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Abstract

:

Simple Summary


Up to 50% of oropharyngeal squamous cell carcinomas (OPSCC) are associated with human papillomavirus type 16 (HPV16), the annual incidence of which is steadily increasing. HPV-positive and -negative OPSCC exhibit a different biology, which is characterized by distinct mutation signatures and expression patterns. It is known that VEGFR2 is commonly overexpressed in HNSCC, but the influence of HPV on VEGFR2 in OPSCC is still unknown, although VEGFR2 has emerged as a promising target in tumor therapy. The aim of our study was to evaluate whether HPV exerts specific effects on VEGFR2 expression in OPSCC and thus possibly on the regulation of vascularization. Interestingly, while HPV-negative carcinoma upregulates VEGFR2 in tumor cells, in HPV-positive carcinoma VEGFR2 is upregulated in tumor-supporting blood vessels. HPV-positive OPSCC with high VEGFR2 expression is associated with poor prognosis, supporting the prognostic significance of deregulated VEGF signaling for OPSCC patients.




Abstract


VEGF signaling regulated by the vascular endothelial growth factor receptor 2 (VEGFR2) plays a decisive role in tumor angiogenesis, initiation and progression in several tumors including HNSCC. However, the impact of HPV-status on the expression of VEGFR2 in OPSCC has not yet been investigated, although HPV oncoproteins E6 and E7 induce VEGF-expression. In a series of 56 OPSCC with known HPV-status, VEGFR2 expression patterns were analyzed both in blood vessels from tumor-free and tumor-containing regions and within tumor cells by immunohistochemistry using densitometry. Differences in subcellular colocalization of VEGFR2 with endothelial, tumor and stem cell markers were determined by double-immunofluorescence imaging. Immunohistochemical results were correlated with clinicopathological data. HPV-infection induces significant downregulation of VEGFR2 in cancer cells compared to HPV-negative tumor cells (p = 0.012). However, with respect to blood vessel supply, the intensity of VEGFR2 staining differed only in HPV-positive OPSCC and was upregulated in the blood vessels of tumor-containing regions (p < 0.0001). These results may suggest different routes of VEGFR2 signaling depending on the HPV-status of the OPSCC. While in HPV-positive OPSCC, VEGFR2 might be associated with increased angiogenesis, in HPV-negative tumors, an autocrine loop might regulate tumor cell survival and invasion.
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1. Introduction


A rising proportion of head and neck squamous cell carcinomas (HNSCC) localized in the oropharynx (oropharyngeal squamous cell carcinoma, OPSCC) is associated with human papillomavirus (HPV) infections with HPV16 being the most prevalent type [1]. Data from the United States allowed for the projection that OPSCC case numbers would overtake the number of cervical carcinomas in 2020 and data from the Centers for Disease Control (CDC) show that this was already the case in 2019 [1,2].



Based on their differing risk factors, clinicopathological presentation, biological profiles, mutation patterns and expression signatures, HPV-positive and HPV-negative OPSCC can be regarded as two distinct entities [3]. Accordingly, the recent TNM-Classification of OPSCC has been adapted and now distinguishes between p16INK4A-positive (HPV-driven) and p16INK4A-negative (HPV-negative) OPSCC, thus taking different treatment prognoses into account [4].



The vascular endothelial growth factor receptors (VEGFRs) are expressed on the cell surface and bind to the signaling ligand vascular endothelial growth factor (VEGF). VEGFR2 on endothelial cells is primarily involved in angiogenesis and plays a crucial role in tumor angiogenesis [5]. However, VEGFR2 is not only expressed on endothelial cells but can also be observed in tumor cells [6]. Apart from VEGFR2, two other VEGF receptors are described to be of clinical significance. VEGFR1 is localized on immune and endothelial cells and is considered as a decoy receptor that limits the amount of free available VEGF ligand. VEGFR3 is explicitly expressed in the lymph endothelium and is therefore crucial for lymph vessel formation [7]. Following binding of the VEGF ligand, the VEGF/VEGFR2 signal cascade is induced and leads to activation of pathways such as PLC-ERK1/2, PI3K-AKT-mTOR, of Src tyrosine kinases, small GTPases and kinases such as MAPK and STATs [5]. The activated signaling pathways regulate endothelial cell migration, cell proliferation and cell motility, and lead to an increase in nitric oxide (NO) production, thus regulating vascular tone and permeability [8]. VEGFR2-signalling is responsible for the formation, function and maintenance of vessels, all physiological processes which decisively contribute to the nutrient supply in healthy tissue as well as tumors [5]. Therefore, VEGFR2 is an important control node for tumor growth. Strategies to interact with the vascular supply in a therapeutic approach have been studied over the past decades, and VEGFR2 has emerged as a promising target in tumor therapy [8].



HNSCC, in general, present with overexpression of VEGFR2 and have the potential to create an autocrine loop, which is characterized by the tumor cells’ ability to control their proliferation, motility, invasive capacity and survival in response to VEGFR2 expression [9,10]. However, the impact of HPV status on the quantitative and qualitative expression of VEGFR2 has not yet been investigated, although HPV may have specific effects on VEGFR2 expression. In vitro studies with HPV-positive and -negative cervical cancer cell lines have shown that the viral oncoproteins E6 and E7 induce VEGF-expression [11,12]. Although E6 degrades the transcription factor TP53, which acts as an angiogenic suppressor, E6 is capable of inducing VEGF in a TP53 independent manner by direct interaction with its promoter region [11]. Furthermore, both E6 and E7 promote Hypoxia-inducible factor 1 alpha (HIF-1α) expression, which can upregulate VEGF, while knockdown of HIF-1α has been shown to suppress angiogenic activity in viral oncogene expressing cells in vitro [12].



Furthermore, VEGF expression is induced by the transcription factor nuclear factor erythroid-derived 2-like 2 (NFE2L2 / NRF2) [13]. Upon oxidative stress (OS) stimuli, NRF2 dissociates from its cytosolic inhibitor complex consisting of Kelch-like ECH-associated protein 1(Keap1), Cullin-3 (Cul3) and Ring-Box 1 (RBX1) to translocate into the nucleus, where NRF2 binds to antioxidant response element-like (ARE) sequences in promoter regions of several target genes including VEGF. The role of NRF2 is to protect normal cells from damage induced by reactive oxygen species (ROS) and to contribute to tissue regeneration [14]. However, hyperactivation of NRF2 followed by overexpression of several of its target genes leads to exuberant protection against OS in malignant cells preventing apoptosis and cell death, eventually leading to resistance against radio- and chemotherapy [13,15]. In HPV-negative HNSCC, NRF2 overexpression is typically a consequence of mutations and copy number variations in its own gene and in the genes Keap1, Cul3 and RBX1 encoding for its regulatory complex, whereas NRF2 deregulation is caused by viral proteins in HPV-positive tumors [15,16,17]. Aldo-Keto-Reductase 1C3 (AKR1C3) is one of these target genes upregulated by NRF2 that, in addition to its role in lipid metabolism, is a phase I detoxifying enzyme for numerous drugs, including platinum-type chemotherapeutic agents [14]. AKR1C3 expression is a useful read-out for detecting increased OS levels in various cancers including OPSCC, whereby overexpression correlates with significantly unfavorable survival [14,15].




2. Materials and Methods


2.1. Patient Material and Ethics Statement


A total of 56 OPSCC formalin-fixed paraffin-embedded (FFPE) tissue samples having both tumor-containing and adjacent tumor-free regions were available from the Departments of Otorhinolaryngology, Head and Neck Surgery, and Pathology, University of Cologne and were included in this study (Figure 1). Patients were treated between 2011–2013 at the Department of Otorhinolaryngology and Head and Neck Surgery, University of Cologne (Table 1). Primary tonsillar keratinocytes used in cell culture experiments were derived from routine tonsillectomy. The human ethics committee of the University of Cologne approved the procurement of human tumor tissue at surgery and performing research on this material (study number 11–346 for tumor tissue and 18–285 for keratinocytes). Patient material was handled according to the code for proper secondary use of human tissue, and written consent was obtained from all patients.




2.2. Tissue Fixation, Embedding and Sectioning


The tissue samples were collected in a fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer saline (PBS) pH 7.4, washed in 0.1 M PBS pH 7.4 at 4 °C and embedded in paraffin. These were then cut with a microtome to obtain 4-μm-thick sections.




2.3. DNA Isolation and HPV Typing


The DNA isolation and HPV typing procedures were performed by routine protocols as described previously including GP5+/GP6+ polymerase chain reaction (PCR) followed by direct sequencing and immunohistochemical staining against p16INK4A (Cintec, Roche, Freiburg, Germany), used as a surrogate marker for E7 expression [18].




2.4. Immunohistochemistry


Immunohistochemical stainings against the oxidative stress markers NRF2 and AKR1C3 were performed as described previously [15]. In brief, 4 µm-thick sections were deparaffinized and left in 0.01 M citrate buffer (pH 6.0) overnight at 70 °C for antigen retrieval. For detection of NRF2, polyclonal anti-NRF2 antibodies (HPA003097, Sigma-Aldrich, Taufkirchen, Germany; 1:200) together with its corresponding biotinylated secondary antibodies (Abcam, Cambridge, UK; 1:250) were used. AKR1C3 was detected by using monoclonal anti-AKR1C3 antibodies (A6229, Sigma, clone NP6.66.A6, 1:500) and corresponding biotinylated horse anti-mouse antibodies (Vector, Burlingame, CA, USA; 1:250). Antigen retrieval of tissue samples for VEGFR2 staining was carried out by heating at 95 °C in 1mM EDTA buffer (pH 8.0) for 15 min. Slices were incubated with 0.3% H2O2 in 0.05 M Tris-buffered saline (TBS) for 20 min to inhibit endogenous peroxidase activity. This was followed by treatment with 0.25% Triton-X 100 detergent solution to block non-specific hydrophobic and non-specific ionic interactions. Non-specific immunoglobulin binding sites were blocked using a blocking solution containing 5% normal goat serum (Vector) and 2% bovine serum albumin (Sigma-Aldrich). For the detection of VEGFR2, sections were incubated overnight at 4 °C with rabbit anti-human monoclonal VEGFR2 antibodies (#2479, Cell Signaling Technology, Frankfurt a. M., Germany; clone 55B11, 1:500 in TBS). After incubation for 60 min with biotinylated goat anti-rabbit IgG (Vector, 1:300 in 0.05 M TBS) for antibody detection, subsequently, slides were incubated with avidin-biotin-peroxidase complex (ABC; Vectastain ABC kit, Vector) for 60 min. The peroxidase activity was developed for exactly 15 min with 0.05% 3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich) in 0.05 M Tris-HCl buffer (pH 7.6), containing 0.01% H2O2 and 0.01% nickel sulfate. Sections were mounted in xylene-based mounting medium Entellan (Merck, Darmstadt, Germany).



Papillary thyroid carcinoma, liver tissue, melanoma and cervix carcinoma tissues (n = 8) served as positive controls (Figure S1). Negative controls were performed without using primary antibodies to test the antibody specificities of the immunohistochemical reagents (Figures S2 and S3).




2.5. Double Immunofluorescence Labelling with VEGFR2, CD31, ALDH1A1, p16INK4A and TP53


Double immunofluorescence staining was performed separately in a subseries of consecutive sections using routine protocols published previously [19]. To validate that VEGFR2-positive cells located within blood vessels of HPV-positive and-negative OPSCC are endothelial cells, the samples were incubated with monoclonal anti-human CD31 (a gift from Prof. Dr. M. Koch, Cologne, 1:800) and monoclonal anti-VEGFR2 (1:500; 55B11 Cell Signaling Technology) antibodies. To prove that the VEGFR2 positive epithelial cells are tumor cells and to evaluate differences in the subcellular localization of VEGFR2 in tumor cells of OPSCC, HPV-positive samples were incubated with mouse anti-human polyclonal p16INK4A (1:50; BD Biosciences, Heidelberg, Germany) and VEGFR2 antibodies. HPV-negative samples were incubated with mouse anti-human polyclonal TP53 (Biologo, Kronshagen, Germany, 1:25) and VEGFR2 antibodies. To answer the question of whether individual cells, that are particularly immunoreactive to VEGFR2, represent a subpopulation of cancer stem cells, double staining of VEGFR2 with mouse anti-human monoclonal ALDH1A1 (1:500; H-4 (sc-374076) or B-5 (sc-374149) Santa Cruz, Heidelberg, Germany) was performed in a sub-series of sections (Supplementary Information 1). Subcellular localization patterns were analyzed by confocal microscopy (LSM 710, Carl Zeiss, Oberkochen, Germany).




2.6. Densitometric Quantification of Immunohistochemical Signals


The first slice of each sample was stained with hematoxylin and eosin to identify the tumor regions and blood vessels. The following slice of each sample was immunohistochemically incubated with VEGFR2 antibodies. Slides were digitalized in a slide scanner (Leica SCN 400) at 20x magnification. All analyses were carried out in a blinded manner with the bioimage software QuPath (version 0.1.3) [20]. Before the staining intensity was analyzed, the background staining was determined by setting color deconvolution values from a cell-free region of interest for every slide image, so that the program took the background grey values into account when measuring the staining intensities of endothelial or tumor cells. Prior to staining intensity analysis, the regions of interest (ROI) were determined and marked with the software tools. Due to a heterogeneous expression pattern of VEGFR2 within each sample, three different zones of three different staining intensity levels (low, moderate, high) were measured and the respective mean values were used for densitometry in tumor cells. For densitometry in blood vessels, three different vessels from the tumor region and three from the adjacent tumor-free region were selected and the mean intensity values were calculated for both. For the quantification of the blood vessel density, a microscopic field within the tumor region was determined by setting a grid size of 500 mm × 500 mm and the number of VEGFR2-positive vessels was counted within this field.



The quantification of immunohistochemical NRF2- and AKR1C3-stainings was performed as described previously [15]. In brief, tumor cells with positive nuclear staining against NRF2 were considered positive and a lack of staining was negative (Figure S4A,B). For the evaluation of the AKR1C3-staining, an index of staining intensities of the tumor tissue and the adjacent normal squamous epithelium was calculated. Tumors with higher expression intensity in the tumor compared to the surrounding normal tissue were evaluated as positive, those with the same or lower expression intensity in the tumor were evaluated as negative (Figure S4C,D).




2.7. Cell Culture and Retroviral Transduction


Primary human tonsillar keratinocytes isolated from routine tonsillectomy were cultivated in RM+medium (consisting of a 3:1 ratio of Dulbecco’s modified Eagle’s medium [DMEM]-F12 with 10% fetal calf serum [FCS], 1% glutamine, 0.4 μg hydrocortisone, 10−10 M cholera toxin, 5 μg/mL transferrin, 2 × 10−11 M liothyronine, 5 μg/mL insulin, 10 ng/mL epidermal growth factor, 1 × penicillin–streptomycin mixture) [21]. Primary human foreskin keratinocytes were purchased from Lonza (Cologne, Germany, Cat.No. 00192907, Lot.No. 188311) and cultured in Keratinocyte Growth Medium 2 (PromoCell, Heidelberg, Germany). The OPSCC cell line FaDu and the retrovirus packaging cell line PT67 were maintained in DMEM with a 10% FCS and penicillin-streptomycin mixture. All cell lines were cultivated at 37 °C and 6% CO2.



Transduction of cells with HPV16-E6, -E7 or -E6E7 coding retroviruses was performed as described previously [21,22,23]. The selection of infected cells was started 2 days later using G418. Positive clones were pooled and expanded.




2.8. RNA Isolation, Reverse Transcription and Real-Time Quantitative PCR


To quantify mRNA levels of cellular genes isolated from the above-mentioned human cells from monolayer culture and from fresh frozen OPSCC samples, quantitative reverse transcription-PCR (RT-qPCR) using the LightCycler system (Roche, Mannheim, Germany) was performed as previously described [24]. The primers used for this study were: VEGFA-fw: CCTCCGAAACCATGAACTTT; VEGFA-rev: TTCTTTGGTCTGCATTCACATT; VEGFR1-fw: TTTGGATGAGCAGTGTGAGC; VEGFR1-rev: CGGCACGTAGGTGATTTCTT; VEGFR2-fw: CTCTTGGCCGTGGTGCCTTTG; VEGFR2-rev: GTGTGTTGCTCCTTCTTTCAAC; HPRT1-fw: TGACACTGGCAAAACAATGCA; HPRT1-rev: GGTCCTTTTCACCAGCAAGCT.




2.9. Statistics


The sample size was determined before analysis with a power of 90% and a significance level for beta-error ≤ 0.05, including n = 35 HPV-positive and n = 21 HPV-negative tumor samples. Clinicopathological features were analyzed using cross-tabulations, χ2 test and Fisher’s exact probability test using SPSS 27 software (IBM, Armonk, NY, USA). The overall survival was calculated using the Kaplan–Meier algorithm for incomplete observations. Outcomes were measured from the time of diagnosis to the last day the patient was alive (censored data) or died for any reason (uncensored data). The log-rank (Mantel-Cox) test was used to perform a univariate analysis of the different variables. RT-qPCR data were analyzed with GraphPad Prism 8 (GraphPad Software, La Jolla California, USA) using ANOVA. The staining intensities of tumor cells, blood vessels or vessel density were analyzed using the Wilcoxon test for dependent non-normally distributed groups, the Mann–Whitney U test for independent non-normally distributed groups and the t-test for independent normally distributed groups as indicated. Results at a significance level of p ≤ 0.05 in two-sided tests were considered statistically significant. All data from RT-qPCRs were expressed as mean ± SD. Statistical significance was determined with unpaired two-tailed Student’s t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.





3. Results


3.1. Characterization of VEGFR2 Expression in Blood Vessels of HPV-Positive and HPV-Negative OPSCC


Since ROS and OS were previously demonstrated to have a strong effect on the expression of VEGF/VEGFR2, we aimed at characterizing whether differences in the expression pattern of VEGFR2 exist in 56 OPSCC with known HPV-status and OS signatures [13,25]. We, therefore, determined VEGFR2 levels on blood vessels from tumor-free and tumor-containing regions. Furthermore, we aimed at detecting differences in the vessel density of HPV-positive versus HPV-negative OPSCC.



To prove that the VEGFR2-positive cells are blood vessel lining endothelial cells, we performed double immunofluorescence staining with the endothelial cell marker CD31 together with VEGFR2. In most capillaries of the HPV-positive samples, endothelial cells showed strong colocalization of CD31 with VEGFR2. In HPV-negative sections, however, a sparse colocalization of CD31-positive endothelial cells with VEGFR2 was observed (Figure 2A).



Next, we performed immunohistochemical staining to analyze differences in the expression level of VEGR2 in blood vessels related to the HPV-status of the tumor. In both HPV-positive and -negative tumors, blood vessels were positive for VEGFR2 immunostaining, however, with obvious differences in the staining intensities (Figure 2B).



We next determined the staining intensity of VEGFR2 by densitometrical analysis of representative viewing fields of three blood vessels each in tumor regions and tumor-free regions for comparison within the same sections (in densitometrical units (= DU)). Interestingly, in the subgroup of HPV-positive tumors, we observed significantly stronger staining intensities of blood vessels in tumor regions compared to tumor-free regions (Figure 2B, left; p < 0.0001). In contrast, in the HPV-negative group, the difference in staining intensities of blood vessels between tumor regions and tumor-free regions was not significant (Figure 2B, right; p = 0.107). Also, when comparing blood vessels of HPV-positive and -negative tumor or tumor-free regions, differences in VEGFR2 staining intensities were not significant either (p = 0.740 and p = 0.129, respectively).



To further analyze whether VEGFR2 mediated angiogenesis might be generally increased in HPV-positive compared to HPV-negative OPSCC, the number of VEGFR2-immunoreactive capillaries per viewing field was analyzed. However, comparing both groups, only a trend, but no significant increase in the number of vessels could be observed (Figure 2C; p = 0.097).




3.2. Analysis of VEGFR2 Staining Intensity in Tumor Cells of HPV-Positive and HPV-Negative OPSCC


Since we observed that VEGFR2 expression was not only restricted to blood vessels but could also be detected within tumor cells, we additionally analyzed whether the HPV-status influences VEGFR2 immunoreactivity within tumors. Regardless of the HPV-status, we observed a general heterogeneity of staining intensities within each tumor section with areas of low, medium and high VEGFR2 expression.



To determine these expression differences, areas of low (median 0.2 DU (CI 0.13–0.23)), medium (median 0.49 DU (CI 0.38–0.63)) and high staining intensities (median 1.45 DU (CI 1.12–1.75)) were measured by densitometry for each tumor sample. In general, VEGFR2 expression was found to be higher in HPV-negative tumors. This difference was particularly significant for VEGFR2 expression levels at high-intensity (Figure 3C; p = 0.012) and at medium intensity (Figure 3B; p = 0.014). In regions with low VEGFR2 expression, this difference was not significant but again showed a trend toward higher expression in HPV-negative tumors (Figure 3A; p = 0.140).



In order to clarify whether the VEGFR1, VEGFR2 and VEGFA genes are transcriptional targets of HPV16 oncogenes, we quantified their mRNA expression levels by RT-qPCR in monolayer cultures of FaDu cells, primary tonsillar keratinocytes as well as primary foreskin keratinocytes. No strong effects could be measured in all keratinocyte types for VEGFR1 and VEGFA (Figure S5A–C). VEGFR2 could not be quantified at all in cell culture. However, in RNAs, isolated from fresh OPSCC samples, the mRNA expressions of VEGFR1 and VEGFR2 were significantly higher in HPV-positive samples than in HPV-negative samples. (Figure S5D).



To prove the keratinocytic origin of VEGFR2-positive tumor cells and to evaluate differences in the subcellular localization of VEGFR2, we performed double immunofluorescence analyses with antibodies against p16INK4A to detect HPV-positive tumor cells and TP53 to detect HPV-negative tumor cells. In both tumor entities, cytoplasmic and nuclear VEGFR2-immunoreactivity was detected. However, nuclear expression of VEGFR2 in HPV-positive OPSCC samples was found to be stronger (Figure 4A). Additionally, strong VEGFR2-positive cells, which were diffusely distributed in the lamina propria and around capillaries were also found in both tumor entities. However, these cells were detected more frequently in HPV-positive (n = 16/35) than in HPV-negative (n= 7/21) tumors.



Based on the fact that VEGFR2 positive cells were localized at sites typical for the localization of cancer stem cells (CSCs), we examined whether these cells might show CSCs characteristics [6]. Therefore, we performed double immunofluorescence staining with VEGFR2 and the CSC-marker ALDH1A1 [26]. Distinct cells showed colocalization of VEGFR2 with ALDH1A1, which was paralleled by high cytoplasmic ALDH1A1 expression levels. Cells with a distinct colocalization pattern were predominantly found next to blood vessels. These colocalization signals were frequently observed in HPV-positive OPSCC, however, we sparsely detected them in HPV-negative OPSCC (Figure 4B).




3.3. Correlation of VEGFR2, NRF2 and AKR1C3 with Clinicopathological Data


We recently demonstrated that the oxidative stress markers NRF2 and AKR1C3 are overexpressed in both subgroups of HPV-positive and HPV-negative OPSCC and correlate with unfavorable survival [15]. As ROS and OS were demonstrated to have a strong effect on the expression of VEGF/VEGFR2, we performed immunohistochemical staining against NRF2 and AKR1C3 to prove the occurrence of OS in the tumor tissue (Figure S4) [13,25]. By correlating the immunohistochemical results with clinicopathological data, we demonstrated a highly significant correlation of NRF2high and AKR1C3high tumors with worse overall survival (OS) (p < 0.0001 and p < 0.001, respectively) (Table 1 and Table S1). We also separately correlated VEGFR2, NRF2 and AKR1C3 staining in HPV-positive and HPV-negative tumors in relation to survival. These analyses revealed that particularly high VEGFR2 expression in HPV-positive tumors is associated with an unfavorable prognosis (p = 0.013) (Figure S6 and Table S1). High T-stage correlated with worse OS (p = 0.049) in all cases (Table S1). However, T-stage did not reach significance in separate correlations of both HPV-positive and-negative subgroups (Figure S7). There was a strong association for VEGFR2 protein expression with HPV-status (Table 1). Furthermore, HPV-status was associated with parameters such as a higher blood vessel density and a higher proportion of non-smokers to smokers (Table 1).





4. Discussion


Autocrine VEGF signaling can contribute to tumor initiation and progression and is regulated by the receptor tyrosine kinase VEGFR2 in several tumors including HNSCC [6,10]. Although it is known that VEGFR2 is generally overexpressed in blood vessels supplying HNSCC, it remains to be determined whether HPV exerts specific effects on VEGFR2 expression and thus possibly on the regulation of vascularization [9,10]. Studies on cervical tumors and in vitro studies using HPV-positive cervical cancer cell lines indicated such a possibility [11,12,27]. It is speculated that HPV generally contributes to the vascularization of tissues by upregulating VEGF/VEGFR signaling to support the high energy demands of infected cells, which in turn also promotes tumor growth and malignant transformation [27,28]. In addition, a variety of tumor cells, including HNSCC, are known to express VEGF and VEGFR2 at high levels so that they can promote tumor growth, invasion and survival by autocrine signaling responses [6,10,29]. However, previous studies on HNSCC have not focused specifically on OPSCC and HPV-status has not been considered [9].



We, therefore, analyzed the expression patterns of VEGFR2 both in blood vessels of tumor regions and tumor-free regions and in tumor cells of HPV-positive and -negative OPSCC by means of densitometric analysis. Since oxidative stress (OS) is known to induce VEGF expression and we previously showed that both HPV-positive and -negative OPSCC present with subgroups overexpressing OS signatures going along with poor prognosis, NRF2 expression and analysis of its target gene AKR1C3 serving as a read-out for activated OS signatures was included in this study [30,31]. Differences in VEGFR2 expression between HPV-positive and -negative OPSCC were detectable in both blood vessels and tumor tissue, suggesting that depending on HPV status, VEGFR2 signaling plays a crucial role in OPSCC progression.



Our results strongly imply that VEGFR2 may be upregulated in endothelial cells of blood vessels supplying nutrients to HPV-positive tumor regions and that this is not the case in HPV-negative OPSCC. Therefore, our observation might suggest that angiogenesis may be upregulated under the influence of HPV by regulating the expression of VEGFR2 in blood vessels. However, further studies have to clarify by which mechanisms HPV-positive tumor cells might regulate increased VEGFR2 expression in surrounding tumor blood vessels.



This hypothesis is furthermore supported by the observation that HPV-positive OPSCC tends to have a higher density of VEGFR2-expressing blood vessels compared to HPV-negative tumors (Figure 2). While this analysis did not reach significance, the absolute number of tumors with a high density of VEGFR2-expressing blood vessels, however, proved to be significantly higher (Table 1). This key observation is supported by xenograft models in which HPV-positive and -negative cells were incubated under hypoxic conditions and then applied to nude mice [32]. Those mice that received HPV-positive tumor cells showed a higher density of neo-blood vessels, which resulted in improved blood supply and thus less hypoxic tumor areas, which was paralleled by lower mRNA expression of hypoxia-responsive genes such as HIF-1α, GLUT-1 and VEGF-A. Moreover, in that study, tumor samples were analyzed by immunohistochemical detection of neo-blood vessels using the vascular endothelial cell proliferation marker CD105. This led to the observation of HPV-positive OPSCC having higher numbers of blood vessels.



We, therefore, considered analyzing the activation status of VEGFR2 to detect only angiogenically active blood vessels by immunohistochemical staining with antibodies directed against phosphorylated VEGFR2 at Tyr 951, as this modification plays a significant role in tumor angiogenesis and growth [33]. However, we could not detect specific immunoreactivity using the only available antibody suitable for immunohistochemistry thus far (monoclonal Phospho-VEGFR2 (Tyr951) (15D2); #4991 Cell Signaling; data not shown).



The expression of CD31 in endothelial cells modulates cell adhesion, endothelial cell migration and angiogenesis [30]. However, CD31 only gives a static representation of vessel density, whereas VEGFR2 expression may better reflect the physiological stimulus for endothelial growth [31]. In HPV-negative tumors, VEGFR2 and CD31 only partially colocalized in the endothelium of blood vessels and capillaries. The strong colocalization of CD31 and VEGFR2 in blood vessels and capillaries of HPV-positive OPSCC, however, indicates that HPV induces a highly upregulated angiogenic activity, pointing to significant differences in angiogenesis based on HPV-status [34,35]. This upregulated angiogenic activity may result in an improved response to radiochemotherapy, as individual tumor cells may be more accessible by the bloodstream, leading to a more favorable prognosis compared to HPV-negative OPSCC [36,37]. Mechanistically, increased perfusion delivers oxygen that promotes ROS/free radicals essential for the induction of radiation-induced DNA damage upon radiotherapy thus making cells more accessible for the influx of chemotherapeutic agents.



On the other hand, an improved radiation response may also be achieved by blocking VEGFR2 through anti-VEGF therapy [38,39]. Typically, epithelial tumors can respond to radiotherapy with growth factor-driven revascularization, including increased VEGFR2 expression, which may be prevented by anti-VEGF therapy that inhibits revascularization. This, in turn, would lead to increased blood flow and thus a better oxygen supply, resulting in increased ROS formation during radiation therapy and increased flooding of the chemotherapy to the already existing tumor cells. Due to the lack of new blood vessel formation, on the other hand, the formation of new tumor tissue is prevented [37,38,39]. In this study, upregulation of VEGFR2 and the OS marker AKR1C3 was associated with an unfavorable prognosis in HPV-positive OPSCC.



In addition, we could show that VEGFR2 is also expressed in tumor cells. Both HPV-positive and -negative OPSCC presented with a heterogeneous expression pattern including low, moderate and high VEGFR2-immunoreactivity. This may suggest that aberrant VEGFR2 expression in tumor cells, together with its downstream signaling pathways, may be involved in other besides angiogenesis. However, mutations in VEGFR2 do not seem to be of relevance, as they only show low alteration rates in HNSCC (2.3% in the TCGA cohort, cBioPortal, data not shown [40,41]). Therefore, other mechanisms like varying differentiation states of tumor cells within one tumor, or areas that have a need for improved nutrients and oxygen supply compared to other regions, might correlate with increased VEGFR2 expression levels.



Densitometric analysis showed a significantly higher expression of VEGFR2 in HPV-negative tumor cells. This may suggest that the differential expression of VEGFR2 between HPV-positive and -negative tumor cells exhibit crucial cell biological differences.



Several oncogenes such as the epidermal growth factor receptor (EGFR) and oncogenic transcription factors such as c-myc are capable of upregulating VEGF expression. Furthermore, wild-type TP53 indirectly represses VEGF [42]. However, HPV16-E6 seems to induce VEGF expression independently of TP53 inactivation, using the SP1 transcription factor for E6-mediated induction of the VEGF promoter [11]. This could also be supported by our observation that VEGFR2 was frequently translocated into the nuclei of HPV-positive but less frequently into the nuclei of HPV-negative tumor cells. It is known that VEGFR2 is translocated to the nucleus of neoplastic cells upon phosphorylation and that VEGFR2 therein may interact with transcription factors such as SP1 to regulate gene transcription [43,44]. Biologically, this might be a self-enhancing mechanism in response to hypoxia and/or OS. In vitro studies using HeLa cells showed that the fraction of nuclear-positive cells increased due to hypoxic stimulation [43].



Degradation of VEGFR2 is furthermore mediated by the recruitment of the E3 ubiquitin ligase β-Trcp1 followed by polyubiquitination and delivery to the proteasome [45]. β-Trcp1 is upregulated by HPV16-E7 expression in vitro [46]. Moreover, β-Trcp1 is also involved in the regulation of HIF1α the WNT/β-Catenin and the PI3K/AKT pathway [47,48]. β-Trcp1 also provides an alternative way to regulate the NRF2/OS pathway for proteasomal degradation via Keap1/Cul3 [49]. Therefore, additional side effects may exist, especially considering that all these signaling pathways often present with alterations especially in HPV-negative OPSCC.



Noteworthily, a subpopulation of tumor cells presented with high VEGFR2 expression levels. Based on their localization in a perivascular niche adjacent to endothelial cells, it may be suggested that these cells are CSCs. It is known that the amount of this stem cell population and their self-renewal can be regulated by autocrine VEGF/VEGFR2 signaling [6,50]. Double immunostaining with the tumor stem cell marker ALDH1A1 maintaining CSC properties indeed showed colocalization of VEGFR2 with ALDH1A1. This suggests that these cells might be CSCs localized in the proposed perivascular niche [26].



In line with studies analyzing CSCs in the comparison of HPV-positive and -negative OPSCC, we observed a higher number of ALDH1A1+/VEGFR2+ in HPV-positive OPSCC [51,52]. We recently showed that HPV16 is capable of modifying the phenotype of infected CSCs by increasing the pool of migratory CSCs through the expression of HPV16-E6E7 in vitro and in HPV-positive OPSCC [22]. Furthermore, autocrine VEGF/VEGFR2 signaling enhances tumor invasion and survival by promoting processes crucial for CSCs like dedifferentiation and an epithelial-mesenchymal transition phenotype [6]. Furthermore, VEGFR2 can regulate epithelial tumor stem cell migration [53]. Taken together, the higher number of ALDH1A1 and VEGFR2 colocalizing tumor cells in HPV-positive OPSCC might indicate that these tumors are associated with a higher number of migratory CSCs.




5. Conclusions


To analyze VEGFR2 expression patterns in HPV-positive and-negative OPSCC, we performed quantitative immunohistochemical and immunofluorescence labeling of formalin-fixed, paraffin-embedded (FFPE) samples with known HPV-status. VEGFR2-staining intensities in blood vessels of tumor-containing and tumor-free regions, as well as in tumor cells, were quantified and compared between HPV-associated and HPV-negative OPSCC.



In conclusion, we identified a distinct molecular protein expression profile of VEGFR2 in HPV-positive and HPV-negative OPSCC. In the HPV-positive group, we observed significant differences in VEGFR2 expression levels between blood vessels of tumor regions compared to tumor-free regions. In contrast, HPV-negative OPSCC presented with significantly higher VEGFR2 expression levels in tumor cells. Based on this observation, two different HPV-status-dependent phenotypes of VEGFR2 signaling may exist, possibly triggered by hypoxia and/or oxidative stress (Figure 5). Future studies should focus on unraveling the molecular basis of mechanisms involved in the differential regulation of VEGFR2 expression between HPV-positive and -negative OPSCC in tumor-supporting blood vessels and tumor cells. Such studies could prove to be of pivotal importance for the patient outcome when anti-VEGF therapies in the treatment of OPSCC are considered.



Furthermore, our data indicate that VEGFR2 may play a regulatory role in CSCs of HPV-positive OPSCC. CSCs are thought to be responsible for treatment failure in anti-cancer therapy. Experimental validation of the regulatory role of VEGFR2 in stem cell migration and dedifferentiation, especially in CSCs of HPV-positive OPSCC, will further contribute to the understanding of unfavorable development of (distant) metastases and recurrence.
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Figure 1. Schematic flow diagram of the study design and method. After surgery and tissue processing of OPSCC samples, the HPV-status was determined by GP5+/GP6+ polymerase chain reaction (PCR) and p16INK4A-immunohistochemistry (IHC). To test the specificity of the VEGFR2-antibodies, liver, melanoma, papillary thyroid carcinoma, and cervix squamous cell carcinoma tissues were selected as positive controls. First, hematoxylin and eosin (H&E) staining was performed to determine the regions relevant for further analyses. This was followed by staining of consecutive sections with VEGFR2-AB using the avidin-biotin-peroxidase complex (ABC). Subsequently, densitometric analyses of the VEGFR2-staining intensity of blood vessels in tumor regions and tumor-free regions, as well as tumor cells, were performed. The number of VEGFR2-expressing capillaries in a defined microscopic field was counted and statistically analyzed. Consecutive sections of OPSCC were selected for double immunofluorescence analysis to show colocalization of VEGFR2 and CD31 in endothelial cells (EC), to show the localization of VEGFR2 in tumor cells (TC) by double staining for p16INK4A- (in HPV-positive tumors) or for p53 (in HPV-negative tumors). Confocal double immunofluorescence analysis was performed for VEGFR2 and the stem cell marker ALDH1A1. 
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Figure 2. (A) Colocalization analysis of VEGFR2 with CD31 (endothelial cell marker) by immunofluorescence labelling of OPSCC. Antibody stainings were visualized by confocal microscopy. Colocalization of CD31 (a) with VEGFR2 (b) revealed that VEGFR2 is expressed in numerous capillaries of HPV-positive OPSCC (d). Colocalization of CD31 (e) with VEGFR2 (f) revealed that VEGFR2 is only occasionally present in capillaries of HPV-negative tumors (h). Cell nuclei were stained with DRAQ5 (c,g). Scale bar: A-H 20 µm. (B) Representative immunohistochemical staining and corresponding staining intensity analysis of VEGFR2 expression in blood vessels of tumor containing and adjacent tumor-free regions in (left) HPV-positive and (right) HPV-negative OPSCC. HPV-positive tumor regions (M = 0.657 DU; SD = 0.178 DU), adjacent tumor-free regions (M = 0.497; SD = 0.187), (***, p < 0.0001); HPV-negative tumor regions (M = 0.675; SD = 0.251), tumor-free regions (M = 0.616; SD = 0.286), (ns, p = 0.107); HPV-positive and -negative tumor regions (ns, p = 0.740); HPV-positive and-negative tumor-free regions (ns, p = 0.129). (C) Blood vessel density per viewing field of VEGFR2-immunoreactive capillaries in HPV-positive and HPV-negative OPSCC. Vascular density of HPV-positive (M = 45.51; SD = 13.574) and HPV-negative OPSCC (M = 38.85; SD = 14.901), (ns, p = 0.097). (DU = densitometrical units, M = mean, SD = standard deviation, ns = not significant, scale bars: A 50 μm; B 100 μm). 
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Figure 3. Analysis of VEGFR2 staining intensity in tumor cells of HPV-positive and HPV-negative OPSCC. Representative immunohistochemical VEGFR2 staining images (A = low, B = medium and C = high staining intensity), as well as corresponding H&E stain images of consecutive sections. (A) Staining intensities of low VEGFR2 expressing HPV-positive (M = 0.172 DU; SD = 0.072 DU) and HPV-negative (M = 0.201 DU; SD = 0.067 DU) tumor cells, p = 0.140. (B) Moderate expression levels of VEGFR2-positive tumor cells in HPV-positive (M = 0.478; SD = 0.152) vs. HPV-negative samples (M = 0.600; SD = 0.199), *, p = 0.014. (C) High expression levels of VEGFR2-positive tumor cells in HPV-negative (M = 1.714; SD = 0.260) and HPV-positive specimens (M = 1.382; SD = 0.320), *, p = 0.012. (DU = densitometrical units, M = mean, SD = standard deviation, ns = not significant, scale bar 50 μm). 






Figure 3. Analysis of VEGFR2 staining intensity in tumor cells of HPV-positive and HPV-negative OPSCC. Representative immunohistochemical VEGFR2 staining images (A = low, B = medium and C = high staining intensity), as well as corresponding H&E stain images of consecutive sections. (A) Staining intensities of low VEGFR2 expressing HPV-positive (M = 0.172 DU; SD = 0.072 DU) and HPV-negative (M = 0.201 DU; SD = 0.067 DU) tumor cells, p = 0.140. (B) Moderate expression levels of VEGFR2-positive tumor cells in HPV-positive (M = 0.478; SD = 0.152) vs. HPV-negative samples (M = 0.600; SD = 0.199), *, p = 0.014. (C) High expression levels of VEGFR2-positive tumor cells in HPV-negative (M = 1.714; SD = 0.260) and HPV-positive specimens (M = 1.382; SD = 0.320), *, p = 0.012. (DU = densitometrical units, M = mean, SD = standard deviation, ns = not significant, scale bar 50 μm).
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Figure 4. (A) Colocalization analysis of VEGFR2 with p16INK4A (tumor cell marker of HPV-positive tumors) and VEGFR2 with p53 (tumor cell marker of HPV-negative tumors) by immunofluorescence labeling of OPSCC. Antibody stainings were visualized by confocal microscopy. Colocalization of p16INK4A (a) with VEGFR2 (b) was detected in the cytoplasm and cell nuclei of HPV-positive tumor cells (d). Colocalization of p53 (e) with VEGFR2 (f) was identified in the cytoplasm and cell nuclei of HPV-negative tumor cells. Note, that VEGFR2 was detected in numerous tumor cell nuclei of HPV-positive OPSCC (d) compared to HPV-negative OPSCC (h). Tumor cell nuclei were stained with DRAQ5 (c,g). Scale bar: 20 μm. (B) Colocalization analysis of VEGFR2 with ALDH1A1 (CSC marker) by immunofluorescence labeling of OPSCC. Immunohistochemical staining against VEGFR2 of a representative consecutive HPV-positive (a–f) and HPV-negative tumor section (g–l). (a,g) Overview and (b,h) details. A subpopulation of tumor cells with strong VEGFR2 immunoreactivity can be observed. Colocalization of VEGFR2 (d,j) with ALDH1A1 (f,l) was detected only in a subpopulation of tumor cells and at the subcellular level mainly in the cytoplasm (asterisks). The cells were distributed around the blood vessels (f,l). In HPV-positive OPSCC, some migrating cells were detected at the blood vessel wall and one cell is visible intravasally, while others were recognized in the fibrous tissue (f). Cell nuclei were stained with DRAQ5 (e,k). Scale bars: (a,g) 200 μm; (b,h) 50 μm; (c–f), (i–l) 20 μm. 
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Figure 5. Schematic presentation of the two suggested HPV-status-dependent VEGFR2 signal pathways in OPSCC. Depending on HPV and possibly triggered by hypoxia and/or oxidative stress, VEGFR2 expression is upregulated in tumor blood vessels of HPV-positive OPSCC, which may be associated with increased angiogenesis. This is not observed in HPV-negative OPSCC; instead, VEGFR2 is significantly stronger expressed in the tumor cells themselves, which may lead to increased activation of tumor cell proliferation, migration, invasion and reduced apoptosis. The increased tumor cell activity may also be correlated to the tendency of lower blood vessel count in HPV-negative OPSCC due to hypoxia. Figure modified from [10]. 
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Table 1. Summary of clinicopathological features of patients analyzed in this study.
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Clinico

Pathological Feature

	
Total

	
HPV—Status

	
VEGFR2—Staining

	
NRF2—Staining






	

	

	
HPV—positive

	
HPV—negative

	

	
VEGFR+

	
VEGFR2−

	

	
NRF2+

	
NRF2−

	




	

	
n

	
%

	
n

	
%

	
n

	
%

	
X2

	
n

	
%

	
n

	
%

	
X2

	
n

	
%

	
n

	
%

	
X2




	
Mean age (years)

	
60.2

	
–

	
59.9

	
–

	
60.5

	
–

	
0.838

	
59.2

	
–

	
61.0

	
–

	
0.517

	
62.9

	
–

	
58.8

	
–

	
0.177




	
Gender




	
Male

	
43

	
76.8

	
26

	
46.8

	
17

	
30.0

	

	
23

	
41.1

	
19

	
33.9

	

	
17

	
30.3

	
26

	
46.4

	




	
Female

	
13

	
23.2

	
9

	
16.1

	
4

	
7.1

	
0.747

	
2

	
3.6

	
11

	
19.6

	
0.023

	
2

	
3.6

	
11

	
19.6

	
0.098




	
T classification




	
pT1 and pT2

	
30

	
53.6

	
20

	
35.7

	
10

	
17.9

	

	
13

	
23.6

	
16

	
29.1

	

	
8

	
14.3

	
22

	
39.3

	




	
pT3 and pT4

	
26

	
46.4

	
15

	
26.8

	
11

	
19.6

	
0.584

	
12

	
21.8

	
14

	
25.5

	
1.00

	
11

	
19.6

	
15

	
26.8

	
0.265




	
N classification




	
pN0

	
14

	
25.0

	
9

	
16.1

	
5

	
8.9

	

	
4

	
7.3

	
9

	
16.4

	

	
4

	
7.1

	
10

	
17.9

	




	
pN1-3

	
42

	
75.0

	
26

	
46.4

	
16

	
28.6

	
1.00

	
21

	
38.2

	
21

	
38.2

	
0.341

	
15

	
26.8

	
27

	
48.2

	
0.751




	
M classification




	
pM0

	
54

	
98.2

	
35

	
63.6

	
19

	
34.5

	

	
24

	
44.4

	
29

	
53.7

	

	
18

	
32.7

	
36

	
65.5

	




	
pM1

	
1

	
1.8

	
0

	
0.0

	
1

	
1.8

	
0.364

	
0

	
0.0

	
1

	
1.9

	
1.00

	
1

	
1.8

	
0

	
0.0

	
0.345




	
Death




	
Yes

	
16

	
28.6

	
9

	
16.1

	
7

	
12.5

	

	
6

	
10.9

	
10

	
18.2

	

	
12

	
21.4

	
4

	
7.1

	




	
No

	
40

	
71.4

	
26

	
46.4

	
14

	
25.0

	
0.557

	
24

	
43.6

	
15

	
27.3

	
0.140

	
7

	
12.5

	
33

	
58.9

	
<0.0001




	
HPV-status




	
Negative

	
21

	
37.5

	

	

	

	

	

	
13

	
23.6

	
7

	
12.7

	

	
7

	
12.5

	
14

	
25.0

	




	
Positive

	
35

	
62.5

	

	

	

	

	

	
12

	
21.8

	
23

	
41.8

	
0.048

	
12

	
21.4

	
23

	
41.1

	
1.00




	
NRF2-staining




	
Negative

	
36

	
65.5

	
23

	
41.1

	
14

	
25.0

	

	
14

	
25.5

	
22

	
40.0

	

	

	

	

	

	




	
Positive

	
19

	
34.5

	
12

	
21.4

	
7

	
12.5

	
1.00

	
11

	
20.0

	
8

	
14.5

	
0.256

	

	

	

	

	




	
AKR1C3-staining




	
Yes

	
38

	
67.9

	
25

	
44.6

	
13

	
23.2

	

	
15

	
27.3

	
22

	
40.0

	

	
14

	
25.5

	
22

	
40.0

	




	
No

	
18

	
32.1

	
10

	
17.9

	
8

	
14.3

	
0.558

	
10

	
18.2

	
8

	
14.5

	
0.389

	
11

	
20.0

	
8

	
14.5

	
0.256




	
Blood vessel density




	
Low

	
30

	
54.5

	
15

	
27.3

	
15

	
27.3

	

	
12

	
21.8

	
18

	
32.7

	

	
7

	
12.7

	
23

	
41.8

	




	
High

	
25

	
45.5

	
20

	
36.4

	
5

	
9.1

	
0.027

	
13

	
23.6

	
12

	
21.8

	
0.424

	
12

	
21.8

	
13

	
23.6

	
0.087




	
Smoking




	
Never smoked

	
13

	
23.2

	
12

	
21.4

	
1

	
1.8

	

	
3

	
5.5

	
10

	
18.2

	

	
3

	
5.4

	
10

	
17.9

	




	
Smoker

	
43

	
76.8

	
23

	
41.1

	
20

	
35.7

	
0.020

	
22

	
40.0

	
20

	
36.4

	
0.110

	
16

	
28.6

	
27

	
48.2

	
0.507




	
Alcohol




	
No or < 1 glass/day

	
43

	
78.2

	
30

	
53.6

	
14

	
25.0

	

	
17

	
30.9

	
26

	
47.3

	

	
17

	
30.4

	
27

	
48.2

	




	
Active, > 1 glass/day

	
12

	
21.8

	
5

	
8.9

	
7

	
12.5

	
0.108

	
8

	
14.5

	
4

	
7.3

	
0.114

	
2

	
3.6

	
10

	
17.9

	
0.189








n = Number of patients. X2: Chi-Square test for significance. For mean age, Anova is used to measure significance. Significant values are highlighted in bold.
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