus CIN1 compared to the HPV group alone (p < 0.001, p < 0.001, and p = 0.014, respectively), but not for HLA-DQB2 (p = 0.10) (see Table 3).




Figure 4 | Ability to discriminate between CIN2/3 (n = 118) and CIN1 (n = 64) for (A) high/low oncogenic potential (HOP/LOP) of HPV genotype and (B) HOP/LOP + CDKN2A. See further details in Table 3.



The best model included the HPV group and log-transformed CDKN2A expression level and had an AUC of 0.91 (95% CI, 0.86–0.95) (Figure 4B). Adding either ARG1 alone or together with KRT7 to this model both led to improvements in the AUC, but not statistically significant improvements (p = 0.11 and p = 0.11, respectively).






4 Discussion

Many national screening programmes have implemented primary HPV testing as a substitute for primary cytology screening. The advantage is to detect women at risk in an early phase, but at the expense of overdiagnosis, with several unnecessary biopsies taken from HPV-positive women, diagnosed as CIN1 or normal and thus not subjected to immediate risk for progression to cancer (2). In a cohort of women following a CCSP, the main objective of the current study was to explore biomarkers to distinguish between women in need of immediate follow-up with biopsy and those who would benefit from a less invasive follow-up with cytology. Based on results from the Oncomine™ Immune Response Research Assay, the expressions of the immune markers ARG1 and HLA-DQB2 and the tumour markers CDKN2A and KRT7 were evaluated via qPCR in a cohort of 264 biopsies with normal, CIN1, CIN2, or CIN3 biopsies in the follow-up of women with abnormal cytology and/or hrHPV infection at baseline cytology. To identify possible biomarkers, differences in gene expression, alone or in combination with information regarding the high or low oncogenic potential of the HPV types detected in the biopsy, were tested.

In an earlier NGS transcriptomic study (25), our group demonstrated differences between 14 normal and 13 CIN3 biopsies regarding the expression of genes related to a favourable or non-favourable immune response, tumour markers, and cell cycle checkpoints. The current extended NGS transcriptomic study analysed 28 CIN3 and 14 normal biopsies, and 22 differentially expressed genes were identified, all showing statistically significant p-values and FDR-adjusted p-values. However, apart from HLA-DQB2, genes with the highest fold-change in the transcriptomic study coincide with those found in the current study and confirm the high sensitivity of the Oncomine™ Immune Response Research Assay, even in small cohorts (30).

The expression of tumour markers CDKN2A and KRT7 by qPCR was found to be significantly higher in biopsies positive for HOP-HPV as compared to the LOP-HPV group, while a significantly lower expression was found for the immune marker ARG1. Furthermore, to predict CIN2/3 versus CIN1, a combination of the HPV group (HOP/LOP) and the expression of CDKN2A, ARG1, or KRT7 was statistically significantly better than the HPV group alone.

The current results confirm CDKN2A alone as the best marker to distinguish between CIN2/3 and CIN1. The tumour marker CDKN2A, with more than 23-fold higher expression in CIN3 versus normal biopsies, is a well-established immunohistochemical marker for grading of CIN1, CIN2, and CIN3 (32). Furthermore, CDKN2A was upgraded in HOP-HPV-positive biopsies. However, while the interpretation of immunohistochemical staining is subjective and time-consuming, measuring gene expression by use of NGS (33) or qPCR (31, 34) is much more precise, requires less hands-on time, and has become accessible in many pathology departments. CDKN2A inactivates the pRb with subsequent loss of cell cycle control, genome instability, and increased proliferation followed by transformation to cancer (35).

CDKN2A together with either HLA-DQB2 or ARG1 was the best model to discriminate CIN2/3 versus normal biopsies.

HLA-DQB2 (paralogue to the HLA-DQB1) with 3.6-fold higher expression in normal versus CIN2/CIN3 is a class II human leukocyte antigen (HLA), explicitly expressed on Langerhans cells (LCs) (36, 37). LCs are the sentinel DCs and the most important antigen-presenting cells in the stratified squamous epithelium in the cervical mucosa and are crucial for the clearance of virus-infected cells. IFN-α, a type I interferon, is produced in large quantities by DCs and is essential for clearing virus infections and promoting recruitment of monocytes into the inflammatory site, where they differentiate into antigen-presenting cells (APCs) (38). Most sexually active women incur an HPV infection during their lifetime; however, more than 90% are transient infections cleared by innate immune responses (1, 39). The current results confirm the importance of defeating a chronic inflammation and thereby establishing a favourable first-line defence with high numbers of antigen-presenting LCs. In line with our results, a recent study on cervical cancer and recurrence elucidated the context between high expression of HLA-DQB1 and high survival rate, as compared to patients with low expression of HLA-DQB1 (40).

CIN2/3 is defined as pre-cancer, and the current transcriptomic study demonstrates increased expression of genes related to pro-tumorigenic immune responses in the microenvironment of these biopsies (Table 2). Interestingly, CCL20 is involved in the migration of Th17 cells into tumour tissue in cervical cancer and contributes to immunopathogenesis (41, 42). TNFRSF18 encodes the glucocorticoid-induced tumour necrosis factor receptor-related protein (GITR) with the potential to differentiate and expand the population of T-regulatory lymphocytes (Tregs) (43–45). High expression of the B cell-specific co-activator POU2AF1 (46) and high expression of the chemokine CXCL13, associated with tumour metastasis, are both involved in the upregulation of the B-cell population (47). Altogether, the results from the transcriptomic study show clear signs of a Th2-driven inflammation, associated with the development of a carcinogenic microenvironment (CEM) (45, 48, 49).

The development of chronic inflammation is one of the molecular mechanisms involved in the evasion of anti-tumour immunity. In tumours, the most abundant myeloid cells activate Th2 cytokines, IL-10 and TGF-β, stimulate the arginase pathway, and suppress nitric oxide synthase (iNOS) expression. Thereby, differentiation of the so-called tumour-associated macrophages is induced, associated with high expression of ARG1 (50).

During chronic inflammation, the endogenous origin of the amino acid l-arginine (L-arg) is strongly depleted. Lack of L-arg during cancer development has been linked to dysfunctional immune responses with inhibition of a favourable T-cell response and accumulation of myeloid-derived suppressor cells (MDSCs) and thereby functional impairment of T cells and poor prognosis (51, 52). In various cancer types, increased expression of presumably dysfunctional ARG1 was associated with poor overall survival rates, development of suppressive M2-like phenotype, and an immunosuppressive microenvironment (50).

In contrast, ARG1 with the highest expression fold-change (34-fold) in normal versus CIN3 and downregulated in biopsies positive for HOP-HPV has also been identified as a suppressive mediator of a Th2-dependent inflammation (53). In our study, the expression of ARG1 was entirely absent in most CIN2/CIN3 biopsies and therefore incapable of eliminating a Th2-response as observed in high-grade CIN (45, 48). A former study by our group identified higher expression of ARG1 in normal as compared to CIN3 biopsies (25), but to our knowledge, the current study is the first to demonstrate an association between the expression of ARG1 and high/low oncogenic potential HPV.

In normal biopsies, four times higher expression was found for the chemokine receptor CX3CR1, which was found to play a pivotal role together with CX3CL1 (fractalkine) during the activation of NK cells (54, 55). Fractalkine is expressed by immune effector monocytes and promotes their ability to mediate migration from blood to tissue where they differentiate into inflammatory DCs and macrophages and promote the activation of NK cells (56). Normal biopsies also had nearly ninefold higher expression of NCAM1, a marker for NK cells, which belong to the innate immune response system, and, together with DCs, are crucial as first-line defence against infections. Together with high expression of ARG1, these are all signs of a favourable Th1 immune response, and by generating IFN-γ and the transcription factor IRF1, Th1 positively regulates iNOS, responsible for converting l-arginine into nitric oxide (NO). In addition to increasing the tumour suppressor p53, NO is an important mechanism for regulating T cells during the early stage of immune responses against DNA and RNA virus infections. Relative to its concentration, NO triggers different effector mechanisms, and low concentrations stimulate a Th1 response. Furthermore, NO is also capable of regulating humoral responses by inhibiting the expression of the B-cell activating factor (57). On the contrary, compared to HPV-negative controls, high concentrations of iNOS, and subsequently also NO, have been found to be positively correlated with tumorigenesis and lymph node metastasis in cervical cancer patients and hrHPV-positive women (58).

In order to complete their life cycle, hrHPVs have evolved mechanisms to evade host immune signalling by epigenetically interfering with the methylation status of genes involved in the immune response, thereby causing immune evasion and suppressed antitumour immune responses (15–17, 19, 20, 22). Combined with high expression of CDKN2A and subsequent upregulation of the host cell cycle and proliferation-related genes in HOP-HPV-positive biopsies, this could be a hallmark for the transformation of a transient to persistent HPV infection and an important step towards the development of cancer.

KRT7, showing higher expression in CIN3 versus normal biopsies, encodes Keratin7 (KRT7) and is identified as a marker for squamocolumnar junction (SCJ) cells, located at the interface of the transformation zone (TZ) in the cervix (59). KRT7 belongs to a group known as “simple epithelial keratins” found in tissue with single-layered stratified epithelia (60). The SCJ cells were described to have a unique gene expression profile and morphology with embryonic characteristics, distinct from the stratified squamous epithelium in the TZ. In line with our findings, strong immunostaining for KRT7 has been found in 90% of high-grade squamous intraepithelial lesions (HSIL or CIN2/3) and cervical carcinomas (61). Emerging evidence confirms that SCJ cells are involved in an early stage of HPV-related CIN2/3 development and cervical carcinogenesis (62).

Despite that HPV over the last decades has become ubiquitous, dependent on HPV genotype, women’s age, and viral load, most infections with histopathology proven normal or CIN1 biopsies are cleared by the immune system (63, 64). CIN1 is infected with free episomal HPV expressing E4, whereas E4 expression is lost in CIN3. In fact, E4 has been suggested as a biomarker to distinguish between CIN2 and CIN1 (65). As the HPV E4 protein interacts with filaggrin, a cytokine-binding protein, the loss of cytokeratin will eventually incur a collapse of the matrix. Microscopically, CIN1 is characterized by squamous epithelial cells known as koilocytes harbouring enlarged hyperchromatic nuclei surrounded by a perinuclear halo observed in differentiated epithelial layers (66). Despite confirmation by an expert pathologist of CIN1 in the adjacent sections after DNA isolation, 36% of CIN1 were HPV negative. The high percentage of HPV-negative CIN1 is most likely due to a low virus copy number (10), below the detection level for the Anyplex Genotype assay. Thirteen (16%) of the normal biopsy cohort were genotyped by the INNO-LiPA assay: 10 (77%) were HOP-HPV positive, while three (23%) were LOP-HPV positive. INNO-LiPA is a very sensitive method and is capable of detecting HPV in very low copy numbers (26). The majority of women included in the study had either high-grade cytology (HSIL/ASC-H) or a proven HPV-positive cytology, with a median of 41 days, prior to the biopsy. Furthermore, HPV detected in biopsies diagnosed as normal and as so show no signs of an HPV infection are most likely HPV in a latent state (67, 68).

A recent systematic review and meta-analysis found regression in 60%, 55%, and 28% of CIN1, CIN2, and CIN3, respectively, and progression in 11% and 19% of CIN1 and CIN2, respectively (69). A study with long follow-up of women who were deprived of the opportunity to be treated revealed that approximately 30% of high-grade CIN3 developed into cancer (70). Based on the incidence rate for CIN1 or normal conization specimens, a retrospective study calculated more than a 27% regression rate for CIN2/3 within 2 years for hrHPV-positive women (71). Regarding follow-up of women attending CCSP, the fact that a low number of CINs progress to cancer is troublesome for decision-making. Undoubtedly, many women harbouring transient HPV infections with low oncogenic potential (7, 8) are exposed to overdiagnosis and overtreatment, so more precise biomarkers to distinguish between HPV infections with high or low oncogenic potential are required.

This study illustrates that follow-up with a biopsy limited to women infected with HOP-HPV and detected with biomarkers showing impaired immune response and increased proliferation of HPV-infected cells is more beneficial as compared to the current partial genotyping of HPV16 and 18 and “12 other” HPV as a group. The promising markers CDKN2A, KRT7, ARG1, and HLA-DQB2 were detected in biopsies, but to be useful as markers for women in need of follow-up with potential biopsy, they need to be validated in liquid-based cytology specimens. Del Pino et al. explored the mRNA expression of CDKN2A, BIRC5, MMP9, TOP2A, MCM5, and MKI67 in RNA isolated from ThinPrep cytology specimens for the detection of women harbouring HSIL lesions. The results were promising, and the approach proved useful (72).

Despite retesting, one CIN3 case, with CIN2 in the adjacent section after DNA isolation and CIN2 in the follow-up cone, was HPV negative; however, as characterized by high expression of CDKN2A and KRT7, low expression of HLA-DQB2, and zero ARG1 expression, this was clearly a CIN2/CIN3 case.

A limiting factor for qPCR is the decision of how many genes to validate. Additionally, the amount of high-quality RNA isolated from CIN2/3 and CIN1 lesions was limited. NCAM1 (neural cell adhesion molecule 1), also known as CD56 and a marker for NK cells, was a relevant gene to validate with almost ninefold higher expression in normal biopsies in the transcriptomic study. However, after analysis of 50 normal and 68 CIN3 biopsies by qPCR, no statistically significant differences were found between the groups. The downregulated NCAM1 observed in CIN3 biopsies in the transcriptomic study is expected, as phenotypic alterations and functional deficiencies of NK cells have been found in patients harbouring HPV16 infections and cervical cancer (73). However, inhibition of NK cell cytotoxicity has been proven to be related to an immunosuppressive milieu, as observed in the CIN3 biopsies (74). Regulatory NK cells (NKregs) were described to have high expression of CD56 and express IL-10, but not IFN-γ, and characterize a subset of NK cells, which induce chronic inflammation with immunosuppressive properties (75, 76). Cytotoxic NK cells have low expression of CD56 and express CD16, CXCR1, and CX3CR1, with the latter associated with a favourable immune response and with more than fourfold higher expression in normal biopsies. One possible explanation for the failure to find differences between groups in the current qPCR study could be when testing a larger sample cohort, as the effect of NKregs with high expression of CD56 in CIN3 camouflages the higher number of NK cells with lower CD56 expression in normal biopsies.

CX3CR1 was also a relevant gene for validation; however, a better FDR-adjusted p-value and p-value supported the decision to validate HLA-DQB2. The two genes are closely connected, as HLA-DQB2 is expressed on DCs (36), while CX3CR1 promotes the differentiation of DCs and the activation of NK cells (55).

The number of biopsies used for validation of the transcriptomic study, especially in the CIN1 group (N = 64), is a limitation of the study. Due to issues through fixation, embedding, and storage processes, variable qualities of archival FFPE tissue will have an impact on the quality and quantity of isolated RNA (77). The current study is based on targeting quantification of the expression levels of genes and requires the exact amplifiable RNA concentrations from all FFPE samples used in the study. To ensure non-variation between the patient cohorts or the different diagnoses, the amplifiable concentration was measured using a functional RNA quantification assay. However, unfortunately, this RNA quality and quantitative testing also resulted in many samples containing less than the required RNA concentration (10 ng/µL) and therefore had to be discarded. Consequently, this had an impact on the number of biopsies suited for the study.

In conclusion, the current study demonstrates how low expression of the immune marker ARG1 and high expression of the tumour markers CDKN2A and KRT7 correlate with the group of high oncogenic potential HPV and the development of high-grade CIN. Furthermore, a model using expressions of CDKN2A, KRT7, or ARG1 combined with HPV grouping for predicting CIN2/CIN3 versus CIN1 was significantly better as compared to HPV grouping alone, and CDKN2A together with either HLA-DQB2 or ARG1 was the best model for predicting CIN2/3 versus normal. These results demonstrate automated targeted specific probe-based qPCR assays as reliable for quantification of gene expression and suitable for measuring gene expression in a limited number of genes. qPCR is less expensive and more flexible as compared to assays performed on fully automated NGS devices.

The unnecessary use of diagnostic biopsies for women attending CCSP implies overworked staff in pathology departments. Additionally, the anxiety among many women linked to taking a biopsy should not be underestimated. Taking this into account, follow-up with a non-invasive cytology test of women not diagnosed with HSIL cytology nor high oncogenic potential HPV positivity would be beneficial. For triage of this group of women, the use of mRNA expression of CDKN2A, KRT7, HLA-DQB2, or ARG1, combined with specific HPV genotyping of the high or low oncogenic potential HPV groups, could increase the safety regarding decision-making for correct interventions.





Data availability statement

In line with rules made by the Norwegian Regional Ethics Committee, data availability of the gene expression data generated in this study are not made publicly available in a repository due to privacy restrictions, but will be made available upon reasonable request to the corresponding author irene.tveiteras.ovestad@sus.no.





Ethics statement

The studies involving humans were approved by Norwegian Regional Ethics Committee (REC West) Rogaland, Vestland, rek-vest@uib.no. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

IO: Conceptualization, Data curation, Funding acquisition, Investigation, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing. ID: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. KS: Investigation, Resources, Validation, Writing – original draft, Writing – review & editing. SA: Investigation, Project administration, Resources, Validation, Writing – original draft, Writing – review & editing. ML: Investigation, Validation, Writing – original draft, Writing – review & editing. MA: Formal Analysis, Investigation, Visualization, Writing – original draft, Writing – review & editing. EJ: Conceptualization, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing. AM: Methodology, Resources, Writing – original draft, Writing – review & editing. EG: Investigation, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by Folke Hermansen Fond, Stavanger, Norway (2014–2021).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Moscicki, AB, Schiffman, M, Burchell, A, Albero, G, Giuliano, AR, Goodman, MT, et al. Updating the natural history of human papillomavirus and anogenital cancers. Vaccine. (2012) 30 Suppl 5:F24–33. doi: 10.1016/j.vaccine.2012.05.089

2. Thomsen, LT, Kjaer, SK, Munk, C, Ornskov, D, and Waldstrom, M. Benefits and potential harms of human papillomavirus (HPV)-based cervical cancer screening: A real-world comparison of HPV testing versus cytology. Acta Obstet Gynecol Scand. (2021) 100:394–402. doi: 10.1111/aogs.14121

3. Arbyn, M, Snijders, PJ, Meijer, CJ, Berkhof, J, Cuschieri, K, Kocjan, BJ, et al. Which high-risk HPV assays fulfil criteria for use in primary cervical cancer screening? Clin Microbiol Infect. (2015) 21:817–26. doi: 10.1016/j.cmi.2015.04.01

4. Arbyn, M, Simon, M, Peeters, E, Xu, L, Meijer, C, Berkhof, J, et al. 2020 list of human papillomavirus assays suitable for primary cervical cancer screening. Clin Microbiol Infect. (2021) 27:1083–95. doi: 10.1016/j.cmi.2015.04.015

5.IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Biological agents. IARC Monogr. Eval. Carcinogenic Risks Humans. (2012) 100(Pt B):1–441. Available online at: https://publications.iarc.fr/119.

6. Dovey de la Cour, C, Guleria, S, Nygard, M, Trygvadottir, L, Sigurdsson, K, Liaw, KL, et al. Human papillomavirus types in cervical high-grade lesions or cancer among Nordic women-Potential for prevention. Cancer Med. (2019) 8:839–49. doi: 10.1002/cam4.1961

7. Smelov, V, Elfstrom, KM, Johansson, AL, Eklund, C, Naucler, P, Arnheim-Dahlstrom, L, et al. Long-term HPV type-specific risks of high-grade cervical intraepithelial lesions: a 14-year follow-up of a randomized primary HPV screening trial. Int J Cancer. (2015) 136:1171–80. doi: 10.1002/ijc.29085

8. Halec, G, Alemany, L, Lloveras, B, Schmitt, M, Alejo, M, Bosch, FX, et al. Pathogenic role of the eight probably/possibly carcinogenic HPV types 26, 53, 66, 67, 68, 70, 73 and 82 in cervical cancer. J Pathol. (2014) 234:441–51. doi: 10.1002/path.4405

9. Silva, LLD, Teles, AM, Santos, JMO, Souza de Andrade, M, Medeiros, R, Faustino-Rocha, AI, et al. Malignancy associated with low-risk HPV6 and HPV11: A systematic review and implications for cancer prevention. Cancers (Basel). (2023) 15(16):4068. doi: 10.3390/cancers15164068

10. Swan, DC, Tucker, RA, Tortolero-Luna, G, Mitchell, MF, Wideroff, L, Unger, ER, et al. Human papillomavirus (HPV) DNA copy number is dependent on grade of cervical disease and HPV type. J Clin Microbiol. (1999) 37:1030–4. doi: 10.1128/JCM.37.4.1030-1034.1999

11. Litwin, TR, Irvin, SR, Chornock, RL, Sahasrabuddhe, VV, Stanley, M, and Wentzensen, N. Infiltrating T-cell markers in cervical carcinogenesis: a systematic review and meta-analysis. Br J Cancer. (2021) 124:831–41. doi: 10.1038/s41416-020-01184-x

12. Ferreira, AR, Ramalho, AC, Marques, M, and Ribeiro, D. The interplay between antiviral signalling and carcinogenesis in human papillomavirus infections. Cancers (Basel). (2020) 12(3):646. doi: 10.3390/cancers12030646

13. Buitrago-Perez, A, Garaulet, G, Vazquez-Carballo, A, Paramio, JM, and Garcia-Escudero, R. Molecular Signature of HPV-Induced Carcinogenesis: pRb, p53 and Gene Expression Profiling. Curr Genomics. (2009) 10:26–34. doi: 10.2174/138920209787581235

14. Fu, L, Van Doorslaer, K, Chen, Z, Ristriani, T, Masson, M, Trave, G, et al. Degradation of p53 by human Alphapapillomavirus E6 proteins shows a stronger correlation with phylogeny than oncogenicity. PLoS One. (2010) 5(9):e12816. doi: 10.1371/journal.pone.0012816

15. Burgers, WA, Blanchon, L, Pradhan, S, de Launoit, Y, Kouzarides, T, and Fuks, F. Viral oncoproteins target the DNA methyltransferases. Oncogene. (2007) 26:1650–5. doi: 10.1038/sj.onc.1209950

16. Ma, D, Jiang, C, Hu, X, Liu, H, Li, Q, Li, T, et al. Methylation patterns of the IFN-gamma gene in cervical cancer tissues. Sci Rep. (2014) 4:6331. doi: 10.1038/sj.onc.1209950

17. Kersh, EN, Fitzpatrick, DR, Murali-Krishna, K, Shires, J, Speck, SH, Boss, JM, et al. Rapid demethylation of the IFN-gamma gene occurs in memory but not naive CD8 T cells. J Immunol. (2006) 176:4083–93. doi: 10.4049/jimmunol.176.7.4083

18. Lee, AJ, and Ashkar, AA. The dual nature of type I and type II interferons. Front Immunol. (2018) 9:2061. doi: 10.3389/fimmu.2018.02061

19. Rincon-Orozco, B, Halec, G, Rosenberger, S, Muschik, D, Nindl, I, Bachmann, A, et al. Epigenetic silencing of interferon-kappa in human papillomavirus type 16-positive cells. Cancer Res. (2009) 69:8718–25. doi: 10.1158/0008-5472.CAN-09-0550

20. Yanai, H, Negishi, H, and Taniguchi, T. The IRF family of transcription factors: Inception, impact and implications in oncogenesis. Oncoimmunology. (2012) 1:1376–86. doi: 10.4161/onci.22475

21. Haller, O, Stertz, S, and Kochs, G. The Mx GTPase family of interferon-induced antiviral proteins. Microbes Infect. (2007) 9:1636–43. doi: 10.1016/j.micinf.2007.09.010

22. Cicchini, L, Westrich, JA, Xu, T, Vermeer, DW, Berger, JN, Clambey, ET, et al. Suppression of antitumor immune responses by human papillomavirus through epigenetic downregulation of CXCL14. mBio. (2016) 7(3):e00270-16. doi: 10.1128/mBio.00270-16

23. Shellenberger, TD, Wang, M, Gujrati, M, Jayakumar, A, Strieter, RM, Burdick, MD, et al. BRAK/CXCL14 is a potent inhibitor of angiogenesis and a chemotactic factor for immature dendritic cells. Cancer Res. (2004) 64:8262–70. doi: 10.1158/0008-5472.CAN-04-2056

24. Halle, MK, Munk, AC, Engesaeter, B, Akbari, S, Frafjord, A, Hoivik, EA, et al. A gene signature identifying CIN3 regression and cervical cancer survival. Cancers. (2021) 13(22):5737. doi: 10.3390/cancers13225737

25. Ovestad, IT, Engesaeter, B, Halle, MK, Akbari, S, Bicskei, B, Lapin, M, et al. High-grade cervical intraepithelial neoplasia (CIN) associates with increased proliferation and attenuated immune signaling. Int J Mol Sci. (2021) 23(1):373. doi: 10.3390/ijms23010373

26. Bicskei, B, Moltu, P, Lillesand, M, Rewcastle, E, Christiansen, IK, Gudlaugsson, EG, et al. A comparison of the linear array and the automated INNO-liPA HPV genotyping systems on pathological specimens. J Cancer Sci Clin Ther. (2020) 4:214–9. doi: 10.26502/jcsct.5079065

27. Chun, JY, Kim, KJ, Hwang, IT, Kim, YJ, Lee, DH, Lee, IK, et al. Dual priming oligonucleotide system for the multiplex detection of respiratory viruses and SNP genotyping of CYP2C19 gene. Nucleic Acids Res. (2007) 35:e40. doi: 10.1093/nar/gkm051

28. Cho, CH, Chulten, B, Lee, CK, Nam, MH, Yoon, SY, Lim, CS, et al. Evaluation of a novel real-time RT-PCR using TOCE technology compared with culture and Seeplex RV15 for simultaneous detection of respiratory viruses. J Clin Virol. (2013) 57:338–42. doi: 10.1016/j.jcv.2013.04.014

29. Bzhalava, D, Eklund, C, and Dillner, J. International standardization and classification of human papillomavirus types. Virology. (2015) 476:341–4. doi: 10.1016/j.virol.2014.12.028

30. Paluch, BE, Glenn, ST, Conroy, JM, Papanicolau-Sengos, A, Bshara, W, Omilian, AR, et al. Robust detection of immune transcripts in FFPE samples using targeted RNA sequencing. Oncotarget. (2017) 8:3197–205. doi: 10.18632/oncotarget.13691.31

31. Schmittgen, TD, and Livak, KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc. (2008) 3:1101–8. doi: 10.1038/nprot.2008.73

32. van Zummeren, M, Leeman, A, Kremer, WW, Bleeker, MCG, Jenkins, D, van de Sandt, M, et al. Three-tiered score for Ki-67 and p16(ink4a) improves accuracy and reproducibility of grading CIN lesions. J Clin Pathol. (2018) 71:981–8. doi: 10.1136/jclinpath-2018-205271

33. Sabour, L, Sabour, M, and Ghorbian, S. Clinical applications of next-generation sequencing in cancer diagnosis. Pathol Oncol Res. (2017) 23:225–34. doi: 10.1007/s12253-016-0124-z

34. Kralik, P, and Ricchi, M. A basic guide to real time PCR in microbial diagnostics: definitions, parameters, and everything. Front Microbiol. (2017) 8:10. doi: 10.3389/fmicb.2017.0010

35. Chinnam, M, and Goodrich, DW. RB1, development, and cancer. Curr Top Dev Biol. (2011) 94:129–69. doi: 10.1016/B978-0-12-380916-2.00005-X.35

36. Lenormand, C, Bausinger, H, Gross, F, Signorino-Gelo, F, Koch, S, Peressin, M, et al. HLA-DQA2 and HLA-DQB2 genes are specifically expressed in human Langerhans cells and encode a new HLA class II molecule. J Immunol. (2012) 188:3903–11. doi: 10.4049/jimmunol.1103048

37. Fujita, H, Suarez-Farinas, M, Mitsui, H, Gonzalez, J, Bluth, MJ, Zhang, S, et al. Langerhans cells from human cutaneous squamous cell carcinoma induce strong type 1 immunity. J Invest Dermatol. (2012) 132:1645–55. doi: 10.1038/jid.2012.34

38. Bencze, D, Fekete, T, and Pazmandi, K. Type I interferon production of plasmacytoid dendritic cells under control. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22084190

39. Daud, II, Scott, ME, Ma, Y, Shiboski, S, Farhat, S, and Moscicki, AB. Association between toll-like receptor expression and human papillomavirus type 16 persistence. Int J Cancer. (2011) 128:879–86. doi: 10.1002/ijc.v128.4

40. Halle, MK, Sodal, M, Forsse, D, Engerud, H, Woie, K, Lura, NG, et al. A 10-gene prognostic signature points to LIMCH1 and HLA-DQB1 as important players in aggressive cervical cancer disease. Br J Cancer. (2021) 124:1690–8. doi: 10.1038/s41416-021-01305-0

41. Yu, Q, Lou, XM, and He, Y. Prediction of local recurrence in cervical cancer by a Cox model comprised of lymph node status, lymph-vascular space invasion, and intratumoral Th17 cell-infiltration. Med Oncol. (2014) 31:795. doi: 10.1007/s12032-013-0795-1

42. Kadomoto, S, Izumi, K, and Mizokami, A. The CCL20-CCR6 axis in cancer progression. Int J Mol Sci. (2020) 21(15):5186. doi: 10.3390/ijms21155186

43. van Beek, AA, Zhou, G, Doukas, M, Boor, PPC, Noordam, L, Mancham, S, et al. GITR ligation enhances functionality of tumor-infiltrating T cells in hepatocellular carcinoma. Int J Cancer. (2019) 145:1111–24. doi: 10.1002/ijc.32181

44. Ronchetti, S, Ricci, E, Petrillo, MG, Cari, L, Migliorati, G, Nocentini, G, et al. Glucocorticoid-induced tumour necrosis factor receptor-related protein: a key marker of functional regulatory T cells. J Immunol Res. (2015) 2015:171520. doi: 10.1155/2015/171520

45. Lin, W, Niu, Z, Zhang, H, Kong, Y, Wang, Z, Yang, X, et al. Imbalance of Th1/Th2 and Th17/Treg during the development of uterine cervical cancer. Int J Clin Exp pathol. (2019) 12:3604–12.

46. Zhao, C, Inoue, J, Imoto, I, Otsuki, T, Iida, S, Ueda, R, et al. POU2AF1, an amplification target at 11q23, promotes growth of multiple myeloma cells by directly regulating expression of a B-cell maturation factor, TNFRSF17. Oncogene. (2008) 27:63–75. doi: 10.1038/sj.onc.1210637

47. Ren, J, Lan, T, Liu, T, Liu, Y, Shao, B, Men, K, et al. CXCL13 as a novel immune checkpointfor regulatory B cells and its role in tumor metastasis. J Immunol. (2022) 208:2425–35. doi: 10.4049/jimmunol.2100341

48. Feng, Q, Wei, H, Morihara, J, Stern, J, Yu, M, Kiviat, N, et al. Th2 type inflammation promotes the gradual progression of HPV-infected cervical cells to cervical carcinoma. Gynecol Oncol. (2012) 127:412–9. doi: 10.1016/j.ygyno.2012.07.098

49. Ovestad, IT, Gudlaugsson, E, Skaland, I, Malpica, A, Kruse, AJ, Janssen, EA, et al. Local immune response in the microenvironment of CIN2-3 with and without spontaneous regression. Mod Pathol. (2010) 23:1231–40. doi: 10.1038/modpathol.2010.109

50. Grzywa, TM, Sosnowska, A, Matryba, P, Rydzynska, Z, Jasinski, M, Nowis, D, et al. Myeloid cell-derived arginase in cancer immune response. Front Immunol. (2020) 11:938. doi: 10.3389/fimmu.2020.00938

51. Caldwell, RW, Rodriguez, PC, Toque, HA, Narayanan, SP, and Caldwell, RB. Arginase: A multifaceted enzyme important in health and disease. Physiol Rev. (2018) 98:641–65. doi: 10.1152/physrev.00037.2016

52. Fletcher, M, Ramirez, ME, Sierra, RA, Raber, P, Thevenot, P, Al-Khami, AA, et al. l-Arginine depletion blunts antitumor T-cell responses by inducing myeloid-derived suppressor cells. Cancer Res. (2015) 75:275–83. doi: 10.1158/0008-5472.CAN-14-1491

53. Pesce, JT, Ramalingam, TR, Mentink-Kane, MM, Wilson, MS, El Kasmi, KC, Smith, AM, et al. Arginase-1-expressing macrophages suppress Th2 cytokine-driven inflammation and fibrosis. PloS Pathog. (2009) 5:e1000371. doi: 10.1371/journal.ppat.1000371

54. Niess, JH, Brand, S, Gu, X, Landsman, L, Jung, S, McCormick, BA, et al. CX3CR1-mediated dendritic cell access to the intestinal lumen and bacterial clearance. Science. (2005) 307:254–8. doi: 10.1126/science.1102901

55. Pallandre, JR, Krzewski, K, Bedel, R, Ryffel, B, Caignard, A, Rohrlich, PS, et al. Dendritic cell and natural killer cell cross-talk: a pivotal role of CX3CL1 in NK cytoskeleton organization and activation. Blood. (2008) 112:4420–4. doi: 10.1182/blood-2007-12-126888

56. Geissmann, F, Manz, MG, Jung, S, Sieweke, MH, Merad, M, and Ley, K. Development of monocytes, macrophages, and dendritic cells. Science. (2010) 327:656–61. doi: 10.1126/science.1178331

57. Uehara, EU, Shida Bde, S, and de Brito, CA. Role of nitric oxide in immune responses against viruses: beyond microbicidal activity. Inflammation Res. (2015) 64:845–52. doi: 10.1007/s00011-015-0857-2

58. Li, J, Rao, H, Jin, C, and Liu, J. Involvement of the toll-like receptor/nitric oxide signaling pathway in the pathogenesis of cervical cancer caused by high-risk human papillomavirus infection. BioMed Res Int. (2017) 2017:7830262. doi: 10.1155/2017/7830262

59. Herfs, M, Yamamoto, Y, Laury, A, Wang, X, Nucci, MR, McLaughlin-Drubin, ME, et al. A discrete population of squamocolumnar junction cells implicated in the pathogenesis of cervical cancer. Proc Natl Acad Sci U S A. (2012) 109:10516–21. doi: 10.1073/pnas.1202684109

60. Omary, MB, Ku, NO, Strnad, P, and Hanada, S. Toward unraveling the complexity of simple epithelial keratins in human disease. J Clin Invest. (2009) 119:1794–805. doi: 10.1172/JCI37762

61. Herfs, M, Parra-Herran, C, Howitt, BE, Laury, AR, Nucci, MR, Feldman, S, et al. Cervical squamocolumnar junction-specific markers define distinct, clinically relevant subsets of low-grade squamous intraepithelial lesions. Am J Surg Pathol. (2013) 37:1311–8. doi: 10.1097/PAS.0b013e3182989ee2

62. Mirkovic, J, Howitt, BE, Roncarati, P, Demoulin, S, Suarez-Carmona, M, Hubert, P, et al. Carcinogenic HPV infection in the cervical squamo-columnar junction. J Pathol. (2015) 236:265–71. doi: 10.1002/path.4533

63. Mittal, S, Basu, P, Muwonge, R, Banerjee, D, Ghosh, I, Sengupta, MM, et al. Risk of high-grade precancerous lesions and invasive cancers in high-risk HPV-positive women with normal cervix or CIN 1 at baseline-A population-based cohort study. Int J Cancer. (2017) 140:1850–9. doi: 10.1002/ijc.30609

64. Schiffman, M, and Kjaer, SK. Chapter 2: Natural history of anogenital human papillomavirus infection and neoplasia. J Natl Cancer Inst Monogr. (2003) 31:14–9. doi: 10.1093/oxfordjournals.jncimonographs.a003476

65. Griffin, H, Soneji, Y, Van Baars, R, Arora, R, Jenkins, D, van de Sandt, M, et al. Stratification of HPV-induced cervical pathology using the virally encoded molecular marker E4 in combination with p16 or MCM. Mod Pathol. (2015) 28:977–93. doi: 10.1038/modpathol.2015.52

66. Krawczyk, E, Suprynowicz, FA, Liu, X, Dai, Y, Hartmann, DP, Hanover, J, et al. Koilocytosis: a cooperative interaction between the human papillomavirus E5 and E6 oncoproteins. Am J Pathol. (2008) 173:682–8. doi: 10.2353/ajpath.2008.080280

67. Fu, TC, Carter, JJ, Hughes, JP, Feng, Q, Hawes, SE, Schwartz, SM, et al. Re-detection vs. new acquisition of high-risk human papillomavirus in mid-adult women. Int J Cancer. (2016) 139:2201–12. doi: 10.1002/ijc.30283

68. Maglennon, GA, McIntosh, PB, and Doorbar, J. Immunosuppression facilitates the reactivation of latent papillomavirus infections. J Virol. (2014) 88:710–6. doi: 10.1128/JVI.02589-13

69. Loopik, DL, Bentley, HA, Eijgenraam, MN, IntHout, J, Bekkers, RLM, and Bentley, JR. The natural history of cervical intraepithelial neoplasia grades 1, 2, and 3: A systematic review and meta-analysis. J Low Genit Tract Dis. (2021) 25:221–31. doi: 10.1097/LGT.0000000000000604

70. McCredie, MR, Sharples, KJ, Paul, C, Baranyai, J, Medley, G, Jones, RW, et al. Natural history of cervical neoplasia and risk of invasive cancer in women with cervical intraepithelial neoplasia 3: a retrospective cohort study. Lancet Oncol. (2008) 9:425–34. doi: 10.1016/S1470-2045(08)70103-7

71. Guo, Y, Wang, Y, Peng, Q, Li, L, Zou, M, Wang, C, et al. Absence of high-grade cervical intraepithelial neoplasia in conization specimens from patients with colposcopic biopsy-confirmed high-grade cervical intraepithelial neoplasia: Retrospective study of 1695 cases. Front Oncol. (2022) 12:980884. doi: 10.3389/fonc.2022.980884

72. Del Pino, M, Svanholm-Barrie, C, Torne, A, Marimon, L, Gaber, J, Sagasta, A, et al. mRNA biomarker detection in liquid-based cytology: a new approach in the prevention of cervical cancer. Mod Pathol. (2015) 28:312–20. doi: 10.1038/modpathol.2014.106

73. Garcia-Iglesias, T, Del Toro-Arreola, A, Albarran-Somoza, B, Del Toro-Arreola, S, Sanchez-Hernandez, PE, Ramirez-Duenas, MG, et al. Low NKp30, NKp46 and NKG2D expression and reduced cytotoxic activity on NK cells in cervical cancer and precursor lesions. BMC Cancer. (2009) 9:186. doi: 10.1186/1471-2407-9-186

74. Reiners, KS, Topolar, D, Henke, A, Simhadri, VR, Kessler, J, Sauer, M, et al. Soluble ligands for NK cell receptors promote evasion of chronic lymphocytic leukemia cells from NK cell anti-tumor activity. Blood. (2013) 121:3658–65. doi: 10.1182/blood-2013-01-476606

75. Deniz, G, Erten, G, Kucuksezer, UC, Kocacik, D, Karagiannidis, C, Aktas, E, et al. Regulatory NK cells suppress antigen-specific T cell responses. J Immunol. (2008) 180:850–7. doi: 10.4049/jimmunol.180.2.850

76. Salminen, A. Activation of immunosuppressive network in the aging process. Ageing Res Rev. (2020) 57:100998. doi: 10.1016/j.arr.2019.100998

77. Patel, PG, Selvarajah, S, Guerard, KP, Bartlett, JMS, Lapointe, J, Berman, DM, et al. Reliability and performance of commercial RNA and DNA extraction kits for FFPE tissue cores. PLoS One. (2017) 12:e0179732. doi: 10.1371/journal.pone.0179732




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Ovestad, Dalen, Soreng, Akbari, Lapin, Janssen, Austdal, Munk and Gudlaugsson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1507193-g001.jpg
Cohort 1, 254 biopsies (2007-09)
30(11.8%) normal Transcriptomic study
14 (5.5%) CIN1 16 CIN3
46 (18.1%) CIN2 Validation study
161 (63.4%) CIN3 13 CIN1, 62 CIN3
Other: 3 (1.2%) metaplasia

Cohort 2, 354 biopsies (2015-18)
150 (42.4%) normal Transcriptomic study
73 (20.6%) CIN1 14 normal, 12 CIN3
25 (7.1%) CIN2 Validation study
103 (29.1%) CIN3 53 normal, 32 CIN1, 7 CIN2, 15 CIN3

Other: 3 (0.9%) carcinoma/AIS

Cohort 3, 111 biopsies (2017-18)
45 (40.5%) normal

22 (19.8%) CIN1 Validation study
2 (1.8%) CIN2 29 normal, 19 CIN1, 34 CIN3

39(35.1%) CIN3
Other: 3 (2.7%) carcinoma






OEBPS/Images/fimmu.2024.1507193_cover.jpg
’ frontiers | Frontiersin Immunology

Gene expression levels associated
with impaired immune response and
increased proliferation could serve
as biomarkers for women following
cervical cancer screening programmes





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Gene expression levels associated with impaired immune response and increased proliferation could serve as biomarkers for women following cervical cancer screening programmes

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Biological material

          



          		

            2.2 Cytology diagnoses

          



          		

            2.3 Isolation of RNA and DNA and transcription of cDNA

          



          		

            2.4 HPV genotyping and categorization

          



          		

            2.5 Next-generation sequencing analysis

          



          		

            2.6 Transcriptomic analysis

          



          		

            2.7 Real-time quantitative PCR

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Patient characteristics

          



          		

            3.2 HPV genotypes

          



          		

            3.3 NGS transcriptomic analysis

          



          		

            3.4 Validation

          

            		

              3.4.1 Hierarchical clustering

            



            		

              3.4.2 ROC analyses with biomarker expression levels

            



            		

              3.4.3 Expression levels related to HPV groups

            



            		

              3.4.4 ROC analysis with combined biomarker expression levels and HPV groups

            



          



          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Fold- p-Value Gene function

change
ARGI -34.39 6.19E-07 4.11E-05 Macrophage marker
NCAM1 -8.9 1.05E-05 0.0003 NK cell
CX3CRI —4.45 0.0033 0.0323 Lymphocyte

Infiltrate

HLA-DQA2 | —4.44 0.0044 0.0383 ' Antigen processing
HLA-G -3.68 0.0008 0.0097 V Antigen processing
HLA-DQB2 | -3.61 0.0004 0.0053 » Antigen processing
HLA-F-AS1 | -3.46 0.0038 0.0349 HLA-F

antisense RNA1

CXCR3 -2.39 0.0031 0.0311 Proliferation
IL18 -2.02 0.0062 0.0471 T-cell regulation
CDKN2A 23.48 4.75E-14 1.89E-11 Tumour marker
KRT7 497 3.86E-09 7.68E-07 Tumour marker
CCL20 391 0.0004 0.0053 Chemokine (C-C
motif) ligand 20
CDK1 3.69 V 3.79E-06 V 0.0001 Proliferation
CXCLI 3.63 0.0004 0.0055 Proliferation
CXCL13 343 0.0066 0.0489 B-cell regulation
MELK 341 1.53E-07 1.22E-05 Proliferation
MKI67 325 8.49E-06 0.0002 Proliferation
TOP2A 2.77 V 2.00E-06 8.84E-05 Epithelial-
mesenchymal
transition
CCNB2 2.74 4.75E-06 0.0001 Proliferation
FOXM1 248 0.0003 0.0053 Proliferation
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N = 42 (28 CIN3 and 14 normal).
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