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Abstract 

Oral squamous cell carcinoma (OSCC) is a global public health challenge, and according to the EU 

mission: Cancer (European Cancer Information System) the burden is estimated to increase over the 

next two decades, especially in younger people. The immune system plays a key role in the 

progression of solid malignancies and patients with tumors densely infiltrated with T lymphocytes 

show better clinical outcomes and enhanced responses to immunotherapy. The specialized 

lymphocyte-recruiting tumor vasculature, termed tumor-associated high endothelial venules (TA-

HEVs), express the lymphocyte homing ligand PNAd and permits the entry of lymphocytes into the 

tumor. The presence of TA-HEVs has been associated with an inflamed tumor microenvironment and 

improved patient prognosis in OSCC. The main goal of this thesis is to gain a better understanding 

of TA-HEV development in OSCC of the tongue (OTSCC) and their interaction with the surrounding 

microenvironment. To determine the prognostic value of TA-HEVs as an independent marker or in 

combination with immunosuppressive cell types, we scored the density of TA-HEVs, regulatory T 

cells (Tregs) and tumor-associated macrophages (TAMs) in 126 OTSCC tumors. A high density of 

TA-HEVs combined with a low density of FoxP3+ regulatory Tregs (Treg) identified patients with 

superior five-year survival, while patients with a low TA-HEV and high FoxP3 score had particularly 

low five-year survival. FoxP3+ Tregs were an independent prognosticator in OTSCC. We used a 

carcinogen-induced mouse tumor model to characterize the spatial distribution and density of HEVs 

and the lymphocytic infiltrate during oral carcinogenesis. The presence of HEVs and lymphocytes 

corresponded with the site and severity of oral epithelial lesions, but only HEVs increased 

significantly in SCC compared to non-malignant lesions. Organized lymphoid structures, termed 

tertiary lymphoid structures (TLS) did not develop in the carcinogen-exposed mice. To analyze the 

regulation of HEVs in the tumor microenvironment, we analyzed the co-localization of PNAd with 

the PNAd synthesizing enzyme GlcNAc6ST-2 in mouse and human OTSCC and assessed the 

influence of the surrounding environment at the cellular-, protein-, and gene levels. A subset of TA-

HEVs in OTSCC lacked GlcNAc6ST-2 protein- or mRNA expression. GlcNAc6ST-2 expression in 

TA-HEVs did not correlate with the density of cells surrounding the HEVs, but the absence of T cells 

in immune deficient mice precluded the formation of TA-HEVs. Human OTSCC tumors enriched in 

proteins involved in inflammatory processes favored the presence of TA-HEVs, while cell culture 

conditions had little effects on HEV-related genes. Our findings support the involvement of TA-

HEVs in OTSCC progression and GlcNAc6ST-2 might serve as a potential marker for refining patient 

prognosis. A deeper understanding of the role of GlcNAc6ST-2 may enable targeted manipulation of 
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HEVs in solid tumors and offer new therapeutic strategies. We hypothesize that the interaction 

between TA-HEVs and the OTSCC microenvironment, leading to downregulation of GlcNAc6ST-2 

and PNAd, possibly leading to impaired lymphocyte recruitment to the TME.  
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1 Introduction 

1.1 Oral squamous cell carcinoma 

Most malignancies arising in the head and neck region are oral squamous cell carcinomas (OSCC) 

(1). OSCC originates from the stratified squamous cell lining of the oral cavity, which together with 

the underlying lamina propria forms the oral mucosa (2). The anatomical subsites that define the oral 

cavity are the hard palate, the gingiva and alveolar ridge, the inside of the lips and cheeks, the mobile 

tongue, the floor of the mouth, and the retromolar trigone (3, 4) (Fig.1). The mobile tongue is the 

most common site of OSCC, accounting for approximately half of all cases (3, 5). Early tumor 

invasion and lymph node metastasis is associated with increased morbidity and mortality in OSCC 

patients. OSCCs are aggressive in nature due to their anatomical location within the oral cavity, where 

invasion into neighboring structures and metastatic spread to lymph nodes in the head and neck region 

frequently occur (6, 7).  

Figure 1. Anatomical location of oral squamous cell carcinoma. OSCC develop from the oral mucosa that 

lines the inside of the lips and cheeks (bucca), the gingiva and alveolar ridge in the upper and lower gum, hard 

palate in the anterior roof of the oral cavity, mobile part of the tongue (yellow dotted line), floor of the mouth, 

and the area posterior to the molars termed the retromolar trigone. Created with BioRender.  

 

The papers included in this thesis are primarily based on analyses of tissue from patients with OSCC 

of the mobile tongue (OTSCC) (Paper I and III) and mouse tongue tissue (Paper II and III). As 

will be discussed later in this introduction, the etiology and risk factors for oral cavity cancers differ 

from other cancers of the head and neck. We chose to focus on OTSCC due to its high prevalence 

among oral cavity cancers, as well as concentrating on a single subsite allows for the study of cancers 

with potentially less biological heterogeneity. Because most of the literature on oral cancer does not 
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distinguish between OSCC subsites, the introduction will address OSCC in general unless 

sublocations are specified.   

1.1.1 Epidemiology and survival 

According to the latest report by the Global Cancer Observatory, the annual incidence of lip and oral 

cavity cancers was estimated to be nearly 390 000 cases, representing 2.1% of all new cancer cases 

(8). About half (48.3%) of these patients are predicted to die from the disease (8). Oral cancer affects 

over twice as many men than women and most cases of OSCC occur in people aged 50 and older (9). 

As with most human solid cancers, the risk of developing OSCC increases with age, however, a rising 

trend is seen in the younger people (10). The highest incidence rates of OSCC are found in South 

Central Asian and Oceanian countries, such as India, Pakistan, and Papua New Guinea (11). The high 

frequency of oral cavity cancers in these countries is mainly linked to the exposure to risk factors 

(discussed in section 1.1.2), which also causes the high incidence of OSCC seen in some Western 

and Eastern European countries (11). Incidence rates of oral cancers have stabilized and begun to 

decrease in many countries over the past twenty years, likely reflecting increased efforts to prevent 

and reduce risk factor exposure (9, 12). In the Norwegian population the incidence has shown an 

increasing trend since the early 2000s, however, it is encouraging that the survival rates follow a 

similar tendency (13). The global OSCC survival rates have remained stable over the past two decades 

at about 50% (8, 14) and the global burden of OSCC is estimated to increase with nearly 40% until 

2040 along with a rise in mortality (15). Hence, OSCC is an ongoing challenge to the global public 

health.  

 

1.1.2 Risk factors 

Regular use of tobacco and alcohol are the most important risk factors for developing OSCC, and 

especially the combination of heavy alcohol consumption and smoking significantly increases the 

risk for OSCC development (16). Smokeless tobacco products, such as toombak, chewing tobacco 

and the Scandinavian wet snuff (snus) has also been linked to an increased risk of developing OSCC 

(17, 18). However, the potential of smokeless tobacco to cause cancer in humans is a subject of debate 

(19-21). The practice of chewing betel quid, which typically contains a mix of areca nut, betel leaf, 

slaked lime and tobacco leaves (22), is common in South and Southeast Asia and is associated with 

the particularly high incidence of oral cancers in this region (23). Infection with high-risk Human 

Papilloma virus (HPV) subtypes 16 and 18, which are associated with cancers in the oropharynx and 

cervix (24), have been reported in OSCC patients but is generally uncommon (25-28). Epstein-Barr 

virus (EBV) DNA have also been detected in OSCC tissue and is strongly implicated in 
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carcinogenesis in lymphomas, nasopharyngeal- and gastric cancers (25, 29, 30). However, the role of 

EBV in OSCC development is not clear. Discrepancies in viral infection status in OSCC is likely due 

to studies combining cancers of the oral cavity with other subsites of the head and neck a causative 

role of viral infections is established. Cancers of the lips are often grouped with oral cavity cancers 

(8). However, because lip cancers can originate from the skin in perioral areas of the face and may 

be caused by ultraviolet (UV) radiation, the etiology differs from that of OSCC. The risk of 

developing OSCC has also been linked to poor oral hygiene and oral microbes (31, 32).   

 

The ethanol metabolite acetaldehyde and tobacco-specific nitrosamines and aromatic compounds are 

considered the primary components involved in alcohol- and tobacco-induced carcinogenesis (33, 

34). Acetaldehyde has been shown to be cytotoxic and mutagenic and can accumulate in the oral 

cavity after heavy alcohol consumption (33). Alcoholic beverages can have a dehydrating effect on 

the oral mucosa and damage the outer layer of the epithelium, which disrupts its barrier function and 

can promote cell proliferation and mutagenesis (35). Hence, alcohol might act as a promoter and 

increase the risk of exposure to damaging substances found in tobacco. Nitrosamines, polycyclic 

carbons, and aromatic amines in tobacco can bind to DNA and cause DNA adducts that in turn leads 

to mutations and dysregulation of oncogenic or tumor-suppressor pathways (15, 22). In Paper II, we 

used the synthetic progenitor carcinogen 4-nitroquinoline 1-oxide (4NQO) to induce oral 

carcinogenesis in mice (36). Like tobacco carcinogens, 4NQO metabolites can cause DNA adducts, 

as well as induce DNA-damaging reactive oxygen species (37), that induces similar histological 

changes and genetic alterations in mice as those observed in human OSCC (38, 39).  

 

1.1.3 Histopathology and clinical features 

OSCC develops from normal epithelium through the accumulation of genetic alterations, which over 

time can result in malignant transformation of the epithelial cells (40). The molecular landscape of 

OSCCs is generally heterogenous and display a range of somatic mutations (41, 42). Mutations in the 

tumor suppressor gene TP53 is found in nearly 80% of HPV-negative OTSCCs, and epidermal 

growth factor receptor (EGFR) overexpression is found in nearly 60% of OSCCs (40, 42). Altered 

expression of other genes and pathways, such as CDKN2A, p16, PIK3CA, CCND1, and FAT1 have 

also been indicated as drivers of oral carcinogenesis (40, 42). A gradual transition of normal tissue is 

evident in a series of increasingly severe histopathological changes, ranging from different grades of 

oral epithelial dysplasia to development of invasive OSCC. Clinical signs of altered epithelium that 

can progress into cancer are red (erythroplakia) or white (leukoplakia) areas of the oral mucosa. 

Leukoplakia is the most common type of oral potentially malignant diseases (OPMD) and is generally 
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asymptomatic (43). The malignant potential of OPMDs is determined by the histological diagnosis 

(44). Oral epithelial dysplasia is graded as mild, moderate, or severe based on the extent of 

architectural changes in the epithelial layers and the presence of atypic cytological features (45). Due 

to variable reproducibility and subjectivity in grading of dysplasia, the three-tier system can be 

supplemented with a binary grading into low- and high-risk dysplasia, in which the latter combines 

moderate- and high-grade dysplasia (46). A higher dysplasia grade is believed to have a higher 

potential for malignant transformation, but the risk stratification of OPMDs is not well defined (44). 

Indeed, most OPMDs do not develop into cancer and dysplasias can regress without intervention.  

Invasive OSCC is established once malignant cells have invaded into the underlying tissue beyond 

the basal membrane. Tumor cells can invade into the tissue in different ways, presenting as a 

delineated pushing border, strings of tumor cells penetrating the surrounding tissue or small clusters 

of tumor cells (47). Macroscopically, OSCCs appear as flat (endocytic) or elevated (exophytic) 

growths that can present with non-healing wounds and ulceration (48). As the tumor progresses, more 

severe symptoms such as pain and bleeding may appear and depending on the tumor site, patients can 

experience loosening of teeth and difficulties with chewing and swallowing. OSCCs frequently 

metastasize to draining lymph nodes in the head and neck, which is often detected as a lump on the 

neck on the same side (ipsilateral) or both sides of the neck (contralateral) (48). About 40% of the 

patients present with lymph node metastasis at the time of diagnosis, which is critically linked to an 

adverse prognosis (7). Metastasis to other organs is a dismal prognosis, though less common (49).  

Compared to other malignancies, OSCC patients are highly prone to developing second primary 

tumors (50). This phenomenon is explained as field cancerization, which refers to areas with 

genetically altered cells near the primary tumor that can give rise to new primary tumors (51, 52). 

Other second tumors can arise from residual cancer cells after surgical removal of a primary tumor 

and is referred to as local recurrence.  

 

1.1.4 Prognostic factors 

The main prognostic tool in OSCC is the TNM classification system, which uses the size and depth 

of invasion (DOI) of the primary tumor (T), the extent of spread to regional lymph nodes (N), and 

presence of distant metastasis (M) to determine the disease stage (Table 1) (4). DOI of the primary 

tumor and extranodal extension, the latter referring to the spread of metastatic cells outside the lymph 

node capsule, was first introduced in the current 8th TNM edition (53). TNM stage ranges from stage 

I-IV and is strongly associated with patient prognosis. Early-stage OSCC (stage I-II) typically confer 
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a better prognosis compared to more advanced disease (stage III-V), but clinical outcomes and 

treatment responses may vary even among patients with same-stage tumors (3, 54, 55).  

Table 1. Eighth edition of the TNM classification of malignant tumors of the oral cavity (4).  

Primary tumor  

T1 Size ≤2cm, DOI ≤5mm 

T2 Size ≤2cm, DOI 5-10mm, or size >2-4cm, DOI ≤10mm 

T3 Size >4cm or DOI >10mm 

T4a/b Tumor invades adjacent structures subclassified as (a) moderately- and (b) advanced 

local disease  

Regional lymph node metastasis 

N0 No regional lymph node involvement 

N1 Ipsilateral, single ≤3cm and no extranodal extension 

N2a/b/c (a) Ipsilateral, single >3-6cm, (b) Ipsilateral, multiple ≤6cm, or (c) bilateral, ≤6cm 

and no extranodal extension 

N3 >6cm and no extranodal extension, or any N with extranodal extension 

Distant metastasis  

M0 No distant metastasis 

M1 Distant metastasis 

Stage group  

Stage I T1, N0, M0 

Stage II T2, N0, M0 

Stage III T3, N0, M0, or T1-T3, N1, M0 

Stage IVA/B/C Any T4, Any N2-N3, M1 

 

Grading of OSCC differentiation is often used in addition to the TNM system to predict patient 

outcome (WHO Classification of Head and Neck tumors (48, 56). Tumors are graded as well, 

moderate, or poor, based on the degree to which the cancer cells resemble normal epithelial cells (48). 

Most OSCCs display well or moderate differentiation (5). Poorly differentiated tumors are considered 

the most adverse, however, a strong correlation between differentiation grade and clinical outcomes 

in OSCC patients is lacking (54, 57). 

Histological parameters describing interactions between the tumor and the host tissue has shown 

promise for risk stratification of OSCC patients, such as tumor invasion patterns, vascular and neural 

invasion, and infiltrating lymphocytes (47, 55, 58). Tumor budding refers to the presence of single 
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cells or small clusters of cells within the stroma at the invading tumor front and has been associated 

with poor prognosis (54, 59, 60). According to the worst pattern of invasion (WPOI) grading, larger 

clusters of invading cancer cells also indicate high-risk invasive patterns and are associated with poor 

clinical outcomes (61). The prognostic value of a multifactorial histopathological risk-assessment 

score including WPOI, perineural invasion, and lymphocytic infiltrate has also been proposed but 

produced varying results across studies (47, 54, 62). Recently, immune biomarkers have shown 

independent effects on OSCC patient survival. Tumors with a prominent lymphocytic infiltrate, and 

particularly high densities of T cells expressing cluster of differentiation (CD)3, CD8, and CD4, are 

associated with favorable patient outcomes (63-67). OSCC patients with tumors nearly devoid of 

immune cells have poor prognosis (68). The presence of other immune cell types, such as natural 

killer (NK) cells, macrophages, and regulatory T cells (Tregs) has also been shown to predict patient 

prognosis in OSCC  (66, 69-71).  

Many potential biomarkers have been explored to identify OSCC patients at higher risk of adverse 

disease, but none of them have been implemented into clinical routine. The clinical application of 

histological parameters is often limited by poor inter-operator reproducibility, and the TNM 

classification system can only be used to assess the anatomical extent of the disease. Other prognostic 

markers that better describes the tumor-host relationship in the TME could be valuable for guiding 

clinical decisions in combination with TNM staging and histological features.  

 

1.1.5 Treatment and treatment-related side effects 

The primary choice of treatment for OSCC is surgery when the tumor is not metastasized, while 

locally advanced and advanced-stage disease is often treated with surgery combined with adjuvant 

radiotherapy with or without chemotherapy (72). Neoadjuvant radiation or radio-chemotherapy is 

sometimes used to shrink large tumors before surgery. In some patients with advanced-stage disease, 

standard treatment can be combined with targeted approaches, including inhibitors of oncogenic 

pathways and immunotherapy (73, 74). Side-effects related to OSCC treatment can severely impact 

the patients’ quality of life and may include impaired speech, swallowing, and chewing after oral 

surgery, as well as facial deformation and dental health problems (75). Complications after 

radiotherapy can include inflammation and painful ulcers of the oral mucosa, which may lead to an 

increased susceptibility to oral infections (76). Irradiation of salivary glands and bone can also have 

debilitating effects, causing mouth dryness and problems with eating, and irreversible bone necrosis 

(osteoradionecrosis), respectively (77). Physical treatment-related side effects can influence the 
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patients’ psychological health and social interactions (78), which may lead to isolation, anxiety, and 

depression.  

Besides the patient’s health status and individual desires, the treatment of OSCC is largely determined 

by the clinical, pathological, and radiological findings that form the basis for the TNM staging (79). 

Tissue biopsies and clinical examination of the primary site is used to set the diagnosis of a suspected 

malignancy in the oral cavity, determine the extent of the tumor once verified, as well as assessing 

operability. Different imaging techniques can be used to assess the primary tumor size and DOI and 

to determine lymph node involvement. This includes ultrasound, computed tomography (CT), and 

magnetic resonance imaging (MRI) for anatomical imaging, and functional positron emission 

tomography (PET) imaging which enables the detection of metabolically active cells by using 

radioactive tracers (79).  

 

1.2 Tumor microenvironment 

From the earliest systematic descriptions in the late 19th century, solid tumors were regarded as 

masses of cells that acquired properties that enable uncontrolled growth (80). Consequently, cancer 

research was initially focused on the genetic alterations within the malignant cells which were 

believed to be sufficient for cancers to develop (81). Over time, it became evident that tumor cells 

could be affected by the local tissue microenvironment. The concept of the tumor microenvironment 

(TME) as an active player in tumor progression is now widely recognized and constitute the 

interactions between the cancer cells, non-cancerous resident and recruited cells, the soluble 

molecules produced by these cells, and the extracellular matrix ECM) (82) (Fig.2).  

Due to the increased demand for energy and biomass in the growing tumor, the TME features altered 

physiological conditions, such as low oxygen levels (hypoxia) in the tumor center, low pH and high 

interstitial pressure. Alterations in metabolic pathways are also common in tumors, including 

increased glucose uptake and altered fatty acid metabolism (82).  



 

8 

 

Figure 2. Components of the tumor microenvironment. The major components that form the tumor 

microenvironment (TME) in solid tumors are the cancer cells, cancer-associated fibroblasts (CAFs), innate 

and adaptive immune cells, cytokines and chemokines (secreted or surface expressed), and the tumor 

vasculature, all embedded within an extracellular matrix (ECM). Inspired by Zhang, J., and Veeramachaneni, 

N. (83). Created with BioRender. 

 

Cancer-associated fibroblasts (CAFs) are an abundant cell type in the tumor stroma and share 

similarities with normal fibroblasts during wound healing and inflammation (84). Fibroblasts are 

essential for tissue repair and regeneration, but remodeling of the tumor stroma by CAFs can promote 

the survival and invasion of tumor cells (85, 86). CAFs can also stimulate the formation of new blood 

vessels, known as angiogenesis (87, 88). Other major cell types in the TME includes various types of 

immune cells and the endothelial cells forming the tumor vasculature and lymphatics. The following 

sections will focus on tumor-infiltrating immune cells, their organization within the TME, and the 

specialized tumor vasculature mediating immune cell recruitment.  

 

1.2.1 Tumor-infiltrating immune cells 

The cells of the immune system are tailored to protect the host from pathogens and harmful substances 

from the outside environment, as well as eliminating abnormal cells within the host that are 

recognized as non-self. Due to the potential damaging effects of an ongoing immune response to the 

affected tissue, the immune response needs to be tightly regulated. In the cancer setting, the TME 
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comprise immune cells with tumor-suppressive and tumor-promoting properties, the so-called tumor 

immune microenvironment 

1.2.2 Anti-tumor immunity  

Mutations or dysregulated genes within tumor cells result in the production of abnormal or 

inappropriately expressed proteins, often referred to as neoantigens or tumor antigens (89). Tumor 

antigens are captured at the tumor site by antigen-presenting cells specialized in processing of 

intracellular antigen, such as dendritic cells (DCs). The DCs migrate to the draining lymph node via 

the lymphatic system and present processed antigen on major histocompatibility complex (MHC) 

molecules, MHC I and/or MHC II, to naïve CD8+ and CD4+ T cells, respectively (90). This 

interaction leads to the priming and activation of antigen-specific T cells. The CD4 T helper 1 (Th1) 

subset provides the necessary co-stimulatory signals for activation of CD8+ cytotoxic T lymphocytes 

which then undergo clonal proliferation (91). The cytotoxic T cells leave the lymph node and enter 

the tumor where they recognize and eliminate cancer cells expressing the specific antigen on MHC I 

by perforin/granzyme-mediated lysis or induction of apoptosis via Fas-Fas ligand (FasL) interaction 

(92). Tumor-infiltrating CD8+ T cells are the most important host-protective cells against cancer.  

CD4+ T cells are typically abundant in solid tumors and are important for driving and enhancing 

cytotoxic CD8+ T cell responses (93). CD4+ T cells can differentiate into various subtypes with 

diverse functions in the TME, such as interleukin (IL)-17 expressing Th17 cells and FoxP3+ 

regulatory T cells (Tregs) (94, 95). Tumor-reactive CD4+ T cells with cytotoxic activity have also 

been found in murine tumors (96-98). In the lymph node, CD4+ T helper 2 cells are important for 

activation of humoral immunity mediated by B cells. Once activated, B cells undergo clonal 

expansion within lymphoid follicles and mature within newly formed germinal centers (GCs). 

Selection of high-affinity B cells takes place in the GCs and is assisted by CD4+ T follicular helper 

cells (Tfh) and follicular DCs (FDC) (99). This process leads to the generation of antibody-producing 

plasma cells (100). Antibodies coating the surface of tumor cells can lead to the elimination of cancer 

cells by phagocytosis or release of cytotoxic granules by innate immune cells, such as macrophages, 

neutrophils and natural killer (NK) cells (101). The role of tumor-infiltrating B cells is not well 

defined. However, their presence in the TME seems to favor anti-tumor responses and inflammation 

(102-104), and they are often aggregated with T cells in lymphoid follicle-like structures (discussed 

in more detail in section 1.4) (105).  

In addition to their phagocytic activity, cells of the innate immune system are crucial for the activation 

of adaptive immunity. Classically activated tumor-associated macrophages (TAMs), known as M1 

TAMs, mediate recruitment of DCs to the tumor site, aiding in the initiation and acceleration of anti-
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tumor immune responses. Antigen-presentation and release of proinflammatory cytokines by M1 

TAMs also promotes T cell function within the TME (106).  

1.2.3 Tumor promoting immunity 

Suppression of the anti-tumor immune response by regulatory immune cells promotes tumor immune 

evasion and progression. CD4+FoxP3+ Tregs are key players in maintaining self-tolerance and 

dampening of immune responses (107). Maintaining tolerance is especially important in the oral 

cavity, which is inhabited by commensal microbes and is constantly exposed to allergens and foreign 

substances from food and the external environment (108). By expressing the inhibitory receptor 

Cytotoxic T lymphocyte-associated antigen (CTLA-4), which competes with antigen-presenting cells 

(APCs) for binding co-stimulatory ligands on T cells, Tregs can hinder the activation of tumor-

reactive T cells (109). Release of anti-inflammatory cytokines, such as IL-10, IL-15, and TGFβ, can 

also inhibit effector T cell functions (110, 111). Within the TME, the release of cytokines by CD4+ 

Th2 cells, granulocytes and tumor cells, such as IL-4, IL-13, colony stimulating factor (CSF) and 

TGFβ, can drive the polarization of M1 macrophages to M2 TAMs with immunosuppressive 

functions (112-115). Similar to Tregs, M2 macrophages can induce T cell dysfunction by producing 

suppressive cytokines. Hypoxic conditions within the TME also promotes M2 TAMs (116). Other 

tumor-promoting cell types in the TME, such as regulatory B cells (Bregs) and myeloid-derived 

suppressive cells (MDSCs) have been identified in human cancers (117, 118) and have been shown 

support the induction of Tregs from resting CD4+ T cells (117, 119) and/or exert inhibitory activity 

to T cells (120-123).  

The dynamic nature of the TME is evident in the changes that occur over time – at early stages of 

tumor development, the microenvironment is tumor suppressive, while in late-stage tumors the 

microenvironment tends to promote tumor progression (124). The pressure of the anti-tumor immune 

system at early stages drives the adaptation and selection of cancer cells that can escape recognition, 

which is further promoted by immunosuppressive cells. Effective ways for cancer cells to evade 

elimination is to downregulate MHC I and upregulate inhibitory molecules, such as the programmed 

death ligand 1 (PD-L1) (125). Binding of PD-L1 on the cancer cells with its receptor PD-1 on T cells 

causes T cell dysfunction. Upregulation of FasL by the tumor cells can also induce apoptosis in tumor-

reactive T cells carrying the Fas receptor (126). The entry and migration of tumor-reactive 

lymphocytes into the tumor can also be restricted by the tumor vasculature and stroma (125).  
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1.3 Tertiary lymphoid structures 

In some tumors, TILs can be found in organized immune aggregates known as tertiary lymphoid 

structures (TLSs) (127) (Fig.3). TLSs share many morphological and functional features with 

lymphoid follicles in secondary lymphoid organs (SLOs), particularly lymph nodes, and consist of a 

B cell follicle surrounded by a T cell zone. FDCs and mature DCs are typically found within the B- 

and T cell zone, respectively, and a specialized type of post-capillary venules termed high-endothelial 

venules (HEVs) are found in the vicinity of the TLS (105) (Fig.3). In contrast to lymph nodes, which 

develop embryonically and mature during the postnatal period (128), TLSs are inducible and develop 

in tissues affected by chronic inflammation, including autoimmune diseases, infection, transplant 

(allograft) rejection, and solid malignancies (105). TLSs are generally associated with increased 

severity in inflammatory conditions (129), while the presence of TLS has been identified as a positive 

prognosticator in various cancer types, including OSCC (130-134). 

Figure 3. Schematic representation of tertiary lymphoid structure. Mature tertiary lymphoid structures 

(TLS) are formed in non-lymphoid tissues following prolonged antigen exposure. TLSs are organized into 

clusters of T and B cells, along with mature and follicular dendritic cells (DCs), and resemble lymphoid 

follicles found in lymph nodes. High endothelial venules (HEVs) are found in the periphery of the TLS. TLSs 

facilitate the activation of CD4+ and CD8+ effector T cells, and the maturation and differentiation of B cells 

within germinal centers, leading to the generation of high affinity antibodies by plasma cells and memory B 

cells. Inspired by Fridman et al. (105). Created with Biorender.  
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Accumulating evidence suggest that TLSs serve as local sites for activation of humoral and cell-

mediated immunity (105). TLSs likely facilitate the interaction between naïve or memory T cells with 

antigen-presenting DCs (135). Because TLSs lack a capsule separating them from the surrounding 

tissue, they might also be exposed to unprocessed antigens (127). Most B cells in the TME are 

confined to TLSs (105) wherein they have been shown to express the transcription factor B cell 

lymphoma 6 (BCL-6) (131, 136) and the enzyme (activation-induced) cytidine deaminase (137), 

which are important for GC formation and generation of high affinity antibodies, respectively (138-

140). Activated CD4+, CD8+, and tumor reactive CD8+ T cells have also been identified within TLSs 

(141-144), suggesting that the TLSs can facilitate antigen-specific immune responses independently 

of SLOs at the tumor site. However, the development and function of TLS in cancers is not fully 

understood. For instance, different areas of the tumor might have different susceptibilities for TLS 

formation as TLSs are more frequently found in the tumor-periphery and/or invasive front in different 

cancers (ref). Furthermore, the composition of TLSs differ depending on the degree of maturation 

(105) and some tumors lack or have low numbers of TLSs (131, 145), suggesting that some tumors 

might harbor a TME that is insufficient or restrictive for TLS development.  

 

1.4 Tumor vasculature 

Angiogenesis is a hallmark of cancer and describes the formation of new blood vessels from the 

preexisting capillary network at the tumor site (82). Angiogenesis is crucial for the growth and 

survival of tumor cells by providing oxygen and nutrients while removing metabolic waste products. 

Tumors can also obtain sufficient blood supply by other means, such as growing along existing blood 

vessels, a concept known as vessel co-option (146), or by vascular mimicry in which the tumor cells 

trans-differentiate and assume endothelial-like properties (147). Vascular endothelial growth factor 

A (VEGF-A) is the most important angiogenic stimulant, which upon binding to VEGF receptors 

(VEGFR) 1 and 2 on endothelial cells triggers their proliferation and organization into vascular tube 

structures (148). In their normal state, endothelial cells display little to no proliferative activity and 

are one of the most quiescent cells of the body (149). In response to the increasing need for new blood 

vessels in a growing tumor, angiogenesis is accelerated by the upregulation of VEGF-A and other 

pro-angiogenic factors by various cells in the TME, including tumor cells, macrophages and 

neutrophils (150). Hypoxia also triggers angiogenesis via hypoxia-inducible factor 1 (HIF1) -

mediated upregulation of VEGF-A and VEGFR2 (151, 152).  
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The resulting new vasculature is often leaky and disorganized, which causes increased interstitial 

pressure within the tumor and worsen the hypoxia due to poor diffusion (148). The abnormal tumor 

vasculature itself and the resulting conditions within the TME favors tumor progression and presents 

challenges to effective cancer therapy. For instance, tumor endothelial cells can inhibit the function 

of tumor-infiltrating T cells by upregulating PD-L1 and FasL (125). Tumor endothelial cells also 

become anergic and display reduced expression of cytokines, chemokines, and adhesion molecules 

that are important for the recruitment of immune cells to the tumor site (153). Hence, reducing the 

efficacy of immunotherapies aimed at boosting the patients’ anti-tumor immune response.  

 

1.5 High endothelial venules 

High endothelial venules were first described in the late 1890s in the lymph node of macaques by 

their unique morphology, featuring irregularly shaped, plump and cuboidal high endothelial cells 

(HECs) (154) (Fig.4A). The characteristic morphology of these venules distinguishes them from the 

flat endothelium found in blood- and lymphatic vessels although they share some pan-endothelial 

markers such as CD31 and vascular endothelial (VE)-cadherin (155). HEVs are post-capillary 

venules present in most SLOs, including lymph nodes, tonsils, and Peyer’s patches (PPs), as well as 

less discretely defined lymphoid aggregates associated with mucosal surfaces in the gut, bronchus, 

and nasopharynx (156). HEVs serve a specialized role in facilitating the entry of circulating naïve 

and memory lymphocytes into these tissues. This occurs through a multistep process mediated by 

chemokines, adhesion molecules, and lymphocyte-homing ligands that are expressed on the HEV 

endothelium (157). HEVs in various SLOs differ in their expression of lymphocyte homing ligands 

(158). Among these, the HEVs in peripheral lymph nodes (pLNs) are the most widely studied.  

1.5.1 HEV development and function in lymph nodes 

HEV development is initiated at the fetal stage and is critically dependent on the interaction between 

stromal lymphoid tissue organizer (LTo) and -inducer (LTi) cells. LTi cells are attracted to the 

developing lymph node by resident LTo cells and engage the lymphotoxin (LT) beta receptor (LTβR) 

on the LTo cells through the ligand LTα1β2 (159). This interaction leads to the secretion of lymphoid 

chemokines such as C-C motif ligand (CCL)19, CCL21, C-X-C motif ligand (CXCL)12 and 

CXCL13, and expression of adhesion molecules, including mucosal addressin cell adhesion molecule 

1 (MAdCAM-1), intercellular- and vascular cell adhesion molecule 1 (ICAM-1 and VCAM-1, 

respectively) (156). In turn this trigger the aggregation of the LTo and LTi cells into organized 

clusters, which form the basis of the T and B cell zones in the mature lymph node, concomitant with 

development of the lymph node vasculature, including HEVs (160). 
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A defining feature of fully differentiated LN-HEVs is the expression of Peripheral node addressin 

(PNAd). PNAd is expressed at low levels in LN-HEVs after the first 24 hours in newborn mice, and 

its expression increases significantly at 2-7 days postpartum (158, 161). In utero, murine LN-HEVs 

are detected by MAdCAM-1. Until two weeks after birth LN-HEVs are double-positive for 

MAdCAM-1 and PNAd, after which MAdCAM-1 expression starts to decrease. pLN-HEVs in adult 

mice predominantly express PNAd while HEVs in mesenteric lymph nodes retain high expression of 

both MAdCAM-1 and PNAd (158). HEVs in Peyer’s patches are unique in that they mostly express 

MAdCAM-1. PNAd is critical for the function of LN-HEVs and serves as a ligand for L-selectin, the 

homing receptor expressed by lymphocytes (Fig.4B) (162).  

PNAd describes a set of glycoproteins on the HEV surface, often termed HEV sialomucins, that are 

decorated with O- and N-glycans containing the terminal modification 6-sulfo sialyl Lewis X (6 sulfo 

sLeX) (Fig.4C) (157). 6 sulfo sLeX is comprised of four covalently linked monosaccharides with a 

sulfate group on the N-acetylglucosamine (Fig.4C) (163, 164). PNAd is detected by antibodies 

against the Mouse Endothelial Cell Antigen (MECA-79) epitope (Fig.4C) and have been identified 

on several HEV sialomucins, such as CD34, GlyCAM-1 (rodent only, pseudogene in humans), 

endomucin, nepmucin, podocalyxin, and MAdCAM-1 (157, 165). Post-translational glycosylation of 

HEV sialomucins is dependent on the catalytic activity of several Golgi glycosyltransferases (166). 

The terminal 6 sulfo sLeX is catalyzed by sialyltransferases (167), fucosyltransferases (168), and N-

acetylglucosamine-6-O-sulfotransferases (GlcNAc6ST) (169, 170) (171, 172). Sulfation by 

GlcNAc6ST-1 and -2 enzymes, encoded by Chst2 and Chst4, respectively, is crucial for the 

generation of PNAd in HEVs (171, 172). 
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Figure 4. (A) High endothelial venules (HEVs) are composed of characteristic plump and cuboidal 

endothelial cells ensheathed with pericytes. In peripheral lymph nodes (pLNs), fully differentiated HEVs 

express the specific marker Peripheral Node Addressin (PNAd) which distinguishes them from other blood- 

and lymphatic vessels in the lymph node. Homeostatic LN-HEVs also express relatively high levels of N-

acetylglucosamine-6-sulfotransferase 2 (GlcNAc6ST-2), lymphotoxin beta receptor (LTβR) and low levels of 

Mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) (173). (B) PNAd describes a set of 

glycosylated proteins with a mucin-like domain, termed HEV sialomucins, that carry a specific terminal glycan 

modification. Interaction between PNAd and the lymphocyte homing receptor L-selectin mediates lymphocyte 

tethering and rolling along the HEV lumen and is the initial step in the multicascade process of lymphocyte 

extravasation (diapedesis) (C). The structural determinant within PNAd is the 6 sulfo sialyl Lewis X moiety 

(6 sulfo sLeX), which is composed of N-acetylglucosamine (GlcNAc) with a sulfate group at the carbon in 

position 6, fucose (Fuc), and sialic acid (Sia). Catalytic activity of specific Golgi glycosyltransferases is 

important for the synthesis of 6 sulfo sLeX, and includes a2,3-sialyltransferases (St3gal4 and St3gal6), a1,2-

fucosyltransferases (Fut4 and Fut7), N-acetylglucosamine-6-O-sulfotransferases (GlcNAc6ST) 1 and 2 (Chst2 

and Chst4). 6 sulfo sLeX is present in the extended core-1 and core-2 of biantennary O- and N-linked glycans 

that attaches to HEV sialomucins via serine/threonine (Ser/Thr) or asparagine (Asn) residues, respectively. 

The Mouse endothelial cell antigen (MECA) 79 epitope overlaps with 6 sulfo sLeX in the core-1 extension. 

Inspired by Blanchard, L. and Girard J.P (154), Rodriguez et al. (174), and Menzel et al. (175). Created with 

BioRender. 

Homing of lymphocytes to the lymph node parenchyma is initiated by the interaction between PNAd 

and L-selectin causing the lymphocytes to tether and roll along the luminal surface of the HEV wall. 

Luminal expression of chemokines CCL19, CCL21, CXCL12, and CXCL13 is required for the 

lymphocytes to stick to the HEV wall via their cognate receptors, while firm adhesion is mediated by 

binding of ICAM-1 to the lymphocyte function-associated antigen 1 (LFA1) integrin on lymphocytes 

(154). Conformational activation of LFA-1 is induced by chemokine signaling and shear forces (176). 
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The lymphocytes then crawl along the HEV surface and transmigrate through the HEV endothelium 

via specific exit ramps (177). Compared to the tight junctions in other blood vessels, HEVs display 

discontinuous junctions allowing paracellular migration (178, 179). Transmigration of lymphocytes 

through HEV endothelial cells have also been observed (177). While PNAd expressed on the HEV 

lumen mediate lymphocyte tethering and rolling, the role of PNAd expressed on the abluminal side 

of LN-HEVs is not fully understood but appear to be involved in the migration of lymphocytes after 

they have entered the lymph node (177). 

1.5.2 HEVs in cancer 

PNAd-expressing vessels with a similar phenotype to LN-HEVs have been found in various human 

solid tumors (180, 181), including OSCC (182-186). Compared to classical tumor angiogenesis that 

promotes tumor growth, the formation of TA-HEVs has been associated with tumor regression in 

cancer patients and in mice (187-190). The role of HEVs within the TME is believed to be similar to 

their function in SLOs. In patient tumors, the presence of TA-HEVs is associated with increased 

numbers of TILs and they are often found within dense lymphocytic infiltrates, sometimes organized 

into TLS (180, 186, 191-193). A recent systematic review and meta-analysis comprising 1933 cancer 

patients found that TA-HEV positive tumors was correlated with prolonged overall- and disease-free 

survival, while negatively associated with lymph node- and distant metastasis (181). OSCC patients 

with TA-HEV positive tumors have also been shown to have longer survival than those with TA-

HEV negative tumors (186), and the presence of TA-HEVs correlated with increased numbers of T 

and B cells (194). Yoshida et al. found that TA-HEVs in OSCC tumors were closely associated with 

CD4+ and CD8+ T cells, which also adhered to the TA-HEV lumen (182), supporting that TA-HEVs 

recruit lymphocytes into OSCCs. Furthermore, TA-HEVs in murine tumors have been shown to 

mediate lymphocyte rolling in vivo(195). The function of TA-HEVs in human cancers inevitably rely 

on correlative findings from tissue samples and remains unclear.  

In contrast to the reported survival benefit of TA-HEVs in OSCC patients, Lee. et al found that the 

presence of dilated, flat-walled HEVs in tumor-draining lymph nodes in OTSCC patients was 

associated with an unfavorable prognosis (185). Similar HEV phenotypes have been observed in the 

lymph node of tumor-bearing mice and correlated with reduced lymphocyte adhesion to the HEV 

wall (196, 197). This suggests that HEVs might serve as a gateway for disseminated tumor cells and 

play a role in OTSCC metastasis.  

TA-HEVs have been found more frequently in early-stage tumors (T1/T2) than advanced tumors (T3-

T4) in OSCC patients (182, 186). Among late-stage tumors, Wirsing et al. found that two thirds lacked 



 

17 

TA-HEVs (186). They also found that the phenotype of TA-HEV varied based on the surrounding 

inflammation; in less inflamed areas of the tumor, TA-HEVs often had a flat vessel wall with patchy 

PNAd expression and a dilated lumen, while in highly inflamed regions they more closely resembled 

differentiated HEVs in lymph nodes. Heterogenous PNAd expression in TA-HEVs have also been 

reported in melanoma and breast cancer tissues (145, 188). This suggest that factors within the TME 

might influence the phenotype of TA-HEVs, which differs at different stages of tumor progression. 

The regulation of TA-HEV development in cancer is not fully understood but appears to depend on 

some similar cues as HEVs in lymph nodes. Positioned in the paracortex and cortical-paracortical 

junction in the lymph node, HEVs are closely associated with lymphocytes, DCs, and a supportive 

network of fibroblastic reticular cells (FRCs) (178). Signaling from their surroundings is important 

for maintaining a differentiated HEV phenotype, especially DCs which produce the ligands LTα1β2 

and LIGHT engaging the LTβR on the HEVs (198-203). Disruption of this signaling leads to 

dedifferentiation of the LN-HEV vasculature (175, 198, 204). A similar remodeling of LN-HEVs 

occur in response to inflammation and infection, whereby the HEVs temporarily loses their 

characteristic morphology and downregulate PNAd (173, 205). While DCs appear to be redundant 

for TA-HEV development (206), signaling via the LTβR has been shown to be important for TA-

HEV induction in various mouse tumors (195, 207-211). Others have also proposed a role for the 

TNF receptor in TA-HEV formation (174, 206, 212). The primary sources of key ligands for LTβR 

or TNFR-mediated induction of TA-HEVs in tumors are not well defined but seems to involve tumor-

infiltrating immune cells (206, 207, 212).   

The mechanisms that drive the formation of TA-HEVs are not fully understood and it remains unclear 

how the TME permits or restricts TA-HEV development and stability during tumor progression. A 

deeper understanding of TA-HEV neogenesis could identify potential targets and permit the 

development of strategies aimed at inducing TA-HEVs, potentially improving anti-tumor responses 

and outcomes in cancer patients.  
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2 Aims 

The overall aim of this project was to gain a better understanding of TA-HEV development and how 

their interaction with the surrounding tumor microenvironment shapes their phenotype. To study this, 

we used human OTSCC tissues with corresponding clinical data, mouse models of OTSCC and 

endothelial cells in culture. Specifically, we wanted to:  

1) Determine whether TA-HEVs are independent positive prognosticators in human OTSCC and 

assess their prognostic value in combination with immunosuppressive Tregs and TAMs 

(Paper I). 

2)  Characterize the lymphocytic infiltrate and HEVs in the 4NQO mouse model of oral 

carcinogenesis (Paper II). 

3) Analyze the development and regulation of HEVs in the tumor microenvironment using the 

established 4NQO mouse model and human OTSCC tissues (Paper III).  
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3 Results – Summary of Papers 

Paper I – FoxP3+ Regulatory T cells were independent predictors of disease-free survival in 

oral tongue squamous cell carcinoma whereas tumor-associated CD163+ macrophages and -

high endothelial venules were not.  

 
Manuscript 

 

 

A high TA-HEV score was associated with improved survival in OTSCC patients, while a high FoxP3 score 

conferred poor prognosis. The combination of a high TA-HEV- and low FoxP3 score identified patients with 

superior five-year disease-specific survival. 

In Paper I, we wanted to assess the prognostic value of TA-HEVs in OTSCC as an individual marker, 

and in combination with immunosuppressive TAMs and Tregs. We performed immunohistochemical 

staining for PNAd, CD163, and FoxP3 of tumor tissue from 126 OTCC patients. The number of cells 

or vessels were counted within five hot-spot areas in each tumor section and a low and high score 

was generated for each of the markers using the first quintile (20%) and the second through fifth 

quintile (80%) as a cut-off for low and high score, respectively. We analyzed the correlation between 

the score (high versus low) for each of the markers with clinicopathological parameters and found 

that a high FoxP3 score was significantly associated with larger tumors (T3) and a higher five-year 

DSS rate than FoxP3 low tumors. The five-year DSS rate for patients with TA-HEV high tumors was 

significantly lower than for those with TA-HEV low tumors. CD163 score was not associated with 

OTSCC prognosis in this cohort. A high density of FoxP3+ cells was significantly, and 

independently, associated with an increased risk of disease-specific death, suggesting applicability as 

a prognostic biomarker in OTSCC patients. TA-HEV high tumors were associated with significantly 

longer five-year DSS in univariate analysis but not as an independent factor. The combination of a 

high TA-HEV and low FoxP3 score identified patients that did not experience death during the five 

years after diagnosis. Conversely, low TA-HEV- and high FoxP3 scores was associated with 

particularly poor prognosis. In conclusion, FoxP3 score had an independent effect on OTSCC 

prognosis, and a combined assessment of TA-HEVs and FoxP3+ Tregs could effectively stratify 

patients with particularly good or poor prognosis.  
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Paper II – 4-Nitroquinoline 1-oxide-induced oral epithelial lesions exhibit time- and stage-

dependent changes in the tumor immune microenvironment.   

Published 

 

Whole-slide images of the tongues were divided into seven sectors representing different sublocations, which 

were assessed for the density of HEVs and lymphocytes. HEVs were present in tongues presenting with 

normal/hyperplastic epithelium, dysplastic lesions and SCC.  

In Paper II, we aimed to characterize the quantity and distribution of HEVs and the lymphocytic 

infiltrate in different stages of oral carcinogenesis in the 4NQO mouse model. The 4NQO carcinogen 

was administered in the drinking water of immunocompetent mice for 16 weeks and animals were 

sacrificed at different timepoints during a 12-week follow-up period. Immunohistochemistry was 

performed on consecutive serial sections of the tongue to detect the immune cell markers CD4, CD8, 

FoxP3 and B220, and the HEV-specific marker PNAd. We used a novel approach to evaluate the 

presence of each of the markers in epithelial lesions located in different areas of the tongue presenting 

with different histological grades. 4NQO exposure induced epithelial lesions of varying severity on 

the tongue, including low-grade dysplasia, high-grade dysplasia and SCC. The density of 

lymphocytes and HEVs increased with time after 4NQO-exposure and the distribution corresponded 

to the site of epithelial lesions, but only HEVs increased significantly in SCC compared to non-

malignant stages. TLSs did not develop at any time point. We used PET/MRI to evaluate its 

applicability to identify epithelial lesions on the tongue and lymph node metastasis. PET/MRI 

imaging showed active uptake of [F18]-FDG in the tongue of four 4NQO-exposed mice, and the 

presence of epithelial lesions was verified by IHC. Strong PET-signal in the lymph nodes was due to 

reactive changes, suggesting that more tumor-specific radiotracers are needed to discriminate 

between reactive lymph nodes and metastasis. To conclude, HEVs formed independently of TLS 

during both non-malignant and malignant stages of 4NQO-induced oral carcinogenesis and was 

accompanied by infiltrating lymphocytes.  

 

 



 

24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

25 

Paper III – Tumor-associated high endothelial venules in oral squamous cell carcinoma can be 

distinguished by Chst4 expression. 

Manuscript 

 

The expression of GlcNAc6ST-2 and PNAd was less abundant in TA-HEVs in human OTSCC than in normal 

LN-HEVs, and a subset of HEVs associated with SCC in 4NQO-exposed mice lacked expression of 

GlcNAc6ST-2 mRNA.  

In Paper III, we hypothesized that the OTSCC microenvironment affects the TA-HEV phenotype, 

leading to reduced expression of PNAd and the key enzyme GlcNAc6ST-2 and possibly impaired 

TA-HEV function. We investigated the protein- and gene expression of GlcNAc6ST-2 (gene Chst4) 

in TA-HEVs in human OTSCC and in HEVs associated with oral epithelial lesions using IF or IF 

combined with RNAScope. We found that the expression of GlcNAc6ST-2 and PNAd was lower in 

TA-HEVs in human OTSCCs than normal human lymph node, a subset of TA-HEVs lacked 

GlcNAc6ST-2 expression. The expression of Chst4 was absent in some HEVs associated with SCCs. 

Using the number of DAPI+ cells/µm2 as an estimate of the general immune infiltrate surrounding 

TA-HEVs in human OTSCC, we found no association between the cell density and GlcNAc6ST-2 

expression in. Transplanted tongue tumors in T cell-deficient mice lacked TA-HEVs entirely, 

whereas the density of CD11c+ cells did not seem to influence either the presence of HEVs or their 

PNAd expression level. The expression of Fut4, Chst2 and B3gnt3 was significantly upregulated in 

endothelial cells seeded on Matrigel compared to monolayer, while the expression of Chst4, Fut7, 

and Gcnt1 could not be detected in any of the tested conditions. Proteomics analysis of 79 human 

OTSCC specimens revealed that HEV-high tumors were preferentially enriched in proteins 

associated with inflammatory processes and adaptive immunity. In conclusion, the expression of 

GlcNAc6ST-2 and PNAd distinguishes LN-HEVs from TA-HEVs. GlcNAc6ST-2/Chst4 expression 

also differentiate between two TA-HEVs phenotypes in mouse and human OTSCC. TA-HEV 

formation rely on adaptive immune responses, particularly T cells.  
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4 Discussion 

4.1 Methodological considerations 

4.1.1 Patients 

Since the mobile tongue is the most common site for oral cavity cancers and has a distinct etiology 

compared to other cancers of the head and neck, such as oropharyngeal cancers linked to HPV 

infection, this thesis focuses on OTSCC. Concentrating on a homogeneous patient cohort can 

potentially minimize the contribution of biological variability from various intraoral locations.  

The OTSCC patients in Paper I and Paper III were derived from a large retrospective study, The 

Norwegian Oral Cancer Study (NOROC), comprising a total of 535 OSCC patients diagnosed in the 

period 2005-2009 at one of the four university hospitals in Norway (3). Out of the 535 OSCC patients, 

240 were diagnosed with OTSCC. All patients were followed up for at least five years after the end 

of treatment and concluded on June 1st, 2015. Only patients with histologically verified OTSCC that 

had not been formerly diagnosed with, or treated for, cancers of the head and neck region were 

included, and only when sufficient clinical data and tissue material was available. Patients who 

received pre-operative or palliative treatment was excluded. This resulted in 126 and 79 eligible 

treatment-naïve OTSCC patients for the analyses in Paper I and Paper III, respectively. Clinical 

data were collected from the patients’ hospital records, pathology reports, and the Norwegian Cause 

of Death Registry, and FFPE tissue was obtained from the archives of the Clinical Pathology 

departments at the different institutions. Bjerkli et al. previously demonstrated that the NOROC study 

cohort corresponded well with other epidemiological studies on OSCC in Europe and other western 

countries (3). Because patients that received palliative care were excluded from the cohorts in Paper 

I and III, the proportion of patients with advanced disease (stage III-IV) was lower than in the original 

NOROC study. Consequently, the patients in Paper I had longer five-year DSS compared to the 

NOROC cohort (70% versus 52%). Hence, the results from Paper I and Paper II might better reflect 

OTSCC patients with early-stage disease (stage I-II).  

To be able to compare and interpret results from different studies, it is important that the clinical and 

histopathological parameters are standardized and up to date. As such, the TNM classification of the 

patients included in Paper I and III was revised according to the newest edition (4). A limitation 

frequently encountered with retrospective studies is that the patient data and biological material is 

collected for other purposes and often lacks the standardization and quality required for research. For 

instance, some clinical parameters were missing in some OTSCC patients in the selected cohorts in 

our study, leading to their exclusion from statistical analysis which might negatively affect the 
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statistical power and precision of our results. Patient-reported parameters, such as alcohol 

consumption and smoking, often carry some uncertainty because the patients might want to 

underestimate unhealthy habits to please the physician, or they may be reluctant to share personal 

information (213). Patient tissue is a valuable and limited source of information in medical research. 

Since NOROC is a multi-center study and includes several sub-projects, FFPE tissue was not 

available from all OTSCC patients or in sufficient amounts. This resulted in fewer eligible patients 

in paper III than in paper I. 

The ethical principles outlined in The Declaration of Helsinki is considered the main framework for 

human research ethics (214). The principles state that the research involving human subjects and 

material should address relevant needs of the study group and contribute to improved health of the 

participants, including new knowledge that can improve clinical practices and outcomes. It is also 

clearly stated that the researchers and institutions must protect the subject’s privacy, confidentiality, 

integrity, and autonomy. Human research also follows national and international legal requirements 

and should only be conducted by qualified personnel with appropriate training in scientific methods 

and ethics. In adherence to this, the previously collected patient data from electronic health reports 

was anonymized and the study was reviewed to The Regional Committee for Medical and Health 

Research of Northern Norway (REK Nord) which granted approval for the study at all four hospitals 

(Protocol number REK Nord: 2013/1786 and 2015/1381). All the patients that were still alive when 

the data was collected were informed about the study in an information-consent letter approved by 

REK Nord and were given the option to participate or not at any time without reprisal. 

Reclassification from the 6th to the 8th edition of the TNM system was performed by experienced 

pathologists, and experiments and analyses were performed by trained operators or operators under 

training with supervision. To ensure complete and transparent reporting of our findings, the study in 

Paper I broadly adhered to the REMARK guidelines (215). 

OTSCC patients represent a small group of cancer patients in Norway that receive little public 

attention compared to other cancer types such as breast and prostate cancer, as well as other tobacco-

associated cancers of the upper and lower airways. This patient group is particularly vulnerable 

because many patients suffer from stigmatizing treatment-related side effects and should be shielded 

from unnecessary burden. However, in accordance with The Declaration of Helsinki, it is stressed 

that the medical and scientific communities have an obligation to ensure to ensure equal opportunities 

for underrepresented groups to participate in research (214).  
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4.1.2 Animal models of oral cancer 

One of the aims of this thesis was to characterize HEV development and the lymphocytic infiltrate 

during oral carcinogenesis, to ultimately study the regulation of HEVs in OTSCC. For this purpose, 

we chose to use the 4NQO mouse model which is a widely used model to study oral cancer (216). 

Although animal models can never perfectly replicate human biology or disease, 4NQO exposure has 

been shown to induce histological changes and mutation signatures resembling tobacco-associated 

human OSCC (39), including mutated p53, increased expression of EGFR, and decreased expression 

of p16 (39, 217). The 4NQO model enables the study of oral carcinogenesis from initiation to 

established SCC in mice with a functional immune system, which was essential for studying 

infiltrating lymphocytes and HEVs. We chose to administer 4NQO in the drinking water ad libitum, 

as this approach requires less handling of the animals compared to topical application. Although 

painting of the tongue with carcinogen could possibly induce more localized changes in the tongue 

and less exposure to the digestive tract, this method requires more handling of the animals and several 

rounds of application.  

Various other chemical carcinogens belonging to the class of polycyclic aromatic hydrocarbons or 

nitrosamines have also been used to induce oral cancer in mice, including methyl-cholanthrene 

(MCA), 7,12-Dimethylbenz[a]anthracene (DMBA), and N’-nitrosonornicotine (NNN) (216, 218). 

Combining 4NQO with arecoline, a compound extracted from betel nut, or ethanol, have been shown 

to increase the tumor burden in mice and might better represent carcinogenesis in alcohol drinkers 

and betel quid users (219, 220).  

Other methods for establishing in vivo models of oral cancer includes genetic engineering and 

transplanted tumor cells or tissues (221). Transplanting of murine oral carcinoma cells into 

genetically identical recipients (syngeneic), or transplanting cancer cells or -tissues from donors with 

other genetic backgrounds or species (xenograft), enables rapid tumor establishment, consistent 

tumor growth, and lower variation compared to spontaneous models. Syngeneic models can be used 

to study the interplay between the tumor and the host immune response, while xenograft models 

requires that the recipient has a defective immune response to prevent transplant rejection. However, 

as shown in Paper III, where human OSCC cells were orthotopically transplanted into the tongues 

of athymic Balb/c nude mice, transplanted models can be used to investigate how the absence of 

specific immune components influences the tumor microenvironment. An advantage of orthotopic 

transplantation is that it more accurately replicates the interactions between oral cancer cells and the 

tissue in the specific anatomical location compared to transplantation into other sites such as the flank 

(216). However, intra-oral injections require more extensive handling and can cause more stress to 
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the animals, and due to the small size of the oral cavity the tumor cannot grow to unlimited size. In 

general, the nature of transplanted models limits their application in early stages of oral 

carcinogenesis and lack a naturally formed tumor microenvironment  

Mice genetically engineered to express oncogenes, lack tumor-suppressor genes, or carry mutated 

versions of such genes, can drive the formation of oral cancer (221). The use of genetically engineered 

mouse models (GEMMs) for oral cancer allows spontaneous tumor development in 

immunocompetent mice, either gradually throughout the animals’ life or in adult mice. For instance, 

targeted expression of mutated Kras or P53 in the oral epithelium has been achieved by inserting the 

gene in the promoter region of keratin 5 (gene Krt5) or keratin 14 (gene Krt14) (222, 223). Keratins 

5 and 14 are highly expressed in oral epithelium and these transgene mice develop invasive SCC in 

the tongue (221). However, because expression of keratin 5 and keratin 14 is not restricted to 

epithelium in the oral cavity, these mice also develop tumors in the esophagus, skin, and forestomach. 

Due to the low specificity and high mortality from the effects of gene editing, GEMMs are not suitable 

for studying invasive OSCC. Furthermore, the tumorigenesis in these mice is driven by intentional 

mutations rather than accumulating genetic alterations, and GEMMs might fail to trigger strong 

immune responses due to a lack of tumor antigens (224). 4NQO-exposure can be combined with 

GEMMs to induce more specific OSCC through the deletion or overexpression of specific genes 

(221).  

In Paper II and III we used the C57Bl/6 and Balb/c mouse strains, which are widely used genetic 

backgrounds in cancer and immunology research. It is important to be aware that the choice of genetic 

background can influence tumor development and progression in preclinical studies. Indeed, it has 

been shown that different mouse strains have varying susceptibility to tumor development and 

immune responses can differ due to natural mutations. For instance, heterozygous p53 mutations 

induces breast carcinomas in Balb/c but not in C57Bl/6 mice, and while the C57Bl/6 strain favors T 

cell-mediated immunity, Balb/c mice exhibit more pronounced B cell responses (225, 226). The 

gender of the animals can also influence tumor growth rate, and female mice were shown to be more 

prone to lung carcinomas and more severe disease than male mice (227).  

The use of in vivo models has provided unprecedented insights into biological processes and disease 

mechanisms and is an important preclinical study platform. The use of animals for research purposes 

is regulated by national legislation to protect the welfare of the animals and ensure that animal 

experiments are conducted in an ethical and humane manner. The animal study in Paper II was 

approved by The Norwegian Food Safety Authority and adhere to European Union (EU) legislation 
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on animal research. The EU Animal Welfare Act and The Norwegian Consensus Platform for the 

Replacement, Reduction, and Refinement of Animal Experiments (NORECOPA) both promote the 

implementation of three 3’Rs principle. The 3’Rs encourages researchers to replace animal 

experiments with alternative methods whenever possible, reduce the number of animals to the 

minimum needed for a meaningful output, and refine experimental procedures to enhance animal 

welfare and minimize suffering.  

4.1.3 Histological assessment of mouse tongue tissue  

Once we had established that HEVs developed in 4NQO-exposed mice, we aimed to map the location 

and quantity of HEVs and lymphocytes associated with epithelial lesions on the tongues. To assess 

the most severe histology in the tongue as a whole, the tongues were cut through the midline to give 

sagittal sections displaying the tongue from tip to base. Two sagittal tongue sections from each of the 

animals were H&E stained: one from the medial part of the tongue and one from a more lateral part 

(approximately 80µm apart). With this approach, we might have overlooked epithelial lesions on the 

outermost lateral surface of the tongue, which is a common site for OTSCC in humans (228). Since 

we only assessed the histology in tissue sections from one half of the tongue there is the possibility 

that the other half could contain lesions with more severe histology. To get a more extensive overview 

of the histology of the tongue tissues we could have sectioned it all the way through. However, this 

is labor-intensive. Furthermore, since the mice develop lesions at different timepoints, often several 

with varying histological grade, the histology in individual mice and across studies will likely differ 

depending on when the animals are sacrificed. Overall, our study reports similar frequency of 

histological grade as previous studies (38, 229, 230), suggesting that our study sufficiently represents 

the extent of 4NQO-induced disease.  

Because the mice developed multiple lesions, some appearing contiguous or located adjacent to each 

other, we chose to divide the tongues into seven sectors. Each sector represents different sublocations 

in the tongue to give a more detailed overview of the spatial distribution of the lesions and the 

associated immune infiltrate. We modified the approach used in a study by Vered et al. on Wistar rats 

(231), where sagittal tongue sections were separated into anterior, middle, and posterior thirds. The 

anterior and middle sectors represented the mobile tongue, while the posterior section represented the 

tongue base which is considered an oropharyngeal site. To better replicate human OTSCC, we could 

have used this approach, but we chose to keep the lingual salivary glands in the posterior tongue 

within a separate sector because we were interested in studying the salivary glands for other purposes. 
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4.1.4 Staining of mouse and human tissue  

Staining of fixed and paraffin embedded tissue with different techniques is the primary method used 

in all three papers in this thesis and includes immunohistochemistry (IHC), immunofluorescence (IF), 

and fluorescence in situ hybridization (FISH). Formalin-fixed, paraffin-embedded (FFPE) tissue is 

widely used in clinical pathology because it allows for long-term storage and preserves the tissue 

structure and morphology. This enables the assessment of histology and spatial distribution of 

markers. Formalin fixation causes protein cross-linking, which helps preserve the tissue but might 

also alter protein structures and lead to reduced antibody recognition. Zinc-based fixation is a non-

carcinogenic alternative to formalin that better preserves the antigenicity (232). Storing of fixed tissue 

in tissue blocks also preserves antigenicity better than storing pre-sectioned tissue for extended 

periods (233). For Paper I and III, we used human tissue that was collected at different hospitals, 

where differences in preanalytical procedures can introduce variability in downstream analysis. 

However, most Norwegian hospital laboratories operate with standardized protocols, and some are 

accredited with International Organization for Standardization (ISO) certification to ensure 

consistently high quality and reliability of test results.  

4.1.4.1 Immunohistochemistry and immunofluorescence 

IHC and IF were used in this thesis because they are relatively simple and cost-effective methods and 

enables the detection of markers in intact tissues. IHC is the most frequently used method to screen 

for biomarkers and requires inexpensive equipment. IHC offers direct visualization of the results, and 

the chromogen precipitate remains stable over time without significant loss of signal (234). For IF, 

antibodies are conjugated with fluorophores and detection requires the sample to be illuminated with 

specific light sources that emits light at appropriate wavelengths to excite the fluorophores. While IF 

offers higher sensitivity, resolution and multiplexing, some additional considerations need to be 

addressed for IF compared to IHC, including autofluorescence, photobleaching, and excitation 

spectra.   

Different chromogens are available for IHC that produce different colors after enzymatic reactions 

with horseradish peroxidase (HRP) and enables detection of several targets in the same sample. In 

Paper III, we used a dual IHC protocol for staining of PNAd+ HEVs and CD11c+ cells in mouse 

tongue tissues using 3,3'-Diaminobenzidine (DAB) and VIP. The brown and violet precipitates 

generated from DAB and VIP, respectively, were easily distinguishable. Multiplexing with IHC is 

limited by the ability to distinguish between different colors by eye, and the number of markers that 

can be analyzed by IHC in a single section is limited to only a few (up to three markers) (234). 

Multiplex IHC also poses challenges related to co-localization. However, iterative approaches with 
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repeated cycles of staining, imaging, and destaining have been developed (235). IF is more commonly 

used for multiplexing and enables the quantification of several markers within a sample even when 

they overlap spatially. In Paper III, we used multiplex IF of human OTSCC tissue to assess the co-

localization of PNAd and GlcNAcST-2 in TA-HEVs and to quantify the surrounding cell infiltrate 

using DAPI. To enable the assessment of co-localization, it is important to select secondary antibodies 

conjugated with fluorophores that have different excitation spectra to be able to distinguish the signals 

by fluorescence microscopy. Since PNAd and GlcNAc6ST-2 is co-expressed in HEVs it is 

particularly important to control for unspecific binding of the antibodies. For this we used isotype 

controls that matched the primary antibody immunoglobulin type for the PNAd- and GlcNAc6ST-2 

antibodies.  

In all three papers in this thesis, we used the MECA-79 antibody to detect mouse and human PNAd 

(fig.4C). PNAd expression in mouse and human LN-HEVs or human tonsil HEVs always showed 

strong positive staining and PNAd co-localized with the blood vessel marker Pecam1 in mouse 

tissues. Although MECA-79 is the most widely used antibody to study HEVs (181), it only partly 

overlaps with the critical structural determinant 6 sulfo sLeX and only on extended core 1 of branched 

glycans (164, 236). Recently, an antibody that specifically recognize both mouse and human 6 sulfo 

sLeX has been established (236), but we are yet to test this antibody in our laboratory.  

The anti-human GlcNAc6ST-2 antibody used in Paper III has been validated and widely used in The 

Human Protein Atlas project (237). In the current study we have also confirmed the co-localization 

of the GlcNAc6ST-2 antibody with PNAd in human lymph node and OTSCC tissue. Co-expression 

of GlcNAc6ST-2 and PNAd has previously been shown in human lymph node, tonsil, and synovial 

tissue from patients with rheumatoid arthritis, however, the peptide sequence for the anti-

GlcNAc6ST-2 differed slightly from that used in Paper III (238). Due to a lack of validated 

antibodies against mouse GlcNAc6ST-2, we instead used RNAScope combined with IF to detect 

GlcNAc6SST-2 mRNA (gene Chst4) in mouse tongue tissue. RNAScope uses FISH technology and 

allows for the detection of sequence specific probes bound to mRNA targets in the tissue that are 

visualized by fluorescent dyes. For the IHC and IF protocols with two or more markers, we used a 

chromogen/fluorescence minus one control where all antibodies minus one is included. Due to the 

high cost of RNAScope reagents and probes, this was not performed for the combined FISH/IF 

protocol. However, we did stain with single probes and the full FISH/IF panel in mouse lymph node 

tissues to assess specificity before staining of tongue tissues. Preferentially, follow-up experiments 

showing that protein and gene expression correlates in HEVs in human and mice should be done.  
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4.1.4.2 Evaluation of stained tissue 

The goal in Paper II was to determine the presence of HEVs in the tongue of 4NQO-exposed mice 

and to also map the spatial distribution of HEVs and lymphocytes associated with epithelial lesions. 

The use of consecutive serial sections in Paper II enabled the assessment of different markers and 

cell types in the same area, albeit at some distance. We chose to count all cells or vessels within the 

epithelium or lamina propria within the separate sectors, including those in and around epithelial 

lesions. We chose this approach because most of the 4NQO-exposed mice exhibited several lesions 

with varying histological grade in the tongue, making it difficult to assess the exact lesion to which 

the immune infiltrate belonged. Due to the nature of invasive OSCCs, it is most likely that the total 

area of the lesion and the associated stroma is greater than for instance low-grade dysplasias. 

However, while the number of B220+ cells and HEVs were higher in SCC than high-grade dysplasias, 

the number of CD4+, FoxP3+, and CD8+ cells tended to be lower in SCC compared to high-grade 

dysplasias. This suggests that other factors than the mere size of the lesions affect the composition of 

the immune infiltrate. The use of serial sections in Paper II limits the accuracy in terms of co-

localization of the different immune markers. Furthermore, the histology present in the individual 

tissue sections might differ if the lesions are very small. To counteract this, we chose to use the worst 

histology of the entire tongue, or the histology confined within sectors, from H&E-stained sections 

while the histology was not evaluated in the IHC stained sections.   

In recent years, more advanced techniques are available for the identification of large numbers of 

markers within a single tissue section, enabling deep spatial phenotyping and cellular neighborhood 

analysis (239, 240). Employing these techniques will pave the way for a deeper understanding of the 

complexity of the TME in the future. However, the increased number of markers will inevitably 

increase the complexity of the generated data in terms of analysis and interpretation, as well as the 

costs.  

4.1.5 In vitro cell culture of mouse endothelial cells 

Cell culture is a widely applied method in biomedical research which enables the study of isolated 

changes in cell behavior and gene expression after stimulation with exogeneous factors, without the 

influence of systemic factors. Culture of animal- or human-derived cells raises less ethical concerns 

compared to animal studies and is relatively simple and cost-effective, allowing it to be scalable, and 

reproducible.  

The objective of the cell culture experiments performed in Paper III was to study how the expression 

of selected HEV-associated genes was influenced by the stimulation with LIGHT, LTα1β2, or TNFα. 
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Stimulation with lymphotoxins and TNFα have previously been shown to influence the expression of 

various adhesion molecules involved in lymphocyte adhesion in cultured endothelial cells (241-244), 

however, evidence that cultured endothelial cells express GlcNAc6ST-2 is limited (238, 245). In 

culture, isolated HECs lose their characteristic cuboidal morphology after two-three days along with 

a gradual decrease in PNAd and several genes involved in PNAd synthesis (200, 246, 247). In vivo, 

endothelial cells form vessels and have a specific orientation with a lumen facing the interior of the 

vessel and an abluminal side that is anchored to a basement membrane and the surrounding tissue 

(248). Endothelial cells form tube-like structures (cords), sometimes with a complete lumen, on 

Matrigel (249), which contain a mixture of basement membrane proteins, including laminin, 

fibronectin, and proteoglycans (250). We therefore chose to use the tube formation assay with 

Matrigel to mimic in vivo conditions of endothelial cells to. This is a very simplistic system to study 

the behavior of cells but could be used to determine minimal requirements for the expression or 

upregulation of HEV-related genes. 

For the experiments in Paper III, we used the bEnd.3 cell line which is derived from brain 

endotheliomas in mice. The bEnd.3 cells are transformed by infection with a retroviral vector 

expressing the polyoma middle T antigen (PyMT) to enable sustained proliferation in culture (251). 

Endothelial cells normally remain in a quiescent state in vivo and enter the cell cycle upon stimulation 

(149). Hence, our approach cannot be used to study endothelial cells under steady state conditions 

but might instead represent a more similar phenotype to actively proliferating endothelial cells during 

angiogenesis in vivo. It is important to note that cultured cells can display different phenotypes than 

their in vivo counterparts and that endothelial cells exhibit tissue-specific characteristics (252). 

Compared to endothelial cell lines, primary cells are more phenotypically similar to endothelial cells 

in vivo. Primary human umbilical cord vascular endothelial cells (HUVECs) are the most frequently 

used cells in angiogenesis assays. Because HUVECs are derived from relatively large vessels, other 

primary cells with a more capillary-like phenotype could be a better alternative to study HEV-related 

genes in future studies, such as human dermal microvascular endothelial cells (249). However, a 

drawback with primary endothelial cells is that they lose their angiogenic phenotype after a few 

passages, and they also become activated in vitro (252). 

Other methods to study HEV-associated genes in vitro to potentially induce a HEV-like phenotype 

could be employed. For instance, a sandwich assay where endothelial cells are embedded within or 

between two layers of matrix would allow the cells to polarize and form tubes with a complete lumen 

(249). Alternatively, more advanced model systems with integrated microfluidics mimicking blood 

flow or organoid cultures resembling in vivo tissues could be used (253, 254), that also enables co-
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culture with other cell types. Currently, there are no in vitro or ex vivo system available for long-term 

culture of high endothelial cells.  

4.1.6 Quantitative real time PCR  

Quantitative real time PCR (qPCR) enables the measurement of the relative abundance of specific 

cDNA sequences in a sample, representing the RNA content. In Paper III, we used qPCR to measure 

the expression of Chst4, Chst2, Fut4, Fut7, B3gnt3, and Gcnt1 in RNA isolated from bEnd.3 cells. 

We used a protocol based on the SYBR green fluorescent dye, in which the dye binds to double 

stranded (ds) DNA and emits fluorescent signal thousand folds higher than non-bound dye (255). The 

amount of dsDNA amplicons in each quantification cycle (Cq) is proportional to the fluorescent 

signal, and the Cq values of the samples are used to calculate the quantity of the target mRNA relative 

to the expression of reference genes (256). SYBR green is more cost effective than the other qPCR 

method TaqMan, which is based on sequence-specific hydrolysis probes (257).   

Because PNAd is a carbohydrate structure, the detection of PNAd is not possible at the mRNA level. 

Therefore, we used the expression of genes encoding glycosyltransferases as surrogate markers for 

PNAd biosynthesis. The biological importance of mRNA is somewhat obscure since the presence of 

mRNA does not necessarily reflect the presence of functional protein (258). However, the presence 

of mRNA is useful to verify active transcription of a gene and is valuable for further analyses of 

protein expression.  

Even though the effects has not been widely studied, Matrigel has been shown to influence the quality 

and yield of RNA isolated from cultured cells (259). Hence, the use of Matrigel for bEnd.3 cell culture 

in Paper III may have influenced downstream gene expression. In our experiments, the average Cq 

value for each of the three reference genes (Actb, Hprt, Ppia) was slightly higher in unstimulated 

cells seeded on Matrigel compared to unstimulated monolayer culture, suggesting that the start 

concentration of mRNA in Matrigel cultured cells was lower than in monolayer cells. However, the 

difference between Cq values was 0.3-0.9 for the three reference genes in unstimulated Matrigel 

versus monolayer cells, indicating that the use of Matrigel only had minimal effects on the mRNA 

concentration. Other factors could also influence qPCR results, collectively known as PCR inhibitors, 

and includes RNA- or DNA-degrading enzymes, calcium ions, salts, and complex carbohydrates 

(260).   

For the gene expression measurements following stimulation with LIGHT, LTα1β2, or TNFα we 

have yet to include a control to confirm that stimulation with the selected cytokines was successful. 

This can be achieved by measuring the expression of genes known to be upregulated in endothelial 
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cells in response to the different cytokines. For instance, ICAM-1, VCAM-1, and E-selectin has been 

shown to be upregulated at the protein and/or mRNA level in cultured endothelial cells stimulated 

with LIGHT, LTα1β2, or TNFα (242, 243, 261). The downregulation of mediators involved in NFκB 

signaling downstream of the LTβR could also be used as markers of successful stimulation with 

LIGHT or LTα1β2, such as the inhibitory protein IκB (242). We did, however, show that cells 

stimulated with TNFα had significantly higher expression of Fut4 compared unstimulated cells, both 

when seeded on Matrigel and as monolayer. A slight upregulation of B3gnt3 and Chst2 in monolayer 

cells was also observed following LIGHT stimulation compared to unstimulated cells. Although it is 

unlikely that the measured expression is unrelated to any effect of stimulation, there currently remains 

some uncertainty regarding the bEnd.3 gene expression results in Paper III as discussed and they 

should to be validated by additional experiments.  

4.1.7 Statistical analysis  

Survival statistics are widely used to estimate prognosis of cancer patients and are valuable tools for 

researchers, clinicians, and the patients themselves. In Paper I, the goal was to investigate the 

prognostic value of TA-HEVs, CD163+ TAMs, and FoxP3+ Tregs in an OTSCC cohort. Kaplan 

Meier curves and Log rank tests were applied to calculate whether there were any statistically 

significant differences in the mean five-year DSS of OTSCC patients with a high or low score of each 

of the three markers, or a combination of scores. We also performed Cox regression analysis to assess 

whether the CD163, TA-HEV and/or FoxP3 score had independent effects on OTSCC patient 

survival.   

Statistical analyses can be influenced by various sources of bias, such as sample size and cut-off 

values (262). It is generally advised to not convert continuous variables into two categories for 

multivariate analysis because it leads to a loss of information regarding the distribution of the variable 

(263). However, the use of cut-off values allows for the discrimination between low- and high-risk 

patients which is useful for guiding of clinical decisions (263). In our study, we chose the 20% quintile 

as cut-off to dichotomize the density of TA-HEVs, CD163+ TAMs, and FoxP3+ Tregs into high and 

low scores. We chose this approach because this gave the best separation of the variables in survival 

curves. Using data-driven cut-off values is debatable, especially for small sample sizes (n=40), while 

larger samples (n=200) generate more accurate estimates (264). Our OTSCC cohort (n=126) is not 

critically small, and the selected cut-off might identify patients at the extreme low end of the score 

with particularly good or poor prognosis. In a meta-analysis of thirteen publications reporting on the 

prognostic value of TA-HEVs in cancer patients, studies that used a cut-off other than the median to 

separate tumors into TA-HEV positive and -negative were more likely to report a positive prognosis 
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(181). Although the sample median is the most commonly used, there is no widely accepted method 

for selecting the most optimal cut-off point in statistical analysis (263). Using the same cut-off across 

studies would make comparisons easier and increase the reproducibility of the scoring method. 

However, the median will also differ between different patient cohorts. Furthermore, cut-off points 

are somewhat arbitrary, offering limited insight into the biological relevance of the variable, making 

it difficult to determine if one cut-off is objectively better than another.  

For statistical analysis it is important practice thorough reporting and transparency of study 

limitations. In the clinical setting, the evaluation of potential of new biomarkers is often limited by 

the lack of standardization and validation. For this reason, The US National Cancer Institute and the 

European Organization for Research and Treatment of Cancer have initiated the development of 

reporting recommendations for tumor marker prognostic studies (REMARK) guidelines (215). The 

REMARK guidelines include a checklist of the minimum information that should be reported in 

prognostic marker studies to ensure high quality and reproducibility. The analysis in Paper I broadly 

adhere to the REMARK guidelines.  
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4.2 Discussion of results 

It is widely accepted that cancer cells and the host immune response engage in cellular and molecular 

crosstalk that can both restrict and promote disease progression. These tumor-host interactions can 

be leveraged for cancer treatment, and specific components within the TME can predict clinical 

outcomes in cancer patients. Oral cavity cancers can differ in their aggressiveness and response to 

treatment irrespective of the tumor size, highlighting the need for biomarkers that can identify factors 

contributing to tumor aggression, to ultimately discriminate between patients with varying risk of 

disease progression and treatment needs. Analyzing tumor-associated HEVs as individual 

components of the TME, as well as in combination with other immune cells, can enhance our 

understanding of their roles in tumor progression and their prognostic values.    

4.2.1 GlcNAc6ST-2 expression as an indicator for TA-HEV dedifferentiation 

LN-HEVs in mice exhibit a temporary phenotypic shift in response to inflammation and interrupted 

LTβR signaling (173, 265). These dedifferentiated LN-HEVs display reduced PNAd expression and 

downregulation of several genes involved in PNAd synthesis, including Chst4, Chst2, Fut7, Gcnt1, 

B3gnt3, GlyCAM-1, and Ccl21a (173, 195, 198, 265). GlcNAc6ST-2 (gene Chst4) is important for 

the specific expression of PNAd in LN-HEVs, and mice deficient in Chst4 exhibit low levels of PNAd 

and diminished lymphocyte homing to the lymph node (169, 171, 172, 266). Hence, in Paper III, we 

hypothesized that the expression of GlcNAc6ST-2 and PNAd could be a marker for a dedifferentiated 

TA-HEV phenotype, possibly leading to impaired function. We found that the expression of 

GlcNAc6ST-2 and PNAd was lower in TA-HEVs than in normal LN-HEVs, indicating different HEV 

phenotypes in human lymph node and OTSCC. Interestingly, GlcNAc6ST-2 expression was absent 

in a larger proportion of HEVs in OTSCC than in the lymph node, which might suggest that TA-

HEVs expressing or lacking GlcNAc6ST-2 could represent different grades of differentiation. It has 

previously been shown that dedifferentiated LN-HEVs and TA-HEVs in mice have significant 

overlap in gene expression patterns compared to normal LN-HEVs, both featuring downregulation 

of genes involved in PNAd synthesis and lymphocyte homing (195). Interestingly, two independent 

studies reported a strong downregulation of Chst4, Chst2, Fut7, Gcnt1, and Glycam1 in TA-HEVs 

compared to dedifferentiated- or normal LN-HEVs in mice (195, 207). Hence, TA-HEVs may be less 

effective at maintaining a differentiated phenotype, and these genes could potentially serve as a 

signature for dedifferentiated TA-HEVs. The expression of CHST4 and other HEV-associated genes 

(CCL21, CCL19, ICAM1, and MADCAM1) was recently demonstrated in TA-HEVs in human 

breast cancer tissue (145), but lacked comparison with LN-HEVs. HEV phenotypes in human cancers 
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are not widely explored, and further studies are needed to elucidate the characteristics that defines a 

dedifferentiated HEV phenotype in normal human lymph nodes and solid tumors.  

4.2.2 TA-HEV development depend on anti-tumor immunity in OTSCC  

The local microenvironment influences the expression of PNAd in HEVs, both in lymph nodes (198, 

204) and in tumors (145, 186, 188). Our results from Paper III support that the OTSCC 

microenvironment somehow regulates the expression of PNAd as well as GlcNAc6ST-2 in TA-

HEVs. We hypothesized that the immediate surroundings of TA-HEVs in OTSCC affects their 

phenotype. The cell density (DAPI+ cells/µm2) surrounding TA-HEVs was used to estimate the 

general immune infiltrate around the HEVs. We found that the cell density around LN-HEVs was 

significantly higher than around TA-HEVs, but the infiltrate surrounding TA-HEVs in OTSCC did 

not reflect the expression of GlcNAc6ST-2. Our approach to evaluate the immune infiltrate around 

TA-HEVs was based on the number of DAPI stained nuclei. Even though the size and shape of the 

cells were considered, this approach does not allow us to distinguish between immune cell types, or 

stromal cells. Hence, the types of cells surrounding GlcNAc6ST-2-positive and -negative TA-HEVs 

might differ.  

 

Studies in mice have demonstrated that various immune cell types contribute to the formation of TA-

HEVs. Compared to lymph nodes, where DCs play an important role in HEV stability and 

maintenance (198), lymphocytes appear to be critically involved in TA-HEV development (267). B 

cells have been proposed to play a role in remodeling of LN-HEVs (173, 205), but appeared to play 

a lesser role in lymphocyte recruitment to transplanted melanoma (212). In Paper III, we showed 

that the absence of mature T cells in Balb/c nude mice abrogated TA-HEV formation in transplanted 

tongue tumors. However, since CD4+ T cells are important for B cell activation we cannot exclude 

that the lack of active B cells or the presence of other immune cell types prevented TA-HEV 

formation. Mice deficient in mature T cells and in vivo depletion of T cells in tumor-bearing mice 

have demonstrated a close relationship between TA-HEV development and T cells (141, 195, 207, 

209, 212, 268). Depletion of CD4+ and CD8+ T cells in adult mice reduced the number of TA-HEVs 

in pancreatic β-cell carcinoma (209), breast carcinoma (212), and fibrosarcoma (195, 206). 

Furthermore, tumors grown in mice lacking both mature B and T cells or only lacked CD8+ T cells 

also lacked TA-HEVs and displayed diminished lymphocyte infiltration into tumors (195, 207, 212). 

However, while the presence of CD4+ T cells was shown to be essential for TA-HEV development 

in fibrosarcoma (195), CD8+ T cells and NK cells were shown to be important for the formation of 
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TA-HEVs in melanoma and breast cancer models (207, 212). This suggests that the cell types driving 

TA-HEV formation might differ between tumor types.   

Nevertheless, adaptive immune responses appear to be important for TA-HEV formation. In support, 

our proteomics results from Paper III showed that the tumor protein expression in HEV-high 

OTSCCs were enriched in hallmarks and pathways associated with antigen-specific immune 

responses. Depletion or inactivation of Tregs in tumor-bearing mice have previously been shown to 

enhance the frequency and activity of CD4+ and CD8+ T cells in the TME and enabled the formation 

of TA-HEVs (190, 206, 268, 269). In Paper I, we showed that OTSCC patients with a high TA-HEV 

and low FoxP3 score had superior survival compared to those with TA-HEV low- and FoxP3 high 

tumors, which had the lowest disease-specific survival. The presence of TA-HEVs has been 

associated with increased numbers of TILS in various human cancers including OSCC (180, 187, 

192, 194) and TA-HEV density was recently proposed as a surrogate marker for a T cell inflamed 

TME in gastric cancer patients (193). Hence, the unfavorable prognosis associated with a low density 

of TA-HEVs and a high density of FoxP3+ Tregs in OTSCC might therefore indicate that these 

tumors have limited capacity for lymphocyte recruitment and impaired TIL function, potentially 

indicating a poor response to immunotherapy in these patients. Which cell type is most important for 

TA-HEV neogenesis in OTSCC remains to be elucidated.   

4.2.3 Prognostic potential for refining TA-HEV score based on 
Chst4/GlcNAc6ST-2 expression 

In Paper III, we showed that a subset of HEVs associated with 4NQO-induced SCC lacked Chst4 

mRNA transcripts while Chst4 was detected in all HEVs associated with normal/hyperplastic- or 

dysplastic epithelium. This might indicate a gradual loss of Chst4 as these lesions advance into SCC 

and that the absence of Chst4 contributes to the dedifferentiation of TA-HEVs during cancer 

progression. We therefore hypothesize that Chst4 could be used as a marker to refine the TA-HEV 

score for more accurate prognosis prediction in OTSCC. In Paper I, we found that a high TA-HEV 

score was associated with higher five-year DSS rate compared to TA-HEV low tumors. However, 

TA-HEV density did not prove to be an independent risk factor for OTSCC-related death. This 

finding contradicts our previous findings in an OSCC cohort where large HEV-negative T3/T4 

tumors predicted shorter survival than T3/T4 HEV-positive tumors (186). In light of this, it would be 

interesting to examine whether the proportion of GlcNAc6ST-2-positive and -negative TA-HEVs 

differ between OTSCC tumors and have independent effects on patient survival. The inconsistency 

between these findings could be due to the different locations of the tumors between the two cohorts. 

The current cohort is more homogeneous, consisting of only OTSCC, while the study by Wirsing et 
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al. included cancers of the mobile tongue plus other oral subsites (186). The use of different cut-off 

points between these two studies might also contribute to the inconsistent findings, and the small 

number of patients in the TA-HEV low group could affect the reliability of our results.  

The prognostic value of HEV-associated genes was recently demonstrated in breast cancer patients 

(145). Sawada et al. identified a high and relatively specific expression of two genes, TSPAN7 and 

MEOX2, in TA-HEVs in breast cancer tissue (145). A high expression of each of these genes in 

breast cancer tissue was associated with improved patient survival and correlated with the expression 

of CCL21, CCL19 and transcripts representing T and B cells. Interestingly, the tumor expression of 

CHST4 was very low and did not correlate with the expression of other HEV-related genes. The 

authors ascribed the low CHST4 expression to the inability of bulk RNA sequencing for detecting 

CHST4, but it would be interesting to know if this was related to a reduced expression of CHST4 as 

well as PNAd in the TA-HEVs. As we show in Paper III, this can be achieved using RNAScope 

FISH technology combined with IF which enables the detection of Chst4 mRNA in PNAd+ HEVs 

while preserving the tissue morphology. The potential of using HEV-associated genes for more 

accurate prognosis prediction is promising but largely unexplored. Hua et al. recently showed that a 

HEV gene signature was enriched in melanoma and non-small cell lung cancer patients that 

responded to immunotherapy (207), suggesting that TA-HEVs also could be used as a predictive 

marker. It is important to point out that data on the prognostic value of TA-HEVs in oral cancers is 

limited to few publications and needs to be confirmed in more studies. 

4.2.4 Functional implications of reduced/loss of GlcNAc6ST-2 expression in 
TA-HEVs 

The prognostic relevance of a marker is often related to its biological role. GlcNAc6ST-2 is involved 

in the luminal expression of PNAd in LN-HEVs and works cooperatively with GlcNAc6ST-1 (gene 

Chst2), which is responsible for abluminal PNAd expression (171, 172). A near-complete loss of 

PNAd in Chst4 and Chst2 double-knockout mice results in severely impaired lymphocyte homing to 

the lymph node (171, 172). However, lymphocyte homing in Chst4 deficient mice is more impaired 

than in those lacking Chst2. We therefore hypothesize that loss of Chst4 in TA-HEVs in OTSCC 

would have impaired ability to recruit lymphocytes to the TME. As shown by Asrir et al., TA-HEVs 

displayed low expression of Chst4 compared to normal- and dedifferentiated LN-HEVs (195). 

However, they showed that the TA-HEVs did express luminal PNAd and were able to capture and 

bind circulating lymphocytes, suggesting that the HEVs did retain some function. Interestingly, the 

expression of Chst2 was less downregulated in TA-HEVs compared to normal- or dedifferentiated 

LN-HEVs than was the expression of Chst4 (195). It has been proposed that while both Chst4 and 
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Chst2 mediates addition of a sulfate group to extended core-2 of O-glycans, sulfation in the core-1 

extension is preferentially mediated by Chst4 (172). It is tempting to speculate that Chst2 serve as a 

compensatory mechanism for luminal PNAd expression in the absence of Chst4 in tumors and enable 

low-level lymphocyte transmigration. In Paper III  ̧ we found that cultured endothelial cells 

expressed Chst2, but not Chst4, and that Chst2 expression changed in response to seeding conditions. 

Although we cannot deduce any functional details from this experiment, this could indicate that Chst4 

is more context-dependent than Chst2, and that the environment in tumors affect Chst4 expression 

more readily than Chst2. Analyzing the expression of Chst2 in TA-HEVs in mouse and human 

OTSCC would provide further insight into this. Since the most widely used antibody MECA-79 only 

partly overlaps with the 6 sulfo sLeX on the extended core-1, it would also be interesting to test the 

staining patterns of other established antibodies that specifically recognize 6 sulfo sLeX (236, 270).  

Although Chst4, followed by Chst2, appear to play a chief function in PNAd synthesis and 

lymphocyte trafficking, the coordinated activity of other enzymes involved in the generation of PNAd 

is also important. Indeed, Gcnt1 and Fut7 were strongly downregulated in TA-HEVs in tumor-

bearing mice (195, 207). Gcnt1 is important for the generation of the biantennary structure in PNAd 

(fig.4C), suggesting that its absence could lead to loss of 6 sulfo sLeX on the core 2 extension, without 

detectable reduction in MECA-79. In vitro and in vivo studies have demonstrated the importance of 

Fut7 and Fut4 in lymphocyte adhesion and homing (168, 271-273). The expression of GlcNAc6ST-

2 in PNAd-negative vessels in arthritis-affected tissue might also indicate aberrations in other sugar 

residues than N-acetylglucosamine (238, 274). Because lymphocyte recruitment is pivotal for the 

health of the host, it is likely that several compensatory mechanisms exist to support this process. 

However, the individual or concerted roles of PNAd synthesizing enzymes in TA-HEVs are not well 

described.  

4.2.5 TA-HEVs and TLS  

TA-HEVs can be found within TLS in oral cancers and display a lymph node-like phenotype with 

pronounced PNAd expression (131, 183). TA-HEVs with similar phenotypes have been found in 

areas of OSCC tumors with high inflammation that was unrelated to TLS (186). We did not assess 

the presence of TLS in the human OTSCC tissue in Paper I and Paper III. Given that TLS have 

been associated with prolonged survival in OSCC patients (131, 183), it is possible that survival rates 

could differ between patients depending on whether TA-HEVs are found within or outside TLS. 

Mature TLSs are generally associated with better prognosis in cancer patients (275), and there was a 

tendency that mature TLS in OSCC patients conferred better prognosis (131). TLSs can be detected 

with standard hematoxylin and eosin staining but because the composition of cells within the TLS 
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differ by the level of maturity, additional markers are required (275). The minimal markers required 

to detect mature TLS in human cancer is not fully established but typically include markers for B 

cells, GC formation, follicular DCs, T cells, and HEVs (105, 275). It would be interesting to 

investigate whether TA-HEV phenotypes, characterized by the presence or absence of GlcNAc6ST-

2, is related to their location within TLS or independent of TLS in OTSCC, potentially serving as a 

simple marker for TLS maturity. For future studies assessing the prognostic value of TA-HEVs in 

oral cancers it would be beneficial to evaluate whether the survival benefit of TA-HEVs is influenced 

by their location within or outside of TLS. 

 

In Paper II, we reported for the first time the presence of HEVs in the tongue of 4NQO-exposed 

mice (36). Interestingly, the HEVs developed in the absence of any detectable TLS. TA-HEVs can 

be induced in murine tumors genetically engineered to express strong antigens, such as ovalbumin 

(174, 212, 269) and Polyoma Middle T antigen (208). Several studies have also shown that TA-HEVs 

are induced in tumor-bearing mice by stimulating LTβRs signaling alone and/or with immune 

checkpoint inhibitors and vessel normalization drugs (207-209, 211, 276). Most of these tumors also 

develop TLS or TLS-like immune aggregates or TLS was not systematically assessed. Besides our 

current work, only few studies have reported the development of TA-HEVs without the presence of 

TLS (195, 206, 268) and there are limited reports of TA-HEVs efficiently forming without some form 

of pharmacological intervention (190, 195, 208). The reason why TA-HEVs develop independently 

of TLS remains unknown, and it is unclear whether this indicates distinct regulatory mechanisms. 

Could the nature of the tumor antigen selectively trigger the formation of ectopic TA-HEVs rather 

than both TA-HEVs and TLS, possibly resulting in the recruitment of different immune cell types? 

The formation of TA-HEVs might instead be a byproduct of an ongoing immune response or simply 

represent an early phase in the formation of TLS or other immune aggregates, such as a recently 

described antigen-presenting niche (211, 277). Many questions regarding the regulation, timing of 

development, and function of TA-HEVs remains unanswered.  
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5 Conclusions and future perspectives  

The work presented in the current thesis has shown that different TA-HEV phenotypes, marked by 

the presence or absence of GlcNAc6ST-2, are present in mouse and human OTSCC. The number of 

HEVs significantly increased in SCCs compared to less severe lesions, and while GlcNAc6ST-2 

mRNA was expressed in all HEVs associated with non-malignant lesions, a subset of HEVs within 

SCCs lacked GlcNAc6ST-2 gene expression. These findings might indicate that loss of GlcNAc6ST-

2 is involved in the dedifferentiation of TA-HEVs and is linked to the loss of PNAd, ultimately 

leading to impaired function. We cannot draw any conclusions on the functional consequence of the 

absence of GlcNAc6ST-2 in TA-HEVs from the current work. Because there are currently no model 

systems that can be used to study HEVs in vitro, this can only be achieved by in vivo models. 

Knockout of Chst4 and/or Chst2 in tumor-bearing mice could give insight into how loss of Chst4 

affects lymphocyte infiltration into tumors and at the same time study the influence of GlcNAc6ST-

1 in TA-HEV development. 

The presence of TA-HEVs in OTSCC is associated with improved patient survival rates, but not as 

an independent marker. OTSCCs with a high TA-HEV and low FoxP3 score had superior survival 

rates than tumors with a low TA-HEV- and high FoxP3 score. To investigate whether GlcNAc6ST-

2/Chst4 can be used to refine the prognostic value of TA-HEVs in OTSCC we are planning to include 

more patient samples and correlate GlcNAc6ST-2 expression with clinical data, both at the protein- 

and gene level. We are also planning to analyze the co-localization of GlcNAc6ST-1/Chst2 and PNAd 

in TA-HEVs in mouse and human OTSCC, to investigate whether GlcNAc6ST-1 is a compensatory 

mechanism in TA-HEVs in the absence of GlcNAc6ST-2/Chst4.  

HEV development in mouse OTSCC depends on a functional immune system, particularly mature T 

cells, but the density of the general cell infiltrate around TA-HEVs did not reflect the expression of 

GlcNAc6ST-2. HEVs developed independent of TLS, and DCs appeared to play a minimal role. 

Although our results points to an important role of T cells for TA-HEV development in OTSCC, we 

cannot conclude which cell types are involved in the formation TA-HEVs. Because other cell types 

are also present in the local microenvironment of TA-HEVs in tumors it would be interesting to 

investigate which cell types surround TA-HEVs within OTSCC tumors, and if the composition and 

state of the cells surrounding TA-HEVs can be correlated with GlcNAc6ST-2/Chst4 expression. This 

includes TLS, which requires several markers. This can be achieved with multiplexing of multiple 

antibodies or probes. 



 

46 

Although GlcNAc6ST2 appear to be the single most important factor for PNAd synthesis in LN-

HEVs, other glycan modifying enzymes are likely also involved. It would be interesting to isolate 

high endothelial cells from murine SLOs (lymph node, tonsil, PPs), for which there are existing 

protocols. Analyzing the gene expression and PNAd in freshly isolated cells and at various timepoints 

in culture, could reveal which genes are up- or downregulated in parallel to the gradual loss of PNAd. 

This could be achieved using single RNA sequencing or CRISPR technology of MECA-79+CD31+ 

isolated cells. Cutting-edge technologies, such as single-cell spatial transcriptomics and 

glycoproteomics, could also provide a comprehensive understanding of how TA-HEVs interact with 

their local microenvironment within the TME.  

Our findings provide support for the involvement of TA-HEVs in OTSCC progression and the 

expression of GlcNAc6ST-2/Chst4 in TA-HEVs is a potential marker for refining the TA-HEV score 

in OTSCC to stratify patients with varying risk of disease progression. A better understanding of the 

role of GlcNAc6ST-2 could permit the development of strategies for targeted depletion of HEVs in 

diseases where their presence is detrimental and targeted induction of TA-HEVs in human solid 

malignancies.  
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Abstract 

Introduction and aims: Oral squamous cell carcinoma of the tongue (OTSCC) is the most common 

OSCC subtype characterized by significant immune cell infiltration. In head and neck SCC, 

biomarkers such as tumour-associated high endothelial venules (TA-HEVs), and CD163+ TA-

macrophages (TAMs) have been associated with favourable and unfavourable prognosis respectively, 

whereas the prognostic value of FoxP3+ regulatory T cells (Tregs) is controversial. This study aims 

to evaluate the prognostic roles of these biomarkers individually and in combination within a 

homogeneous cohort of OTSCC patients. Materials and methods: This retrospective study included 

126 primary, treatment-naïve OTSCC patients diagnosed between 2005 and 2009 in Norway. 

Immunohistochemical staining was performed on OTSCC patient tissue to determine the densities of 

PNAd+ TA-HEVs, CD163+ TAMs, and FoxP3+Tregs. A high and low score was generated using 

either manual or automated methods. Associations between the scores and clinical and pathological 

variables were analysed by cross-tabulations and Chi-square tests. The markers’ potential for 

predicting 5-year disease-specific survival (DSS) were assessed with Kaplan-Meier survival analyses, 

the Log-rank test and multivariate Cox regression analyses. Results: Our cohort comprised 60% male 

patients with a mean age of 62.9 years. High TA-HEV score and low FoxP3 score were significantly 

associated with improved five-year DSS in univariate analyses, but only FoxP3 score remained an 

independent predictor in multivariate models. The combination of a high TA-HEVs and a low FoxP3 

score identified a subgroup of patients with particularly favourable outcome. CD163+ score was not 

significantly associated with DSS, and combining CD163 scores with TA-HEVs or FOXP3 scores 

reduced their individual prognostic value. Conclusions: FoxP3+ Tregs were independent predictors 

of disease-specific survival in OTSCC, whereas TA-HEVs and CD163+ macrophages were not. 

These findings support the potential of FoxP3 as a prognostic marker and its utility in clinical practice 

for improving patient stratification and treatment outcomes in OTSCC. Further research is necessary 

to confirm the prognostic value of FoxP3 alone or in combination with TA-HEV score in larger 

cohorts and to explore the underlying mechanisms. 

mailto:elin.hadlerolsen@tromsfylke.no/elin.hadler-olsen@uit.no
mailto:ibrahim.abdulsalam@uit.no
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Introduction 

Oral squamous cell carcinoma (OSCC) is a major subtype of head and neck cancers (1). OSCC arises 

from the mucosal epithelium in the oral cavity (2,3), with excessive tobacco and alcohol consumption 

being the best-established risk factors (4–6). The most common OSCC subsite is the mobile tongue 

accounting for approximately 40% of cases, denoted oral tongue SCC (OTSCC) (1,7). The tumours 

are generally heterogeneous (8), locally invasive and display a significant risk of cervical lymph node 

metastases (9,10). Surgery is the primary treatment for most OSCC patients, often combined with 

radiotherapy. Chemotherapy and immunotherapy are rarely employed for primary tumours (6). 

Currently, therapy is largely based on their Tumour-Node-Metastasis (TNM) stage (11). Nonetheless, 

patients with identical TNM stages frequently exhibit different therapeutic outcomes (12). The 

identification of new biomarkers that reflect OSCC pathogenesis, patient outcome (13) and the 

biological heterogenicity of these tumours therefore becomes imperative to improve treatment 

approaches and disease management (12). 

OSCCs are highly immunogenic tumours, usually characterised by considerable immune cell 

infiltration (12). Tumour infiltrating lymphocytes (TILs) (14) and especially cytotoxic CD8 + T cells 

are associated with improved patients’ survival (15). Studies have found that TILs may induce the 

development of specialised blood vessels known as high endothelial venules (HEVs) (16). HEVs can 

facilitate additional TIL recruitment into tumours, strengthening the anti-tumour immune response 

which in turn may improve clinical outcomes.  HEVs found within the tumour microenvironment 

(TME), designated as tumour associated (TA)-HEVs  (16,17), have been associated with better 

prognosis in HNSCC (18), particularly in OSCC (19,20) We have previously demonstrated a 

significant association between presence of TA-HEVs, elevated lymphocytic infiltration and 

favourable clinical outcome in OSCC patients. Additionally, we identified TA-HEVs as an 

independent positive prognosticator in an OSCC patient cohort (19). 

Macrophages residing in the TME are referred to as TA-macrophages (TAMs) (21) and are often the 

most prevalent of all the immune cells (22). TAMs are highly plastic and exhibit at least two 

phenotypes depending on their activation status; M1(classically activated) exhibiting pro-

inflammatory and tumour-suppressive functions or M2 (alternatively activated) which are anti-

inflammatory and pro-oncogenic (21,23,24). TAMs mostly exhibit the M1 phenotype during the early 

stages of OSCC development. However, as the tumour progresses, TAMs can polarize to an M2 

phenotype via a variety of pathways, such as through their interaction with CSF-1-expressing tumour 

cells (21,25). CD163 (also known as M2 macrophage class B scavenger receptor) is widely 

recognized as a marker for M2 macrophages (24).  The presence of CD163+ TAMs has previously 
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been associated with unfavourable patient outcomes in HNSCC (26). Additionally, in OSCC, 

increased densities of CD163+ TAMs was positively associated with both histopathological stage 

(27) and LN metastasis (21,28). This implies a significant correlation between the density of M2-

polarized TAMs and OSCC advancement (21,28). 

An immunosuppressive and pro-tumoral TME can be promoted by M2-polarized TAMs, via 

recruitment of CD4+FoxP3+ TILs, known as regulatory T cells (Tregs). Tregs release anti-

inflammatory cytokines (29) that repress pathological and physiological immune responses (30,31). 

The prognostic significance of Tregs in cancer has been quite controversial. High densities of FoxP3+ 

Tregs have been associated with better survival  in HNSCC (14) and established to be an independent 

prognosticator for improved overall survival in several solid tumours (32,33). Conversely, increased 

influx of FoxP3+ Tregs was correlated with lymph node metastasis in colorectal cancer (34), and 

worsened prognosis in OSCC (35). Moreover, high infiltration of FoxP3+ Tregs in OTSCC has been 

reported to be associated with poor survival (36). 

In summary, TA-HEVs, Tregs and CD163+ TAMs are inherent constituents of the TME that play 

critical roles in tumour progression, immunoregulation, and TME modulation (19,22,37). Studies 

indicate that TA-HEVs (19), and CD163+ TAMs (21,27,28) exhibit favourable and unfavourable 

prognostic impact on OSCC, respectively, while the role of FoxP3+ remains controversial (14,30). 

Before these potential prognostic markers can be implemented in clinical practice, their relevance 

must be confirmed in several independent patient cohorts. The aim of the current study was to 

evaluate the prognostic value of these biomarkers individually and combined, in a homogeneous 

cohort of OTSCC patients. 

 

Materials and methods 

Patient cohort and specimens 

This study is part of the retrospective Norwegian Oral Cancer Study (NOROC) (38). In the present 

study, we included 126 patients diagnosed with primary, treatment naïve OSCC of the mobile tongue 

(OTSCC). Patients were diagnosed between January 1st, 2005, and December 31st, 2009, at one of 

the four Norwegian university hospitals treating OSCC (Bergen, Oslo, Trondheim, and Tromsø). 

Clinical and pathological data were extracted from the patients’ hospital files and pathology reports. 

The cause of death was retrieved from the Cause of Death Registry if not reported in the patients’ 

hospital files. The last day of follow up was June 1st, 2015 (38). Experienced and calibrated 

pathologists reclassified the tumours according to the current TNM classification of Malignant 
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tumours, 8th edition, 2016, as established by the Union for International Cancer Control (UICC) (11). 

Identification and recruitment of patients as well as retrieval of clinical data has been described 

previously (39). The Regional Committee for Medical and Health Research Ethics of Northern 

Norway gave its approval to the use of the patients’ specimen and the collecting of clinical data 

(Protocol number 2013/1786 and 2015/1381). Patients still alive were given the opportunity to opt-

out of the study, but the need to obtain written or oral consent was waived. The Reporting 

Recommendations for Tumour Marker Prognostic Studies (REMARK) guidelines (40) were followed 

in this study. 

Inclusion and exclusion criteria 

The inclusion criteria for the current study were availability of tissue from primary OTSCC tumour, 

clinical data and follow-up, and treatment with curative-intent. Excluded were patients with previous 

radiotherapy involving the head and neck, patients formerly diagnosed with oral or pharyngeal cancer, 

malignancy with histopathology different from SCC and patients receiving palliative treatment only. 

Immunohistochemical staining 

Immunohistochemistry (IHC) was used to stain four micrometre-thick formalin-fixed, paraffin-

embedded (FFPE) tissue sections for the MECA-79 epitope to detect Peripheral Node Addressin 

(PNAd) specifically expressed by HEVs (41) and the immune cell markers FoxP3 and CD163 to 

detect regulatory T cells and M2 macrophages, respectively. Both automated (CD163) and manual 

(PNAd and FoxP3) staining procedures were employed. 

CD163 staining was performed, using the automated IHC slide staining system Ventana Benchmark, 

XT (Ventana, Tucson, AZ, USA), at the Diagnostic Clinic-Department of Clinical pathology, 

University Hospital of North Norway. A Ventana Enhanced DAB detection kit (Ventana, Tucson, 

AZ) and commercially available prediluted monoclonal mouse primary CD163 antibody (Clone 

MRQ-26 from Roche, Cell marque, Cat.No: 760-4437) were used and staining was completed in 

accordance with the standard procedures. In summary, deparaffinized and blocked sections were 

heated in a 0.01M sodium citrate buffer at pH 6.0 for antigen retrieval. For visualisation, an antibody 

cocktail of horseradish peroxidase (HRP)-labelled goat anti-mouse IgG/IgM and mouse anti-rabbit 

secondary antibodies (Ventana UltraView Universal DAB Detection Kit, Roche, Mannheim, 

Germany, Cat.No 760–500) as well as diaminobenzidine were used. The duration of secondary 

antibody incubation was regulated by the manufacturer. Each run included a control slide with known 

positivity for each antibody (tonsil or lymph node) (42). 
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For PNAd and FoxP3 staining, tissue sections were incubated at 60 °C for at least one hour or 

overnight, deparaffinized in xylene and rehydrated in graded ethanol baths. Antigen retrieval was 

performed by boiling the sections in sodium citrate buffer (pH 6.0) for 20 minutes and 3% H2O2 

(Dako Glostrup Denmark) was used for blocking of endogenous peroxidase activity. Sections were 

incubated with rat anti-PNAd (1:25, clone: MECA-79, Biolegend, San Diego, USA, Cat.No 120801,) 

or mouse anti-FoxP3 antibody (1:50, Clone:235/E7, Abcam, Cambridge, UK, Cat.No ab20034,) in 

room temperature for 30 minutes or at 4°C overnight, respectively. Detection was thereafter carried 

out by incubating sections for 30 minutes with HRP-labelled secondary goat anti-rat light chain 

(1:250, Millipore, Temecula, California, USA, Cat.No AP202P,) or anti-mouse IgG antibody (1:100, 

Sigma-Aldrich, St. Louis, Missouri, USA, Cat.No A2554), followed by diaminobenzidine (Dako 

EnVision + System-Horseradish Peroxidase, Dako) for visualization. Harris haematoxylin (Sigma-

Aldrich, St. Louis, Missouri, USA) was used for counterstaining. FFPE human lymph nodes or spleen 

tissue were used as positive controls for PNAd and FoxP3, respectively, and for negative control the 

primary antibody was omitted. Assessment of PNAd antibody specificity was performed as described 

by Wirsing and colleagues (19).  

 

Immunohistochemical evaluation  

Stained sections were scanned with the Olympus VS120 automated slide scanner (Olympus 

Germany). For PNAd and CD163, the OlyVIA software version 1.06 (Olympus Germany) was used 

to digitally capture and evaluate micrographs, while QuPath software version 0.3.2. (43) was used to 

evaluate whole slide Foxp3-stained images. 

PNAd+ TA-HEVs: Two trained observers who were calibrated prior to the study, independently 

performed identification, histological evaluation, and manual scoring of IHC-stained TA-HEVs. 

Manual scoring was chosen over automated scoring because HEVs have a unique morphology that 

requires expert visual judgement for reliable identification and quantification (44,45). TA-HEVs were 

defined as distinct brown PNAd staining in aggregates of cells greater than 1. To eliminate HEVs that 

were not TA, only HEVs that were present within one field of vision of tumour cells, were considered. 

At a low power magnification (5x), five tissue areas with the highest TA-HEVs density (hotspots), 

were identified for each tissue section. Micrographs of these TA-HEVs hotspots were captured at X20 

power magnification. The number of TA-HEVs in each hotspot was manually counted and the mean 

number per hotspot calculated for each tumour section as previously described (19).  In situations of 

disparate scores between the observers, the staining was re-evaluated and discussed to reach an 
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agreement. An inter-rater reliability test was conducted to evaluate the consistency and agreement 

between the observers' scores. 

FoxP3+ Tregs: QuPath was used to evaluate FoxP3 staining because it possesses advanced cell 

segmentation algorithms that enables identification of individual cells and nuclei (46). Automated 

estimation of stain vectors was performed in a representative image to optimize digital separation of 

the Haematoxylin and DAB channels and was applied to all images before cell detection. Parameters 

for positive cell detection were optimized on several images before deciding on a threshold level 

(0.100). Automated positive cell detection was compared to manual count of positively stained cells 

in 15 areas corresponding to 20X field of view (1100x1100µm; 950331µm2) to check whether the 

settings were satisfactory. The threshold was adjusted to 0.150 or 0.175 for a few images with 

particularly strong staining intensities and/or high background. Five circular annotations 

corresponding to 20X field of view were applied to areas with the highest density of FoxP3 cells, 

referred to as hotspots, in all sections. The number of FoxP3 cells in each of the five hotspots was 

summated and the mean number per hotspot was calculated for each section. Each hotspot contained 

tumour cells and stroma. Areas with high background staining due to red blood cells, blood vessels 

or tissue artefacts were excluded from annotations to prevent false positive count.  

CD163+ TAMs: CD163 staining of M2 TAMs showed cytoplasmic and membrane staining in cells 

that were irregularly shaped, overlapping and appearing in clusters, making them difficult to count as 

individual cells. Thus, the stain was quantified as the mean percentage of positively stained area in 

five hotspots, each with a magnification of 20X. Quantification was performed using ImageJ (Fiji 

version 2.9.0/1.54d; Java 1.8.0_322) (47). This is because the software sufficiently handles 

overlapping staining and accounts for spatial distribution of CD163+ macrophages (48). Briefly and 

chronologically, using ImageJ, micrographs of CD163+ hotspots were selected and converted into 8-

bit image. Under measurements, the area and area fraction boxes were checked to set the 

quantification of the micrograph.  Next, the threshold was adjusted to ensure that only the positively 

stained CD163+ cells were visible by setting the positive and negative (including background) areas 

to display contrasting colours. Background staining is a major challenge during quantification of 

CD163+ macrophages. On each image to be quantified, background staining was eliminated while 

ensuring that the total area of interest to be quantified remained unchanged before and after 

background stain elimination. (49). Subsequently, we juxtaposed the original unedited CD163+ 

micrograph with the ImageJ adjusted micrograph to ensure the best possible elimination of the 

background staining. This also aided identifying an optimal threshold as the staining intensities of 

sections varied somewhat. We used 3 different thresholds: 165, 175 and 150, for weak, optimal, and 
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extremely high staining intensities respectively after a consensus among the observers. The 

quantification was expressed as the mean percentage of the total area measured in the five hotspots. 

Dichotomization for marker scoring 

For each patient, we calculated a mean staining score per hotspot for the different markers. Based on 

these mean scores, we divided the patient sample into quintiles (20%) where the first and fifth 

quintiles had the lowest and highest scores, respectively for each of the three markers. We tested cut-

off points for dichotomizing the scores into low and high staining between these quintiles, to identify 

the best separation of survival curves based on median survival time (50). For all markers, cut-off 

between the first quintile (low density) and the combined second through fifth quintiles (high density), 

gave the best separation of survival times and was used for dichotomization. Additionally, we 

generated variables based on combinations of high and low expression for pairs of markers to assess 

whether considering two markers together could enhance their prognostic value. 

Clinical and pathological variable coding 

In this study, our primary outcome was five-year disease-specific survival (DSS), from the time of 

diagnosis. Our independent variables were the IHC scores (high versus low) for TA-HEVs, CD163 

and FoxP3. Covariates included were sex, age, T-status, N-status, and tumour grade. Based on age at 

time of diagnosis, patients were divided into a younger (≤ 60 years) and an older (> 60 years) age 

group. T-status were used both without recoding as well as dichotomized into T1 vs T2/T3 to increase 

statistical power in regression analyses. The N status was based on histopathological analysis (pN) 

for patients who underwent neck surgery, otherwise it was based on clinical/radiological examination 

(cN). It was dichotomized into: N0 (no signs of lymph node involvement pathologically and/or 

clinically) and N+ (lymph node metastasis). Tumour grade was based on the histopathological 

differentiation where the moderate and well-differentiated tumours were categorized as low-grade 

tumours, and poorly differentiated tumours were categorized as high-grade. This approach improves 

power, simplifies interpretation, and is consistent with the underlying biology of tumours (51,52). 

Statistical analysis 

The intraclass correlation (ICC) was used to assess the inter-rater reliability of the HEV scores 

between the two observers. The ICC estimates and their 95% confidence intervals were calculated 

using a 2-way mixed-effects model based on a mean rating (K=2) and absolute agreement (53). The 

distribution of variables across IHC scores for TA-HEVs, CD163 and FoxP3 were analysed with 

cross-tabulations and the statistical significance of differences were assessed with the Pearson’s Chi-

square test. Kaplan-Meier analyses were used to calculate mean DSS time with 95% confidence 



8 
 

intervals (CI) and survival curves, and statistical significance was analysed with the Log-rank test. 

Cox-regression analyses were used to calculate hazard ratio (HR) for disease specific death with 95% 

(CI). The proportional hazard assumption of the cox regression models was tested using the 

Schoenfeld residual test, showing that our analysis did not violate the assumption. We tested for 

significant multiplicative interactions by including the cross-products in the regression models, none 

were found. Differences between groups with a p-value < 0.05 were considered statistically 

significant. Stata software version 18.0 (Stata Corp, College Station, TX, USA) and Microsoft Excel 

2013 were used for all statistical analyses (Microsoft, Redmond, WA).  

 

Results 

This study includes a cohort of 126 patients (60% men) diagnosed with OTSCC between January 1st, 

2005, and December 31st, 2009, in Norway. Mean age at diagnosis was 62.9 years (standard deviation 

14.2, range 24-90 years). The characteristics of the cohort are summarized in Table 1. At the time of 

diagnosis, one third of the patients had T1 tumours and 85% had no lymph node metastasis. During 

the 5-year follow up period 30% of the patients had died of the disease.  

Identification, distribution and staining characteristics of TA-HEVs, CD163, and FOXP3+ 

cells in OTSCC tissues 

TA-HEVs were easily identifiable and unevenly distributed in the tumour stroma. They appeared as 

brown-stained vessel structures with or without a visible lumen (Fig.1).  TA-HEVs displayed 

heterogeneous morphology with varied vessel wall thickness, and the staining appeared patchy in 

some vessel walls. Most TA-HEVs were found in areas with a dense lymphocyte infiltration. Only 

one tumour specimen was negative for TA-HEVs. The interclass correlation coefficient of the two 

observers’ TA-HEVs scores was 0.997 (95% CI: 0.995 – 0.998), which is regarded an excellent 

reliability (53). In most tumours, CD163 staining was quite prominent with positive cells densely 

distributed throughout the tumour stroma. CD163 staining was seen in both the cell membrane and 

cytoplasm of cells with irregular shape (Fig.1). FoxP3+ cells were typically observed infiltrating the 

stroma rather than the tumour areas. Most FoxP3+ cells exhibited a small size with a darkly stained 

and round-shaped nucleus, suggestive of lymphocytes (Fig.1). However, the exact location of FoxP3+ 

staining in the nucleus versus cytoplasm was difficult to assess due to sparse cytoplasm in most 

FoxP3+ cells. They were evenly dispersed in areas with prominent lymphocyte infiltration. No 

significant associations were seen between scores for the three markers, although tumours with high 

FoxP3 score tended to also have high CD163 score (p=0.088) (Table 1). Distribution of patient 

characteristics across the scores for TA-HEVs, FoxP3 and CD163 IHC staining is described in Table 
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1. Large (T3) tumours more often had a high FoxP3 score than T1 and T2 tumours (p=0.034). 

Furthermore, 5-year DSS rate was significantly higher for patients with TA-HEVs high than TA-

HEVs low score (p=0.03), whereas patients with high FoxP3 score had significantly lower 5-year 

DSS rate than those with FoxP3 low tumours (p=0,009, Table 1). Otherwise, there were no significant 

differences in clinical or pathological characteristics based on the IHC markers (Table 1). 

Survival analyses 

Mean DSS time stratified on clinicopathological variables and staining characteristics for TA-HEVs, 

FoxP3 and CD163 was calculated by Kaplan-Meier analyses and the statistical differences were 

analysed by the Log-rank test (Table 2). Survival time varied significantly with T-status, N-status, 

TA-HEVs-status and FoxP3 status, and the same variables had significant impact on the hazard ratio 

(HR) in unadjusted Cox-regressions (Table 2). High T-stage, N+ stage and high FoxP3 score were 

associated with shorter DSS and higher risk of dying of the disease, whereas high TA-HEVs score 

was associated with lower risk of dying of the disease (Table 2). Survival curves based on TA-HEV, 

CD163, and FoxP3 scores are displayed in Fig.2A-C. We also assessed if combinations of high and 

low scores for the three markers could increase their prognostic potential. The combination of TA-

HEVs and FoxP3 scores identified groups with very different survival trajectories, where those 

having a combination of a high TA-HEVs score and a low FoxP3 score had none suffering 5-year 

disease-specific death, whereas those having a combination of TA-HEVs low and FoxP3 high scores 

had particularly low 5-year DSS (Figure 2d). Except for the Log-rank test, survival statistics could 

not be computed for these combinations due to lack of disease-specific death in one of the groups (all 

censored). Combinations of TA-HEVs and CD163 scores (Fig.2E) or FoxP3 and CD163 scores 

(Fig.2F) showed lower prognostic potential than the individual TA-HEVs (Fig.2A) and FoxP3 

(Fig.2D) scores. 

To adjust for putative confounding factors, we further ran multivariate Cox regression analyses. We 

ran separate models for each of the markers as well as a model including scores for both TA-HEVs 

and FoxP3 as these markers seemed to enhance each other (Table 3). A high FoxP3 score was an 

independent risk factor for disease-specific survival both when included as the only IHC marker 

(HR=8.02, 95% CI: 1.77, 36.44) and in the model including both FoxP3 and TA-HEV score 

(OR=27.77, 95% CI: 3.86, 199.77). TA-HEVs and CD163 score were not significantly associated 

with DSS in the adjusted models, but the prognostic value of TA-HEVs was substantially higher in 

the model including both TA-HEVs and FoxP3 (HR=2.39, 95% CI:0.96, 5.98 for low versus high 

TA-HEV score) compared to the model without FoxP3 score (HR=1.18, 95% CI: 0.49, 2.80). In line 

with previous studies on this cohort (19,38,39), N-status and tumour grade were significantly 
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associated with DSS in all models. Age and T-status showed borderline significant associations with 

DSS in the various models, most often with a p-value >0.05 (Table 3). There were no significant 

multiplicative interactions between variables included in the models. 

 

Discussion 

In the present study we have explored the prognostic value of TA-HEVs, M2 TAMs and Tregs in 

OTSCC, identified by immunohistochemical staining for PNAd, CD163, and FoxP3, respectively. 

We found that a high number of FoxP3+ cells in the TME was an independent predictor of increased 

risk of disease-specific death within five years of the OTSCC diagnosis. A high TA-HEVs score was 

significantly associated with higher 5-year DSS in univariate-, but not in multivariate analyses. 

Additionally, OTSCCs with a combination of a high TA-HEV score and a low FoxP3 score were 

associated with a particularly favourable outcome, whereas tumours with the opposite combination 

(low TA-HEV and high FoxP3 score) showed the worst survival outcome in univariate analyses. 

CD163 score was not significantly associated with DSS in any of the analyses.   

In the TME, there is a complex interplay between anti-inflammatory and pro-inflammatory cells, 

which may impact disease progression and patient outcomes (54). Transformed cells express 

neoantigens that evoke an adaptive immune response, which may supress tumour growth (14,55). 

Cytotoxic T cells are major effector cells in the anti-tumour immune response, and TA-HEVs are 

important gateways for their entry into the TME (16,17,56). However, in line with the trajectory of 

immune responses to other challenges, the anti-tumour immune response is usually downregulated 

over time, partly due to the influence of anti-inflammatory cells. M2 macrophages and Tregs often 

cooperate to establish an immunosuppressive TME (57,58). CD163+ macrophages produce and 

release immunosuppressive cytokines, including interleukin-10 (IL-10) and TGF-Beta β, which play 

a crucial role in recruiting and activating FoxP3+ Tregs (59,60). Tregs  have been shown to inhibit 

the proliferation of effector T cells within solid malignancies (61,62). In line with this, we found that 

the density of Tregs was significantly higher in T3 tumours relative to T1 or T2 tumours, suggesting 

a shift towards a more suppressive and anti-inflammatory TME as the tumours progress. However, 

no significant associations were found between TA-HEVs or M2 TAMs with T stage, and none of the 

markers varied significantly with N stage. Furthermore, there were no significant association between 

high- and low scores of the various markers, although there was a tendency that tumours with high 

CD163 score also had a high FoxP3 score. This demonstrates the intricate interactions among the 
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immune components in OTSCC, with Tregs playing a significant role in larger tumours while TA-

HEVs and M2 TAMs may have a more subtle or independent function. 

Previous studies on the prognostic value of FoxP3+ Treg show conflicting results. A high density of 

FoxP3+ Tregs was significantly associated with improved survival in patients with lymphoma (63), 

bladder (64), colorectal cancer (65), and HNSCC (14,32). However, a high density of infiltrating 

FOXP3+ Tregs was associated with an unfavourable prognosis in cervical (66), liver (67), ovarian 

(68), pancreatic (69) and renal cancer (70). Additionally, a meta-analysis comprising seventeen solid 

cancers found that an elevated influx of FoxP3+ Tregs significantly correlated with poor prognosis 

(33). In line with results from the present study, most studies on OTSCC, most studies found that a 

low number of FoxP3+ Tregs was associated with longer survival (71,72). Qualitative analysis of 

FoxP3 immunofluorescence staining has shown that FoxP3 may reside either in the nucleus or the 

cytoplasm of lymphocytes. Cytoplasmic FoxP3 expression was associated with a favourable 

prognosis, whereas nuclear expression was significantly associated with tumour recurrence and poor 

prognosis in OTSCC (73). The nuclear localization of FoxP3 is essential for the transcriptional 

regulatory activity and immunosuppressive function of Tregs (74). This suggests that the different 

subcellular localization of FoxP3 in Tregs (cytoplasmic vs nuclear) may explain the contrasting 

associations between FoxP3+ Tregs and prognosis in OTSCC, emphasizing the complex role of 

FoxP3 in tumour immunity (14). We did not discriminate between nuclear and cytoplasmic FoxP3 

staining in the  

HEVs have previously been found to be a promising prognostic factor in several cancers (16,56) 

including OSCC (19,20).In the present study a high TA-HEV score was associated with longer DSS 

in univariate analyses, but not in multivariate analyses. However, the regression model including both 

TA-HEVs and FoxP3 score markedly increased the statistical significance of the TA-HEVs score, 

suggesting that prognostic value TA-HEVs is improved when they are assessed within a broader 

immunological milieu, particularly alongside FoxP3+ Tregs. 

Indeed, when we assessed survival in patients with various combinations of high and low TA-HEV 

and FoxP3 scores, we found that patients having tumours with a high TA-HEV score and a low FoxP3 

score had the highest survival rate over the 5-year follow-up period. Conversely, patients with 

tumours with a low TA-HEV score and a high FoxP3 score had the lowest disease-specific survival 

rate. 

Carcinogen-induced tumour models in mice have shown that FoxP3 depletion triggers the 

development of TA-HEVs, indicating that Tregs suppress HEV neogenesis. Specifically, Treg 

depletion facilitates T cell activation, which subsequently stimulates HEV development, promotes T 
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cell recruitment, and eventually leads to the elimination of cancer cells (75,76). This further supports 

the idea that the combined evaluation of TA-HEVs and FoxP3 in the TME may be of particular 

prognostic value as it may help identify tumours in the transition from a tumour-promoting to a 

tumour-suppressive immune response. Both TA-HEVs and FoxP3 staining was distinct and easy to 

interpret and score, either manually or digitally, suggesting that their implementation in clinical 

practice could be feasible. 

Although, patients with a high CD163 score had a slightly lower 5-year DSS compared to those with 

a low score, there was no statistically significant association between CD163 density and survival in 

univariate or multivariate analyses. Additionally, assessing the CD163 score in combination with TA-

HEVs or FoxP3 score reduced the prognostic value of TA-HEVs and FoxP3 compared to when these 

markers were assessed alone. Our findings are in conflict with several previous studies that reported 

a significant inverse correlation between the density of CD163+ TAMs and survival rates in numerous 

cancer types (77), including OSCC (12,24). Additionally, in colorectal cancer, CD163+TAMs have 

been found to promote an immunosuppressive TME (78). The dissonance could be due to a small 

cohort with and insufficient statistical power to detect a difference in survival, variability in the patient 

population, and method of scoring. Our study's approach, particularly the criteria for categorizing 

patients into high- and low-level CD163+ TAM infiltration groups, might not have adequately 

captured the nuances of TAM distribution within OTSCC tissues. Differences in CD163+TAM 

localization (e.g., tumour centre vs. invasive front or/ stromal vs. intra-tumoral expression) could alter 

their prognostic significance. Some studies have highlighted stromal expression, but not intratumoral 

CD163+ TAMs, as being significantly associated with patient survival (24,79). We did not 

differentiate between these locations in the present study, which might have lessened the impact of 

CD163+ TAMs on survival outcomes. 

Study strengths and limitations. 

Our study includes a homogeneous cohort of patients with primary OTSCC, with validated diagnosis 

and cause of death. Histopathological characteristics have been re-evaluated by calibrated, 

experienced clinical pathologists. The most important weakness of the study is the size of the cohort, 

which may have rendered some of the analyses under-powered with risk of type II errors. Due to 

small group sizes we had to merge some variable categories, with risk of losing information. In 

multivariate regressions the 95% CI was very large for several of the included parameters, most 

notably for the FoxP3 score. This indicates low precision, uncertainty in the effect size, and difficulty 

in assessing clinical relevance. It also poses challenges for research validity and the generalizability 
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of our results. Addressing these limitations typically requires larger sample sizes and better control 

of potential confounders to achieve higher statistical power and precision with meaningful outcomes. 

Conclusion and Future Perspectives 

We found FoxP3 to be an independent predictor of DSS, and that the combined evaluation of TA-

HEVs score and FoxP3 score could identify patients with particularly favourable and unfavourable 

outcomes. Further research should aim to validate these findings in several, and preferably larger 

cohorts. This would provide a more comprehensive understanding of the immunological landscape 

in OTSCC and its implications for patient management.   
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Figure legends 

Figure 1.  Immunohistochemical staining of OTSCC tumour tissue. Representative images of tumour 

tissue sections of primary treatment naïve OTSCC patients immunohistochemically stained for PNAd 

(n=126), CD163 (n=122), and FoxP3 (n=118). Five areas (hotspots) with the highest density of each 

of the markers were identified to generate a low and high score for the density of TA-HEVs, 

CD163+TAMs, and FoxP3+Tregs. The number of TA-HEVs were manually counted, while the 

number of Tregs was quantified by automated cell detection. TAMs were quantified as percentage of 

the total area measured. Scale bar indicates 100µm. 

 

Figure 2. Kaplan-Meier curves showing the five-year disease-specific survival in a cohort of OTSCC 

patients for selected biomarkers; (A) TA-HEVs (N=126) (B) CD163 (N= 122) (C) FoxP3 (N= 118), 
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(D) TA-HEVs and FOXP3 (N=118), (E) TA-HEVs and CD163 (N=122) (F) FoxP3 and CD163 

(N=116).  P-values were estimated using the log-rank test. 
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Figure 2 
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Tables  

 

Table 1: Demographic, clinical, and pathological features of oral tongue squamous cell carcinoma 

patients and their association with scores for TA-HEVs-, FoxP3-, and CD163 immunohistochemical 

staining. 

 All TA-HEVs FoxP3 CD163 

 
 
n 

Low  
n (%) 

High 
 n (%) 

p 
Low 
 n (%) 

High  
n (%) 

p 
Low  
n (%) 

High  
n (%) 

P 

All  25 (19.8) 61 (80.2)  23 (19.5) 95 (80.5)  24 (19.7) 98 (80.3)  

Sex           

 Male 76 15 (19.7) 61 (80.3) 
.971 

12 (16.7) 60 (83.3) 
.332 

12 (16.2) 62 (83.8) 
.233 

 Female 50 10 (20.0) 40 (80.0) 11 (23.9) 35 (76.1) 12 (25.0) 36 (75.0) 

Age           

 ≤60 
years 

50 11 (22.0) 39 (78.0) 

.622 

11 (23.4) 36 (76.6) 

.383 

12 (25.09 36 (75.0) 

.233 
 >60 
years 

76 14 (18.4) 62 (81.6) 12 (16.9) 59 (83.1) 12 (16.2) 62 (83.8) 

T-status           

 T1 41 7 (17.1) 34 (82.9) 

.878 

8 (20.5) 31 (79.5) 

.034 

10 (26.3) 28 (73.7) 

.305  T2 53 11 (20.8) 42 (79.2) 14 (28.6) 35 (71.4) 7 (13.5) 45 (86.5) 

 T3 29 5 (17.2) 24 (82.8) 1 (3.7) 26 (96.3) 6 (20.7) 23 (79.3) 

N-status           

 N0 89 15 (16.9) 74 (83.1) 
.167 

17 (20.2) 67 (79.8) 
.801 

20 (23.3) 66 (76.7) 
.139 

 N+ 16 10 (27.8) 26 (72.2) 6 (18.2) 27 (81.8) 4 (11.4) 31 (88.6) 

Grade           

 Low 111 21 (18.9) 90 (81.1) 
.400 

19 (18.4) 84 (81.6) 
.904 

22 (20.6) 85 (79.4) 
.967 

 High 10 3 (30.0) 7 (70.0) 2 (20.0) 8 (80.0) 2 (20.0) 8 (80.0) 

5-year 
DSS 

          

 Alive 88 13 (14.8) 75 (85.2) 
.030 

21 (25.9) 60 (74.1) 
.009 

19 (22.4) 66 (77.6) 
.259 

 Dead 38 12 (31.6) 
101 
(68.4) 

2 (5.4) 35 (94.6) 5 (13.5) 32 (86.5) 

FoxP3           

 Low 23 7 (30.4) 16 (69.6) 
.140 

      

 High 95 16 (16.8) 79 (83.2)       

CD163           

 Low 24 6 (25.0) 18 (75.0) 
.390 

7 (31.8) 15 (68.2) 
.088 

   

 High 98 17 (17.3) 81 (82.7) 15 (16.0) 79 (84.0)    

P-values were calculated using the Pearson Chi-square test. N0: no lymph node metastases. N+: Lymph node 

metastases. N: number of patients. DSS: Disease specific survival. Variation in number was due to missing 

data or availability of tissue sections.  
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Table 2: Mean disease-specific survival time and unadjusted risk of dying of disease. 

 
Mean disease specific survival   
months (95% CI) 

p 
Unadjusted  
HR (95% CI) 

p 

All 47.90 (44.43, 51.36)    

Sex     

 Male 47.71 (43.27, 52.15) 
.818 

1.08 (0.56, 2.09) 
.818 

 Female 48.20 (42.65, 53.74) Ref. 

Age     

 ≤60 years 50.07 (45.16, 54.98) 
.397 

Reference 
.400 

 >60 years 46.42 (41.68, 51.16) 1.33 (0.69, 2.57) 

T-status     

 T1 55.36 (51.48, 59.24) 

.040 

Reference  

 T2 46.32 (40.96, 51.68) 2.83 (1.13, 7.09) .026 

 T3 43.57 (35.04, 52.09) 3.14 (1.14, 8.65) .027 

N-status     

 N0 52.54 (49.20, 55.87) 
<.001 

Reference 
<.001 

 N+ 35.57 (27.90, 43,24) 3.87 (2.04, 7.34) 

Grade     

 Low 49.53 (46.03, 53.04) 
<.001 

Reference 
 

 High 28.40 (14.42, 42.38) 4.44 (1.94, 10.16) 

TA-HEVs     

 Low 39.76 (31.07, 48.54) 
.030 

2.09 (1.05, 4.14) .035 

 High 50.02 (46.40, 53.64) Reference  

FoxP3     

 Low 56.73 (52.40, 61.07) 
.010 

Reference 
.022 

 High 45.02 (40.73, 49.32) 5.31 (1.28, 22.07) 

CD163     

 Low 51.73 (44.82, 58.64) 
.314 

Reference 
.320 

 High 46.85 (42.80, 50.90) 1.61 (0.63, 4.14) 
Mean survival with 95% confidence intervals (CI) calculated by Kaplan-Meier analyses and statistical 

significance of differences assessed with the Log-rank test. Hazard ratio (HR) of disease-specific death with 

95% CI was calculated with Cox regression analyses. 
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Table 3 Multivariate survival analyses. 

 
Adjusted 
HR (95% CI) 

Adjusted 
HR (95% CI) 

Adjusted 
HR (95% CI) 

Adjusted 
HR (95% CI) 

Sex     
 Male 0.97 (0.46, 2.08) 1.16 (0.55, 2.45) 1.01 (0.48, 2.11) 1.10 (0.51, 2.22) 
 Female Reference Reference Reference Reference 
Age     
 ≤60 years Reference Reference Reference Reference 
 >60 years 2.26 (1.03, 4.95) 1.68 (0.79, 3.62) 2.09 (0.94, 4.65) 1.68 (0.77, 3.67) 
T-status     
 T1 Reference Reference Reference Reference 
 T2/T3 2.15 (0.78, 5.94) 2.71 (1.00, 7.38) 2.16 (0.78, 6.03) 2.50 (0.91, 6.87) 
N-status     
 N0 Reference Reference Reference Reference 
 N+ 3.84 (1.75, 8.46) 4.61 (2.10, 10.10) 3.43 (1.52, 7.72) 5.07 (2.24, 11.45) 
Grade     
 Low Reference Reference Reference Reference 
 High 4.79 (1.94, 11.83) 6.52 (2.68, 15.83) 5.44 (2.21, 13.39) 6.88 (2.75, 17.20) 
TA-HEVs     
 Low 1.17 (0.51, 2.70)   2.26 (0.91, 5.47) 
 High Reference   Reference 
FoxP3     
 Low  Reference  Reference 
 High  8.02 (1.77, 36.44)  13.18 (2.44, 71.08) 
CD163     
 Low   Reference  
 High   1.65 (0.55, 4.96)  

Hazard ratio (HR) of disease-specific death with 95% CI was calculated with Cox regression analyses. Ref 

indicates reference category. Numbers in bold indicates statistically significant differences.  
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4-nitroquinoline 1-oxide-
induced oral epithelial lesions
exhibit time- and stage-
dependent changes in the tumor
immune microenvironment
Kjersti Sellæg1*, Ruth Schwienbacher1,2, Mathias Kranz3,
Anna Engan Aamodt1, Anna M. Wirsing1, Gerd Berge1,
Elin Hadler-Olsen1,4 and Synnøve Norvoll Magnussen1*

1Department of Medical Biology, Faculty of Health Sciences, University of Tromsø (UiT) – The Arctic
University of Norway, Tromsø, Norway, 2Department of Clinical Pathology, University Hospital of
North Norway, Tromsø, Norway, 3PET Imaging Center Tromsø, University Hospital of North Norway,
Tromsø, Norway, 4The Public Dental Health Competence Center of Northern Norway,
Tromsø, Norway
Oral tongue squamous cell carcinoma (OTSCC) is the most common cancer of

the oral cavity and is associated with high morbidity due to local invasion and

lymph node metastasis. Tumor infiltrating lymphocytes (TILs) are associated with

good prognosis in oral cancer patients and dictate response to treatment.

Ectopic sites for immune activation in tumors, known as tertiary lymphoid

structures (TLS), and tumor-associated high-endothelial venules (TA-HEVs),

which are specialized lymphocyte recruiting vessels, are associated with a

favorable prognosis in OSCC. Why only some tumors support the

development of TLS and HEVs is poorly understood. In the current study we

explored the infiltration of lymphocyte subsets and the development of TLS and

HEVs in oral epithelial lesions using the 4-nitroquinoline 1-oxide (4NQO)-

induced mouse model of oral carcinogenesis. We found that the immune

response to 4NQO-induced oral epithelial lesions was dominated by T cell

subsets. The number of T cells (CD4+, FoxP3+, and CD8+), B cells (B220+)

and PNAd+ HEVs increased from the earliest to the latest endpoints. All the

immunemarkers increased with the severity of the dysplasia, while the number of

HEVs and B cells further increased in SCCs. HEVs were present already in early-

stage lesions, while TLS did not develop at any timepoint. This suggests that the

4NQO model is applicable to study the dynamics of the tumor immune

microenvironment at early phases of oral cancer development, including the

regulation of TA-HEVs in OTSCC.
KEYWORDS

4-nitroquinoline 1-oxide (4NQO), tumor infiltrating lymphocytes (TILs), high
endothelial venules (HEVs), tumor microenvironment, tertiary lymphoid structures
(TLS), oral carcinogenesis
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1 Introduction

Oral tongue squamous cell carcinoma (OTSCC) is the most

common oral malignancy. OTSCCs are aggressive due to local

invasion and a tendency for early metastatic spread to regional

lymph nodes (1). About half (47-52%) of the patients will die within

five years after diagnosis (2, 3). The standard treatment includes

surgery, and in some cases radiotherapy and chemotherapy (2).

A high density of tumor infiltrating lymphocytes (TILs) is

associated with good prognosis in several cancers including

melanoma, breast, colorectal, and tongue cancers (4, 5). TILs can

be separated into B cells and T cells, which can be further classified

into various subtypes with specific functions. CD8+ cytotoxic T

cells can kill malignant cells and their presence in tumors is

associated with favorable patient outcomes (6, 7). These cells are

also key players in cancer immunotherapy. Indeed, boosting the

presence and reactivity of cytotoxic T cells within tumors, either by

blocking of immune checkpoint molecules or transplanting

engineered tumor-specific T cells have shown improved clinical

outcomes in human cancers (8, 9). Tumor infiltrating B cells have

also been shown to correlate with improved patient survival (5),

whereas regulatory T cells (Tregs), an immunosuppressive T cell

subset, confers worse prognosis in oral cancer patients (10).

In inflamed tissues, B cells, T cells and specialized stromal cells

(follicular dendritic cells; FDCs) sometimes form organized

immune aggregates known as tertiary lymphoid structures (TLS).

The structure and function of TLS resemble lymphoid follicles and

act as ectopic sites for local antigen presentation and immune

activation (11). Lymphocyte trafficking into lymph nodes and TLS

is mediated by specialized post-capillary venules termed high-

endothelial venules (HEVs) (12). HEVs with similar phenotypes

to lymph node HEVs are found in chronically inflamed tissues, such

as autoimmune diseases (13), allograft rejection (14), and solid

tumors (15), and are considered the main gateways for lymphocyte

entry into these sites. The presence of TLS and HEVs, as well as high

density of HEVs within TLS, are associated with a favorable

prognosis in several cancers (16–18). In our previous studies we

have found that tumor-associated (TA) TLS were associated with a

favorable prognosis in OSCC patients (19). Interestingly, TA-HEVs

were found to be an independent positive prognostic marker

associated a favorable immune microenvironment and were

sometimes present independently of TLS (19–21). The specific

conditions within a tumor that supports the development of TLS

and HEVs remain unclear.

To study OTSCC carcinogenesis and its immune infiltrate, we

chose the 4-nitroquinoline 1-oxide (4NQO) mouse model which

has been widely used in studies of oral cancer (22). The genetic

alterations caused by 4NQO exposure resemble that of tobacco

carcinogens (23), which is an important risk factor for oral cancer in

humans. To increase our understanding of the immune response in

human cancer we need models that closely mimic clinical features

of human disease. Our previous studies on TLS and HEVs in OSCC

used human archival tissues (19–21). However, archival tissues are

snapshots and do not capture the development of the

microenvironment during tumor progression. In this study we

aimed to determine whether HEVs and TLSs develop in the
Frontiers in Oncology 02
4NQO model and to map the immune infiltrate during oral

carcinogenesis. We also wanted to explore whether positron

emission tomography (PET) and magnetic resonance imaging

(MRI) are suitable to track the development of tongue lesions and

metastasis in this model. We used immunohistochemistry together

with a refined scoring approach to analyze the quantity and spatial

distribution of CD4+ (T helper cells), FoxP3+ (regulatory T cells),

CD8+ (cytotoxic T cells), and B220+ (B cells) cells, as well as PNAd

+ HEVs in tongue tissues. We also performed in vivo whole-body

PET/MRI of 4NQO-exposed mice at different timepoints.

Aggregates of B220+ cells indicative of TLS did not develop at

any timepoint, however, HEVs were present already in early-stage

lesions. The number of infiltrating lymphocytes and HEVs

associated with oral epithelial lesions increased with time and

severity of the lesions. PET/MRI efficiently detected epithelial

lesions of the tongue and reactive changes in the regional lymph

nodes of 4NQO-exposed mice.
2 Materials and methods

2.1 Animals and experimental protocol

Animal experiments were approved by The Norwegian Food

Safety Authority (FOTS ID 15956) and adhere to the Norwegian

Animal Welfare Act and the European Union directive 2010/63. For

the duration of the study, the mice were maintained at controlled

temperature and humidity under a 12h/12h light/dark cycle with ad

libitum food and water access. The mice were housed at specific-

pathogen free conditions and environmental enrichment was

provided. Forty-eight C57BL/6 wild-type (strain:C57BL/6JRj)

mice (female, 6-8 weeks; Janvier Labs, Route de Genest, France)

were kept in ventilated cages (maximum five mice in each cage)

with or without filtertops depending on carcinogen exposure. The

mice were acclimatized for one week prior to study start. During a

treatment period of 16 weeks, mice in randomly selected cages were

given either 100µg/mL of the carcinogen 4-nitroquinoline 1-oxide

(4NQO, Sigma, St. Louis, Missouri, USA) in the drinking water

(4NQO n=30) or regular drinking water (control n=18)

(Figure 1A). Freshly prepared 4NQO-water was provided every

five ± three days. The 4NQO stock solution and drinking bottles

were protected from light. During a 12-week follow-up period,

carcinogen-exposed and control mice were sacrificed at different

timepoints (weeks ≤20: 4NQO n=12, control n=6, weeks 21-24:

4NQO n=9, control n=6, and weeks 25-28: 4NQO n=9, control

n=6), referred to as experimental endpoint (Figure 1A). Humane

endpoints were ≥10% loss of bodyweight and signs of decreased

well-being of the animals, including physical appearance and

behavior, if it could not be alleviated with intervention. The mice

were weighed at baseline (week 0) and weekly until week 14,

whereafter the animals were weighed daily until they reached

humane or experimental endpoint. Due to loss of body weight

and dehydration, the carcinogen-exposed mice were given chow

soaked in water in addition to dietary supplements (DietGel®

Recovery, Clear H2O, Maine, USA) from week 14. Whole-body

dynamic PET and high-resolution head MRI was conducted at
frontiersin.org
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weeks 24 and 27 as described in detail below. Euthanasia was

conducted by carbon dioxide inhalation. Investigators were not

blinded to the allocation of animals in the control and

experimental group.
2.2 Tissue preparation

Immediately after euthanasia, the tongue, cervical and inguinal

lymph nodes, lungs, liver, kidneys, and urinary bladder, were

collected and fixed in 4% buffered formalin overnight. Thereafter

the tissue was kept in 70% ethanol until dehydration and paraffin

embedding at the Department of Clinical Pathology, University of

North Norway, Tromsø. Before embedding in paraffin, tongues

were cut through the midline (medial sulcus) and mounted to give

sagittal sections (displaying the tongue from tip to base). Four-µm-

thick serial sections were cut from each paraffin-embedded tissue

block and mounted on Superfrost Plus glass slides. Sections were

coated with paraffin and stored at 4°C until use.
2.3 Histopathological evaluation

For histopathological examination of the tongue, one sagittal

section from the medial part of the tongue and one from a more

lateral part (approximately 80µm apart) were stained with

hematoxylin and eosin (H&E). The sagittal sections were used to

assess the histology of the whole tongue. Cervical lymph nodes were

serial sectioned, and sections at 40µm intervals were H&E-stained

to assess local metastatic disease and to verify PET/MRI findings.

Furthermore, H&E-stained sections from inguinal lymph nodes,

lungs, liver, kidneys, and urinary bladder (one from each organ)

were assessed for tumors (distant metastases or primary tumors).
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H&E staining was done according to standard procedures. Briefly,

tissue sections were dewaxed by incubation at 60°C for at least three

hours before immersion in xylene, followed by rehydration in

graded ethanol baths. The sections were then stained by

immersion in Harris hematoxylin (RAL diagnostics, Martillac,

France), Scott’s solution (in-house), and eosin (Sigma-Aldrich, St.

Louis, Missouri, USA) for 30, 15, and 30 seconds, respectively. An

Olympus VS120 automated slide scanner (Olympus, Tokyo, Japan)

was used for scanning of stained slides at 20x magnification. Digital

virtual whole-slide images were assessed in OlyVIA Image Viewer

software (version 2.6) via the Olympus Net Image Server SQL at

0.31- 40x magnification. In case of poor focus of digital slides, the

glass slides were studied in a Leica DM2000 light microscope (Leica

Microsystems, Wetzlar, Germany).

To map the spatial histology of the tongue we applied an

approach adapted from Vered and colleagues (24), where the

tongues were divided into seven sectors by imaginary lines; one

horizontal line separating the tongue into a dorsal half and a ventral

half from tip to base, crossed by three vertical lines. The vertical

lines separated the tongue into the following regions: sector 1;

dorsal tip, sector 2; ventral tip, sector 3; dorsal anterior body, sector

4; ventral anterior body, sector 5; dorsal posterior body, sector 6;

ventral posterior body, sector 7; tongue base. The histology of each

tongue was evaluated and assigned to the specific sector. The tongue

tissues were scored as normal mucosa, hyperplasia, low-grade

dysplasia, high-grade dysplasia, and SCC (Figure 1B) according to

the WHO classification of head and neck tumors 4th edition (25).

Squamous hyperplasia was defined as the presence of a thickened

epithelium in the absence of histological criteria for dysplasia (26).

Because squamous hyperplasia was observed in both study groups it

was considered a normal finding, and therefore, normal mucosa

and hyperplasia was grouped together. Epithelial dysplasia was

classified as either low- or high-grade using a simplified binary
B

C

A

FIGURE 1

Histopathological evaluation in the 4NQO mouse model. (A) Forty-eight mice were given 4NQO-water (n=30) or regular drinking water (n=18) for
16 weeks, followed by 12 weeks observation where the mice were sacrificed at different timepoints. (B) Each tongue was assigned a score
corresponding to the lesion with the most severe histopathological grade: normal/hyperplasia, low-grade dysplasia, high-grade dysplasia, or SCC.
Scale bar indicates 100 µm. (C) The severity of epithelial lesions increased in mice sacrificed at later endpoints.
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system (26). In low-grade dysplasia, the dysplastic features were

restricted to the lower third of the epithelium, and in high-grade

dysplasia the dysplastic features were present in the middle- to

upper-third of the epithelium. SCC was defined as neoplastic

squamous epithelium that penetrated the basement membrane

and infiltrated the underlying submucosa. Exophytic lesions

composed of acanthotic squamous epithelium arranged along a

fibrovascular stem were referred to as papilloma. Histological

evaluations of all study animals were performed by KS and

clinical pathologist (head- and neck specialist) RS. First, a

histopathological examination of the medial tongue sections was

performed, during which RS was blinded to the study groups. Next,

we repeated the process for the lateral tongue sections. Finally, each

tongue and each of their seven sectors were assigned a score

corresponding to the most severe epithelial lesion found in the

two tissue sections.
2.4 Immunohistochemical staining

Consecutive serial sections (within the distance between the two

sagittal H&E-stained sections used for histological assessment) were

stained for immune cell markers (CD4, FoxP3, CD8, and B220), the

HEV specific marker PNAd and the proliferation marker Ki-67.

Cervical lymph node sections from mice that underwent PET/MRI

were also stained for Ki-67. Specifications for immunohistochemical

staining are listed in Table 1. Dewaxed and rehydrated tissue sections

were subjected to heat-induced antigen retrieval for 20 minutes. After

blocking of endogenous peroxidase activity, 5% goat serum was

added to prevent non-specific binding of primary antibody.

Sections were incubated with primary antibody before adding

secondary antibody. Visualization was done with DAKO EnVision

DAB+ kit (Aglient, Santa Clara, CA) and counterstain with

Hematoxylin (RAL Diagnostics, Martillac, France). Mouse spleen

and lymph node tissue was used as positive staining control and

primary antibody was omitted for the negative control.
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2.5 Immunohistochemical evaluation

Immunohistochemically stained sections were assessed using the

OlyVIA Image Viewer Software as described for histopathological

evaluation. Each of the tongue specimens were divided into sectors

(as described above) using the corresponding H&E-stained section as

a guide to ensure the sectors matched as accurately as possible. We

counted the total number of the various immune cell types in the

epithelium and lamina propria of normal mucosa, as well as in and

around epithelial lesions of the seven sectors. To evaluate the

presence of TLS, we based our scoring approach on methods

previously used in human OSCC tumors (19, 27). B220-stained

sections were assessed for the presence of distinct aggregates of

positively stained cells or more diffuse B220 staining patterns. The

presence of CD4+ and CD8+ T cells, as well as PNAd-positive vessels

within or adjacent to B220+ cell aggregates on consecutive sections

would be considered TLS. Due to the limited presence of HEVs

compared to immune cells in the tongue specimens, HEVs were

analyzed in two sections per mouse (one medial and one more lateral

section, approximately 80µm apart). To report the results, we chose

the section that had the highest HEV count out of the two

(Supplementary Figure S1). HEVs were defined as PNAd-stained

vessels or clusters of >1 positively stained cells as previously described

(Wirsing 2016). Qualitative assessment of Ki-67 staining was

performed in 25 tongue sections (4NQO n=17, control n=8). This

included the four carcinogen-exposed- and two control mice that

underwent PET/MRI. For these mice, Ki-67 was also evaluated in

three cervical lymph node sections at 120µm intervals. Immune cells

and Ki-67 staining were analyzed by KS, and HEVs were analyzed by

KS and AMW.
2.6 Imaging and monitoring with PET/MRI

Animals (4NQO n=4, control n=2) were anesthetized by

inhaling 4% Isoflurane (in O2), after which anesthesia was
TABLE 1 Specification for immunohistochemical staining.

Target/Primary antibody/Clone Antigen
retrieval

Blocking Dilution Incubation
time (minutes)

Secondary
antibody

T helper cells/Recombinant rabbit monoclonal anti-CD4
antibody/EPR19514a

Tris-EDTA
(pH 9.0)

0.3% H2O2 1:1000 60
HRP-labelled polymer
anti-rabbitf

Cytotoxic T cells/Recombinant monoclonal rabbit anti-
CD8 alpha antibody/EPR21769a

Sodium citrate
(pH 6.0)

0.3% H2O2 1:2000 ON
HRP-labelled polymer
anti-rabbit

T regulatory cells/Rabbit anti-mouse FoxP3
antibody/D6O8Rb

Sodium citrate
(pH 6.0)

3% H2O2 1:75 ON
HRP-labelled polymer
anti-rabbit

B cells/Rat anti-mouse B220/CD45R antibody/RA3-6B2c
Tris-EDTA
(pH 9.0)

0.3% H2O2 1:600 60
Goat anti-rat HRP-
conjugated (1:200)g

High-endothelial venules/Purified Rat anti-mouse/human
PNAd antibody/MECA-79d

Sodium citrate
(pH 6.0)

0.3% H2O2 1:25 30
Goat anti-rat HRP-
conjugated (1:200)

Ki-67/Ki-67 recombinant rabbit monoclonal antibody/
SR00-02e

Sodium citrate
(pH 6.0)

3% H2O2 1:2000 60
HRP-labelled polymer
anti-rabbit
aAbcam, Cambridge, UK; bCell Signaling Technology, Dovers, Massachusetts, US; cR&D Systems, Minneapolis, Minnesota, US; dBioLegend, San Diego, California, US; eInvitrogen, Waltham,
Massachusetts, US; fAgilent, Santa Clara, CA; gMerck, Rahway, New Jersey.
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maintained at 1.8-2% for up to two hours during imaging

procedure. The animals were placed prone on a dedicated heated

mouse holder (MINERVE, Esternay, France) and 60 min whole-

body dynamic PET imaging (PET/MRI 7T, MR solutions,

Guildford, UK) was performed following i.v. application of 6.3 ±

0.3 MBq [18F]-fluorodeoxyglucose ([18F]FDG). Simultaneously,

high resolution head MRI was performed in the same device

applying T1- and T2-weighted fast spin echo (FSE). The

radiosynthesis of [18F]FDG was performed according to standard

clinical procedure at the PET Imaging Center Tromsø and

approximately 1 GBq of the patient batch was used for the

animal studies.

The list-mode data were reconstructed into 24x5 s -8x60 s, 10

and x300 s time frames using 3D ordered subset expectation

maximization with 1 iteration, 32 subsets, VOXEL size 0.42 mm,

applying correction for random coincidences-, decay-, deadtime-

and scatter-correction. Subsequently, the hyper-intense lesion was

segmented (PMOD v4.3, PMOD Technologies, Zurich,

Switzerland) by placing a region of interest (ROI) using the

MR information.
2.7 PET data analysis

The MRI-based ROI was used to extract the [18F]FDG activity

concentration (Bq/ml) on the PET data. PET pharmacokinetic

modeling was applied using the irreversible 2TCM (PMOD v.4.3,

PMOD technologies) and its suitability evaluated by Schwartz

Criterion (SC), Akaike Information Criterion (AIK) and Model

Selection Criterion (MSC). Furthermore, rate constants were

calculated for K1, k2, k3, and macro parameters MRGlu and Flux

derived. The image derived input function (idIF) was segmented

from the inferior vena cava as it provides a robust estimation of the

idIF (28) with special regard to the spill-in contamination from

neighboring tissue when using the heart (29).
2.8 Statistical analysis

GraphPad Prism version 10.0.2 (https://www.graphpad.com/)

was used for statistical analyses and graphical visualization of data.

Quantile-quantile (QQ) plots and the Shapiro-Wilk test were used

to assess sample distributions. Mann-Whitney U test or Kruskal-

Wallis H test (with Dunn’s multiple comparisons test) was used to

analyze difference between two or more groups, respectively, of

non-normal distributed data. Student’s t-test or one-way ANOVA

(with Tukey’s post hoc test for multiple comparisons) was applied to

analyze difference between two or more groups, respectively, when

the data met the assumption of normal distribution. Statistical

analyses were performed using two-tailed tests. Data were

transformed for visualization purposes in some instances by log2

(y+1). P-value <0.05 was considered statistically significant. In all

graphs, asterisks indicate significant differences: *p<0.05, **p<0.01,

***p>0.001, and ****p<0.0001.
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3 Results

3.1 Histopathological characterization of
the 4NQO mouse model of
oral carcinogenesis

In the current study we used the 4NQOmouse model to analyze

the time- and stage-dependent development of the immune

infiltrate during oral carcinogenesis. A total of 30 4NQO-exposed

mice and 18 healthy controls were sacrificed at different timepoints

during the study and were grouped by the weeks at which they

reached humane- or experimental endpoint; weeks ≤20 (4NQO:

n=12, controls: n=6), weeks 21-24 (4NQO: n=9, controls: n=6), and

weeks 25-28 (4NQO: n=9, controls: n=6; Figure 1A). The tongue

mucosa of most control animals displayed normal histology, while a

few mice exhibited features of squamous hyperplasia. Therefore,

normal- and hyperplastic epithelium were categorized as one group.

4NQO exposure often induced multiple lesions of varying severity

on the same tongue, including low- and high-grade dysplasias, SCC,

and papilloma (Figure 1B), and each tongue, as a whole, was

assigned a score based on the most severe histopathology

observed. The severity of the histopathological lesions clearly

increased with later endpoints (Figure 1C). Only one (3.3%) of

the carcinogen-exposed mice had no histopathological lesions, and

this animal was sacrificed at the earliest endpoint. High-grade

dysplasias were the most common lesions across all endpoints,

accounting for 63.3% (19/30) of all cases. At endpoint weeks 25-28,

all 4NQO-exposed tongues had either high-grade dysplasia or SCC.

Seven 4NQO-exposed mice (23.3%) developed SCC; one at week 20,

three at weeks 21-24, and three at weeks 25-28. Half (15/30) of the

mice developed one or more papilloma, presenting with either

dysplasia or SCC (Supplementary Figure S2; Supplementary Table

S1). In two animals we histologically verified the presence of lesions

at other sites in the oral cavity: one in the hard palate and one in the

throat. Because the tissues contained only parts of the lesions and

surrounding tissue, invasive growth and stage could not be

determined. In conclusion, the severity of epithelial lesions

increased with time after 4NQO-exposure.
3.2 The immune infiltrate gradually
increased during oral carcinogenesis and
the composition differed with stage

To study the immune infiltrate during oral carcinogenesis,

whole tongue sections were immunohistochemically stained for

the immune cell markers CD4 (T helper cells), FoxP3 (regulatory T

cells), CD8 (cytotoxic T cells), and B220 (B cells), and the HEV

marker PNAd (Supplementary Figure S3). Immune cells were

variably found in the epithelium and lamina propria, while HEVs

were only found in the stromal compartment typically in areas with

several HEVs present, close to epithelial lesions (Figure 2A;

Supplementary Figure S4). For all the markers, the number of

positive cells and -vessels were significantly higher in the
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carcinogen-exposed versus control mice (P ≤ 0.0001) (Figure 2B).

4NQO-exposed tongues generally contained sparse numbers of

B220+ cells. Aggregates of B220+ cells, which are considered a

defining component of TLS (30), were not found in any of the tissue

sections analyzed. Irrespective of the severity of the carcinogen-

induced epithelial lesions, the most abundant cell type was the CD4

+ T cells (Figures 3A–E). The total number of positive cells/vessels

increased gradually with later endpoints for all the markers
Frontiers in Oncology 06
(Figures 3F–J), though not statistically significant for B220+ cells

(Figure 3I) (P=0.07). The most prominent increase was seen for

FoxP3- and CD8-positive cells (weeks ≤20 n=65 and weeks 25-28

n=205, P=0.0014; weeks ≤20 n=51 and weeks 25-28 n=138,

P=0.0071, respectively; Figures 3G, H). The CD4+/FoxP3+ cell

ratio decreased from the first to the latest endpoint

(Supplementary Figure S5). Since most FoxP3+ cells also express

CD4, this indicates that the proportion of regulatory T cells versus
B

A

FIGURE 2

Distribution of immune cells and HEVs in relation to epithelial lesions on the tongue of 4NQO-exposed mice. (A) Four µm thick sagittal tongue
sections (scale bar indicates 400µm) were stained with H&E and divided into seven sectors (1–7) to (B) map the location of epithelial lesions of the
tongue following 4NQO-exposure. Data is presented as percentage, and n represents the number of sectors that were examined across all 4NQO-
exposed mice. (C-G) Total counts of each of the immune cells and HEVs within the seven sectors of the tongue in 4NQO-exposed mice (n=30) and
healthy controls (n=18). Data is log-transformed (log2(y+1)), and error bars indicate median with IQR. (H) Total counts of each of the immune cells
and HEVs in the seven sectors for all 4NQO-exposed mice. The range in the counts for the respective markers are shown to the right where the
white is the lowest count and dark purple is the highest count.
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helper T cells increased during tumor progression. The number of

HEVs also increased significantly between endpoint weeks ≤20 and

endpoint weeks 25-28 (P=0.0292) in carcinogen-exposed mice.

We further assessed if the number of immune cells and HEVs

corresponded to the severity of the most severe histopathological

lesion (Figures 3K–O). Although the differences did not reach

statistical significance, the median number of all immune cells

increased with the severity of the dysplasia (Figures 3K–O).
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Tongues with SCC had a significantly higher number of HEVs

than those with high-grade dysplasia (P=0.0397; Figures 3K–O),

and the number of B220+ cells increased slightly, although not

statistically significant (P=0.2077; Figure 3N). CD4+ and CD8+ T

cell counts were similar (P=0.3177 and P=0.5984, respectively;

Figures 3K, M), and the number of FoxP3+ cells was lower

(P=0.0741; Figure 3L) in tongues with SCC than in tongues with

high-grade dysplasias.
B
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FIGURE 3

Distribution of immune cell- and HEV markers in the tongue mucosa. (A) Shown are representative images for the distribution of CD4-, FoxP3-,
CD8-, and B220 cells, and PNAd positive vessels in areas of the tongue graded as normal/hyperplasia, low-grade dysplasia, high-grade dysplasia, and
SCC. For CD4, FoxP3, and B220, the same SCC is shown, but the images for FoxP3 and B220 only show parts of the SCC that represented the
staining patterns. Scale bar indicates 100µm. (B) The number of positively stained cells or vessels for all the markers (CD4, FoxP3, CD8, B220, and
PNAd) were significantly higher (P<0.0001) in mice exposed to 4NQO (n=30) compared to healthy controls (n=18). Error bars indicate median with
interquartile range (IQR).
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3.3 A novel scoring approach revealed that
the distribution of TILs and HEVs
corresponds to the site of the
epithelial lesions

As previously described, several lesions developed per tongue.

Hence, to correlate the immune infiltrate more precisely to the

severity of the epithelial lesions, we divided each tongue section into
Frontiers in Oncology 08
seven sectors and each of them were given a score corresponding to

the most severe histopathological change in the sector (Figures 4A,

B). Altogether, more lesions developed on the dorsal side than on

the ventral side of the tongue, and most lesions were found in

sectors 3 and 5. These sectors also had the most severe lesions

(Figure 4B; Table 2). SCCs were only found in sector 3 and 5 and

accounted for 10% and 20% of the lesions, respectively. The SCCs

sometimes extended into both sectors. Large papillomas were most
B

C D

E F

G H

A

FIGURE 4

Immune cell and HEV count by endpoint and histopathological grade. (A) Shown are the total counts of CD4+, FoxP3+, CD8+ and B220+ cells and
HEVs in the tongues of 4NQO-exposed mice (n=30), and the total counts of each of the markers in the tongues graded as (B) normal/hyperplasia
(n=1), (C) low-grade dysplasia (n=3), (D) high-grade dysplasia (n=19), and (E) SCC (n=7). (F–J) The total counts of all the immune cell markers and
HEVs in the tongues of 4NQO-exposed mice sacrificed at endpoint weeks ≤20 (n=12), endpoint weeks 21-24 (n=9), and endpoint weeks 25-28
(n=9). (K–O) The total counts of immune cells and HEVs in the tongues of 4NQO-exposed mice plotted against the most severe histopathological
lesion. Data is log transformed (log2(y-+)). Scale bar indicates median with IQR (A–E, K–O) or mean with standard deviation (SD) (F–J).
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common on the dorsal posterior body of the tongue (sector 5) and

tongue base (sector 7) (Supplementary Figure S2; Supplementary

Table S1). The area least affected by 4NQO-exposure was the

ventral part of the tongue, in sectors 2 and 4, in which 66.7% and

56.7% of the mice presented with normal/hyperplastic mucosa,

respectively. The ventral posterior part of the tongue (sector 6) was

missing in many sections because excision of the tongue was

performed in this region. The severity of the histopathological

lesions increased from the earliest to the last endpoint in all areas

of the tongue (Supplementary Figure S6).

Lower numbers of immune cells and HEVs were found in all

seven sectors of the control tongues compared to 4NQO-exposed

tongues (Figures 4C–G). Sector 3 and 5 displayed a substantial

accumulation of immune cells and HEVs (Figures 4C–H), which

corresponded with the severity of the epithelial lesions found in

these sectors (Figure 4B). Interestingly, the median number of CD4

+ and CD8+ T cells were highest in sector 4, despite the presence of

few lesions in this area (Figures 4C, E). While the number of CD4+

T cells in sector 4 was associated with the presence of epithelial

lesions (median CD4+ T cells without lesions n=35, and with

lesions n=55, P=0.0038), the number of CD8+ T cells was not

(P=0.755). For B cells and HEVs, the highest count was found in

sector 5 (Figures 4F, G). Several tongues also displayed a high HEV

count in sector 7. Large papillomas often displayed a strong

immune infiltrate, likely reflecting the high numbers of HEVs

seen in this area (Figure 4G; Supplementary Figure S2).

Interestingly, sector 7 was the only area of the tongue where

HEVs were observed in the control group (Figure 4G). This area

of the mouse tongue has mucous- and serous salivary glands and we

observed that structures characteristic of excretory ducts of the

salivary glands were often surrounded by several HEVs and

immune cells (Supplementary Figure S7), even in the absence of

histological changes in 4NQO-exposed mice. We also found HEVs

in this area in healthy controls. Additionally, sectors 2 and 4 were

the only other sites of the 4NQO-exposed tongues where HEVs

were present without any epithelial lesions. Finally, we calculated

the number of immune cells and HEVs within sectors assigned the

same histopathological score to get a more detailed image of the

immune composition closely linked to the epithelial lesions

(Supplementary Figure S8). In summary, the presence of immune

cells and HEVs corresponded with the site and severity of

epithelial lesion.
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3.4 4NQO-exposed mice displayed
reactive draining lymph nodes but
no metastasis

A small group of mice (4NQO n=4, control n=2) underwent

PET/MRI (Figure 1A) to determine whether this combined

modality could be used to detect primary- and metastatic lesions

as a non-invasive method to follow tumor progression. The mice

were tail-vein injected with [18F]FDG, a glucose analogue

radiotracer. MRI clearly revealed a hyperintense signal on the

tongue, offset to the midsagittal plane, of the four 4NQO-exposed

mice and PET confirmed specific [18F]FDG-uptake (Figure 5A).

The radiotracer accumulation in this area increased over time and

had a standardized uptake value of 8.0 ± 6.2 when compared to the

muscle reference region, which reached an early plateau

(Figure 5B). The [18F]FDG-uptake in this region was also distinct

from the surrounding tissues, corresponding well with the PET

images. The ratio of [18F]FDG-uptake in the hyper-intense lesion

vs muscle varied among the different animals, with animal e4

showing the largest deviation from the mean (Figure 5C).

However, this was not linked to the variation in the size of the

lesion, with animal e4 having one of the smallest lesions

(Figure 5D). This could indicate a difference in metabolic rate

and/or cell proliferation.

Following PET pharmacokinetic modeling, the rate constants

were expressed as ml/ccm/min (K1, Flux), 1/min (k2-k3) and mmol/

min/100g (MRGlu) and the results are shown in Supplementary

Figures S9A, B. The highest glucose uptake and retention were seen

in the hyperintense lesions when comparing to the reference region,

confirming increased glucose consumption in these areas of the

tongue (Figures 5A, B). Histological examination based on one half

of the tongue (the other half was used for other purposes) showed

that all the four experimental mice had several lesions on the

tongue. The most severe lesions in mice e1, e2 and e4 were high-

grade dysplasias, while e3 had low-grade dysplastic lesions as the

most severe score. Staining for Ki-67 showed no obvious difference

in the number of positive cells in the tongue epithelium between

these four mice. However, most of the 4NQO-exposed mice (13/17)

displayed increased Ki-67 positivity in the tongue compared to

healthy controls (n=8), and the distribution of the positively stained

ce l l s cor re sponded wi th the pre sence of ep i the l i a l

lesions (Figure 5E).
TABLE 2 Worst histologic grade in sectors 1-7 in the tongue of 4NQO-exposed mice.

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6 Sector 7

Worst histologic grade
n=29

(No.(%))
n=29

(No.(%))
n=30

(No.(%))
n=29

(No.(%))
n=30

(No.(%))
n=9

(No.(%))
n=29

(No.(%))

Normal/hyperplasia 6 (20.0) 20 (66.7) 3 (10.0) 17 (56.7) 3 (10.0) 1 (3.3) 14 (46.7)

Low-grade dysplasia 13 (43.3) 8 (26.7) 4 (13.3) 8 (26.7) 1 (3.3) 5 (16.7) 3 (10.0)

High-grade dysplasia 10 (33.3) 1 (3.3) 20 (66.7) 3 (10.0) 20 (66.7) 3 (10.0) 12 (40.0)

SCC 0 (0.0) 0 (0.0) 4 (10.0) 0 (0.0) 6 (20.0) 0 (0.0) 0 (0.0)

Missing 1 (3.3) 1 (3.3) 0 (0.0) 2 (6.7) 0 (0.0) 21 (70) 1 (3.3)
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To assess whether PET could be used to detect lymph node

metastasis, an in-depth image analysis of the cervical- and distant

lymph nodes was performed. The analysis revealed increased [18F]

FDG uptake in the carcinogen-exposed group compared to the
Frontiers in Oncology 10
healthy controls (Figures 5F, G). Animal e4 presented with higher

glucose metabolism in all lymph nodes, while e1, e2, and e3 showed

active [18F]FDG uptake primarily in the cervical and axillary region

(Figures 5F, G). To assess whether the observed [18F]FDG uptake
B C D
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FIGURE 5

In vivo PET/MRI results of mice following i.v. injection of [18F]FDG. (A) PET/MRI image of a representative animal (animal e4) representing uptake of
[18F]FGD in the hyperintense lesion (left and right). The T2-weightes (middle) shows the lesion on the lateral side of the tongue marked by the
crosshair. Overlapping PET and MRI image is shown to the left, while the middle and right shows MRI and PET image, respectively. (B) Standardized
uptake values (SUV) of the whole lesion (round dots) and leg muscle (square dots, reference tissue), (C) lesion-to-muscle ratio in the four
carcinogen-exposed mice (e1-e4), and (D) volumes of the hyperintense lesions of each animal (e1-e4) derived from T1-weighted MRI.
(E) Representative images of Ki-67 staining in the (dorsal) tongue of healthy controls and 4NQO-exposed mice. Scale bar indicates 50µm. (F) SUV of
lymph nodes of 4NQO-exposed (n=4, e1-e4, upward pointing arrowheads) and control mice (n=2, c1-c2, downward pointing arrowheads). Error
bars indicate mean with SD. (G) PET/MRI results showing SUV of the lymph nodes indicated by arrows/labels in the four 4NQO-exposed mice.
Representative images of (H) H&E- and (I) Ki-67-stained sections of cervical lymph nodes in 4NQO-exposed mice and healthy controls. Detailed
images of plasma cells and Ki-67+ cells from outlined areas (black box) are shown in H&E- and Ki-67-stained sections, right panels of (H, I),
respectively. Scale bars indicate 200µm (H, I) lymph node overview), 50µm (E, H) outlined area control and 4NQO, (I) outlined area 4NQO) or 20µm
(I) outlined area control).
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was due to lymph node metastasis, H&E-stained serial sections of

cervical lymph nodes from the four carcinogen-exposed mice and

controls (c1-c2) were assessed for metastatic lesions. The results

showed that none of the lymph nodes contained cancer cells

(primary or metastatic) (Figure 5H). However, when comparing

the 4NQO group to the controls, the carcinogen-exposed group had

enlarged lymph nodes owing to expansion of the B and T cell

compartments. We also observed a prominent accumulation of cells

with abundant cytoplasm and an eccentrically located nucleus,

indicative of plasma cells in the paracortex and medulla

(Figure 5H). Animals e1-e3 exhibited low to moderate presence

of plasma cells, while in e4, plasma cells comprised nearly half of

certain lymph nodes. Ki-67 staining of cervical lymph nodes did

show accumulation of positively stained cells in areas

corresponding to germinal centers, which were larger in the

4NQO-exposed mice compared to healthy controls (Figure 5I).

To conclude, no regional lymph node metastases or distant

metastases were detected using whole-body scans, nor upon

histopathological analysis of the examined tissues (cervical- and

inguinal lymph nodes, lungs, liver, kidneys, and urinary bladder).
4 Discussion

The current study presents a detailed description of how the

tongue epithelial lesions and associated immune infiltrate evolve in

the 4NQOmouse model after oral administration of the carcinogen

for 16 weeks. We evaluated the potential of PET/MRI as a tool to

monitor tumor progression in this model. We showed that 4NQO

exposure induced epithelial lesions in the tongue that increased in

severity over time, where all mice had high-grade dysplastic lesions

or SCCs at the latest timepoint (9 weeks or longer after termination

of carcinogen exposure). These findings are consistent with other

reports of this model (31–34), and confirm its ability to replicate the

multistep carcinogenesis in humans through spontaneous tumor

development and progression, alongside a functional immune

system. Our results showed that the lymphocytic infiltrate and

HEVs increased over time after 4NQO exposure, in concert with the

severity of epithelial lesions.

A challenge we faced with this model was the development of

multiple lesions with varying severity on the same tongue. Using a

mouse model with transplanted cells could provide more

predictable and consistent tumor development, however, we were

interested in the early development of the tumor and the associated

immune response. Genetically engineered models with inducible

tissue-targeted expression and/or knockout of oncogenes and

tumor suppressor genes could also provide more predictable

tumorigenesis but are often challenged by a lack of tissue-

specificity and risk of leakage of transgene expression (35). We

handled the challenge of multiple lesions by using a scoring method

where the tongue was divided into seven sectors. We used a similar

approach as Vered et al. (24), in which they separated the tongue of

rats into three equal parts: the anterior, middle, and posterior part

of the tongue. Because the tongue base in mice contains the lingual

salivary glands, which is distinct from the anatomy of the rest of the
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tongue, we chose to separate this area into a single sector. In support

of our approach of grouping lesions from small anatomical regions,

Sequeira et al. (32) found that individual 4NQO-induced lesions

close to each other were more likely to be clonally related. The

clonal origin differed when the lesions were located some distance

from each other (32). Thus, our approach can be used to study the

stage-by-stage changes that occur in the tongue mucosa.

Neither local nor distant metastasis was observed in any of the

4NQO-exposed mice in our study. This is in line with other studies

reporting that lymph node metastasis in this model was infrequent

until week 33 post 4NQO exposure (36, 37). Some of the animals

had to be sacrificed before reaching the final experimental endpoint

due to a high primary tumor burden. Hence, the mice were

probably terminated before the development of metastasis.

Despite lack of metastases upon histopathological examination,

we saw prominent PET signals from the cervical lymph nodes of

the 4NQO-exposed mice. These signals were probably due to

increased [18F]FDG uptake caused by reactive changes in the

lymph nodes indicated by a prominent plasma cell component

within the paracortex and medulla, as well as increased proliferation

of B cell follicles measured by Ki-67 expression and enlarged T cell

zones. Although no metastases were detected in our experiment, the

strong PET-signal from reactive lymph nodes suggests that [18F]

FDG is an unsuitable tracer for discriminating between metastases

and reactive changes in this model. Using PET radiotracers that are

more tumor- or metastasis-specific, such as [18F]FAPI-74, [18F]

Fluciclovine, or [68Ga]Pentixafor, might enhance the ability to

distinguish between reactive changes and metastasis in

lymph nodes.

It is well established that the tumor immune infiltrate has a

major influence on tumor progression and the response of solid

tumors to immunotherapy (4). Similar to our current findings,

previous studies on the 4NQO mouse model have demonstrated

that changes in the immune infiltrate correspond with the

histological grade (38, 39). This is consistent with findings in

human tongue specimens of different histological grades (40), as

well as across oral subsites (41, 42). Our findings together with other

studies indicate that mouse and human oral lesions display a

pronounced influx of T cells that increase with more severe

histopathology (39, 40, 42). Consistently, OSCCs are often

abundantly infiltrated with T cells (43, 44). However, marked B

cell infiltrates have been found in human oral cancers (5, 45), which

might reflect the presence of TLS. Consequently, tumors that lack

TLS tend to display low numbers of B cells (27, 46). In the 4NQO-

induced tongue lesions, we found that B cells were present at low

numbers. Accordingly, we found low numbers of B cells and no

aggregates resembling the formation of TLS in the tongue tissues.

Sales de Sà et al. reported that among 48 OTSCC patients, 77.1%

were enriched in CD20+ B cells (5). Intratumoral B cells are mostly

located in TLS and aggregated with T cells (30). Indeed, the

presence of B cells in OTSCC tumors positively correlated with

the density of T cells (5), indicative of TLS formation. Although the

presence of B cells was low in the 4NQO-exposed tongues, the

number of B cells was higher in SCCs compared to earlier stages.

This might indicate that TLSs develop at a later timepoint in this
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model. We have earlier found that TLSs in OSCC are infrequent

and heterogeneously distributed (19), and it might be that we have

missed TLSs by not examining whole tongues. Alternatively, the

presence of a sparse B cell infiltrate could point to a role of B cells in

promoting OSCC. There is growing evidence that intratumoral B

cells found outside TLS may be involved in tumor progression (47,

48). However, the role of different B cell subsets in OSCC is largely

unexplored, and reliable markers for identifying B cell phenotypes

remain undefined. Recently, tumor-associated lymphoid aggregates

rich in T cells with a stem-cell like phenotype (CD8+TCF1+) and

antigen-presenting cells (APCs) has been identified in human

tumors and tumor-bearing mice (49, 50). These so-called antigen-

presenting niches (APNs) resemble T cell zones in SLOs, suggesting

that they may function as intra-tumoral sites for priming and

activation of T cells. CD8+TCF1+ T cell niches have also been

found in close proximity to TA-HEVs (51). Hence, lymphoid

aggregates other than TLS can impact tumor control, however, we

have yet to determine the presence of APNs in the 4NQO model.

While TILs are often examined in established tumors, the tumor

immune response is dynamic and constantly reshaped by

interactions with neoplastic cells and the microenvironment at

different stages of tumorigenesis (52). Efficient use of animal

models warrants a better understanding of the immune infiltrate.

Based on these results, the 4NQO mouse model is suitable for

studies of T cells responses in oral carcinogenesis and perhaps

tumor promoting B cells.

We found that HEVs developed in the tongue already 14 weeks

after administration of the carcinogen, even when hyperplasia was

the most severe histology. HEVs were found in the tongue of all

4NQO-exposed mice and in some controls. To the best of our

knowledge HEVs have not been reported in this model previously.

The presence of HEVs has been reported in oral lesions with

malignant potential (53, 54), but HEV development at different

stages of oral cancer development and progression is not well

described. In OSCC, HEVs are more frequently found in early-

stage tumors (T1-T2) than advanced tumors (T3-T4) (21, 55). Here

we showed that the number of HEVs increased significantly during

progression of tongue lesions, suggesting that early changes in the

tongue mucosa initiates HEV formation that is maintained during

tumor initiation and progression.

In tumors, HEVs are typically found in areas rich in

lymphocytes, including TLS. TLSs share some characteristics with

lymph nodes, including organized clusters of B and T cells,

interspersed with antigen presenting cells and stromal cells (11).

HEVs recruit lymphocytes into the TLS, which serve as a local site

for adaptive immune responses. The presence of TA-HEVs and TLS

is associated with a favorable prognosis in many cancers (15),

including OSCC (19, 21, 27). However, the location of TA-HEVs

within the tumor microenvironment could further refine their

prognostic value. A high HEV density within TLS correlated with

longer survival in colorectal cancer patients compared to HEV low

TLS (16). These findings demonstrate a close relationship between

HEVs and TLS in anti-tumor immunity. Interestingly, the presence

of TA-HEVs does not always correlate with the presence of TLS (15,

19, 21). This raises the question whether TA-HEVs within TLS are
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regulated differently than those independent of TLS, and whether

this could impact on their functionality. Compared to homeostatic

HEVs in the lymph node, that display a thick vessel wall and small

lumen, more heterogenous HEV phenotypes have been found in

inflamed lymph nodes and tumors (21, 56). The heterogenous

morphology of these HEVs can be explained by differences in

gene signatures revealed by transcriptomic analyses (57, 58), in

which lymph node HEVs are considered fully differentiated

(mature), and the inflamed- and TA-HEVs are dedifferentiated.

Despite being dedifferentiated, spontaneously arising TA-HEVs

have been shown to harbor some lymphocyte-recruiting capacity

(59, 60). In a mouse model offibrosarcoma, treatment with immune

checkpoint inhibitors, (anti-PD-1 and -CTLA-4) induced the

frequency and maturation of TA-HEVs and led to increased

numbers of infiltrating CD4 and CD8 T cells (60). This suggests

some functional impairment of TA-HEVs.

Although it is not well-known what triggers the development of

TA-HEVs, some studies have proposed a positive feedback-loop

mechanism. In lymph nodes, dendritic cells are recognized as main

drivers of HEV formation. However, in murine tumors the presence

of an active T cell response prior to or within the developing tumor

appears to be essential for TA-HEV development. For instance,

B16-OVA tumors grown in Rag-/- mice, that lack mature B and T

lymphocytes, also lack TA-HEVs (59). Repleting these mice with

CD8 T cells induced TA-HEVs. T cell depletion using anti-CD4 and

-CD8 antibodies were also shown to reduce the number of TA-

HEVs in murine pancreatic neuroendocrine tumors (61). Induction

of TA-HEVs by immune checkpoint inhibitors is also a strong

indicator of the necessity of reactive T cells (51, 60, 61). Here we

show that 4NQO does not induce TLS formation but supports TA-

HEV development. Hence, the 4NQO model can be used to study

mechanisms regulating HEV neogenesis. The model could

furthermore be beneficial for studies aiming to understand

mechanisms driving the differentiation and TA-HEVs with the

aim of refining anti-cancer therapy.

In conclusion, we have shown that the 4NQO mouse model

generates an immune microenvironment that reflects early stages of

oral carcinogenesis and constitutes the required signals for HEV

formation. While 4NQO-induced lesions display a marked T cell

infiltrate, we found sparse numbers of B cells and no B cells

aggregates indicating TLS. The present study is the first to report

the presence of HEVs within 4NQO-induced oral lesions, making it

a promising model to dissect the components involved in

generating a permissive milieu for de novo HEV development

independent of TLS. Whether these vessels have functional

capabilities is yet to be answered. Understanding the mechanisms

regulating TA-HEVs can permit the development of targeted

therapies for oral cancer patients. PET/MRI using [18F]FDG

radiotracer is efficient in detecting reactive cervical lymph nodes.

Although we did not detect any metastatic lesions in the mice, the

strong [18F]FDG signals in reactive lymph nodes suggests that

other tracers are needed to detect lymph node metastases. Due to

the low incidence of metastasis in this model while the tumor

burden is manageable for the mice, the 4NQO model is best used to

study early stages of oral carcinogenesis.
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Abstract  

Oral squamous cell carcinomas (OSCC) are aggressive cancers associated with poor patient survival. 

Inflamed tumors rich in effector T lymphocytes typically confer a favorable prognosis and enter the 

tumor microenvironment (TME) via specialized tumor vasculature, termed tumor-associated high 

endothelial venules (TA-HEVs). Lymphocytes bind the vessel wall through the HEV-specific marker 

Peripheral Node Addressin (PNAd). The absence of PNAd+ TA-HEVs is associated with an 

unfavorable prognosis in (late-stage) OSCC patients. In this study, we analyzed the Golgi specific 

enzyme GlcNAc6ST-2 (gene Chst4) known to be crucial for the synthesis of PNAd. We hypothesized 

that the TME impedes the development of fully functional TA-HEVs, ultimately impairing 

lymphocyte recruitment. We showed that TA-HEVs had lower expression of both GlcNAc6ST-

2/Chst4 and PNAd compared to normal HEVs in the lymph nodes (LN-HEVs), and a subset of TA-

HEVs lacked GlcNAc6ST-2/Chst4. Using both targeted and unbiased approaches we analyzed the 

surrounding microenvironment of HEVs at the protein and cellular levels. We found that TA-HEVs 

development in mouse tongue tumors depended on the presence of mature T cells, while the role of 

DCs appeared to be less important. Through proteomics analysis of human OSCC, we identified 

tumors enriched in proteins involved in inflammatory processes were favorable for the presence of 

TA-HEVs.  
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Introduction 

Oral squamous cell carcinoma (OSCC) is a heterogenous and aggressive type of cancer that accounts 

for approximately 90% of oral malignancies (1). About half of OSCCs develop in the mobile tongue 

(2). OSCC progression depends on the interactions between cancer cells and the host cells in the 

tissue (3). Due to the constant exposure of microbes, antigens, and environmental stimuli in the oral 

cavity, OSCC arises in a tissue where tolerance and immune activation needs to be tightly controlled 

(4).  

A tumor microenvironment (TME) rich in CD8+ cytotoxic T cells promote patient survival and 

response to immunomodulatory treatment in cancer patients (5) + other. However, the anti-tumor 

immune response prompt cancer cells to evolve in order to evade destruction (6). Chemical and 

physical barriers such as upregulation of the inhibitory ligand PD-L1, altered expression of cytokines 

and chemokines, and remodeling of the tumor vasculature and extracellular matrix may promote an 

immune-excluded phenotype (7, 8), characterized by accumulation of T cells at the tumor periphery, 

that rarely respond to immunotherapy (9). These barriers must be overcome for T cells to accumulate 

in the tumor and exert their antitumor effects. A critical step for entering the tumor tissue is the 

interaction of circulating T cells with vascular endothelial cells (10, 11).  

The development of a specialized type of post-capillary vessels, termed high-endothelial venules 

(HEVs), have been associated with clinical signs of tumor regression (12, 13), probably by mediating 

the entry of tumor infiltrating lymphocytes (TILs) (14). HEVs are normally exclusive to secondary 

lymphoid organs (SLOs) where they direct infiltration of naïve and memory lymphocytes from the 

blood into the tissue (15, 16). HEVs are lined with endothelial cells with a characteristic cuboidal 

morphology that express the specialized adhesion molecule Peripheral Node Addressin (PNAd) (17). 

Circulating lymphocytes expressing L-selectin adhere to the HEV lumen by binding to PNAd, which 

initiates a series of chemokine- and integrin-dependent steps that enables lymphocyte extravasation 

(diapedesis) (15, 18). 

HEVs in solid tumors are typically surrounded by dense lymphocytic infiltrates, sometimes organized 

in lymph node-like B and T cell aggregates called tertiary lymphoid structures (TLS) (19-21). The 

presence of TLS is associated with a favorable prognosis in various cancer types (20, 22, 23). Unlike 

HEVs in lymph nodes (LN), tumor associated (TA)-HEVs display a more heterogenous phenotype, 

which seems to be correlated to the density and composition of the immune infiltrate (12, 24, 25) In 

highly inflamed areas, TA-HEVs resemble LN-HEVs with plump vessels and pronounced expression 

of PNAd. In less inflamed areas, TA-HEVs have a flatter endothelium with scattered/patchy PNAd 

expression (25). The functional role of PNAd have been demonstrated by knocking out two important 
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genes for PNAd biosynthesis in mice, Chst2 and Chst4 (26, 27). These genes code for the Golgi 

enzymes GlcNAc6ST-1 and GlcNAc6ST-2, respectively (28, 29). Mice deficient in both GlcNAc6ST-

1 and GlcNAc6ST-2 displayed about 75% reduction in homing of lymphocytes to peripheral lymph 

nodes, while homing of lymphocytes in either GlcNAc6ST-1 or GlcNAc6ST-2 knock-out mice were 

reduced by 20% and 50%, respectively (26). Several studies using GlcNAc6ST-2 knock-out mice 

have shown that GlcNAc6ST-2 is important in regulating the luminal expression of PNAd (26, 27, 

30) in lymph nodes and inflamed tissues (29, 31). Expression of Chst4 and Chst2, as well as other 

genes implicated in the synthesis of PNAd are differentially expressed in HEVs in murine lymph 

nodes, inflamed lymph nodes, and tumors (32-35), suggesting that differences in the local 

microenvironment is critical for the regulation of HEV expressed genes and proteins.  

We hypothesized that the microenvironment in tumors influences the expression of GlcNAc6ST-2 

and PNAd in TA-HEVs, which potentially could represent a dedifferentiated phenotype with impaired 

function. Detection of TA-HEV differentiation status based on GlcNAc6ST-2/Chst4 expression might 

have prognostic and predictive value and could potentially serve as a target for therapeutic 

intervention.  

Materials and methods  

Human specimens 

Archived formalin-fixed and paraffin-embedded (FFPE) normal human lymph node tissue and tumor 

specimens from histologically verified primary, treatment-naïve OSCC were obtained from a patient 

cohort described by Bjerkli et al. which is a part of the Norwegian Oral Cancer Study (NOROC) (2). 

NOROC is a retrospective study including 535 OSCC patients diagnosed at one of the four university 

hospitals in Norway between 2005-2009. The last day of follow-up was June 1st, 2015. Clinical data 

were retrieved from patients’ medical records, pathology reports, and Cause of Death Registry. 

Inclusion criteria for the current study were sufficient clinical data and available FFPE tumor 

resections or biopsies from patients diagnosed with OSCC of the anterior two-thirds of the mobile 

tongue. Study approval was granted by The Regional Committee for Medical and Health Research 

Ethics of Northern Norway (Protocol number REK Nord: 2013/1786 and 2015/1318).  

Mouse specimens  

Tongue and lymph node tissue were collected from mice exposed to the carcinogen 4-nitroquinoline 

1-oxide (4NQO) or healthy controls as described earlier (36). Test animals were given 100ug/mL 

4NQO in the drinking water for 16 weeks, whereas control mice were given regular drinking water. 

During a 12-weeks follow-up period, animals were sacrificed at different timepoints, and they 

presented with epithelial lesions of varying severity on the tongue. FFPE longitudinal tissue sections 
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of the tongues were divided into seven sectors, and we scored the histopathology of the most severe 

lesion within each sector as normal/hyperplasia, low-grade dysplasia, high-grade dysplasia, or 

invasive SCC. In the present study, low- and high-grade dysplasias were pooled and denoted 

dysplasia. Approval for the animal study was granted by The Norwegian Food Safety Authority 

(FOTS ID 15956) and adhered to the Norwegian Animal Welfare Act and the European Union 

directive 2010/63.  

Human xenograft tumors were established in the tongue of athymic BALB/c nude mice as described 

in (37). The human oral squamous carcinoma cell line HSC-4 was suspended in 0.9% NaCl and 

injected in the tongue of individual mice at a concentration of 3x105. The cells were allowed to grow 

for 5-28 days before the mice were sacrificed and the tongue and lymph node tissues were collected. 

The tissue was fixed in a zinc-based fixative (ZBF) and embedded in paraffin before sectioning. 

Animal experiments were approved by the Norwegian Animal Research Authority.  

Multi-color immunofluorescence staining of human OSCC tissue and lymph nodes 

Immunofluorescence staining for GlcNAc6ST-2 and PNAd was performed on four-micrometer thick 

FFPE OSCC tumor specimens. Detailed information on antibodies and protocol is listed in 

Supplementary table S1. Tissue sections were dewaxed at 60°C and in xylene and rehydrated in 

graded ethanol baths. For antigen retrieval, the tissue sections were boiled for 20 minutes before 

adding 3% H2O2 with 20mM NaOH for 60 minutes to block endogenous peroxidase activity and 

reduce tissue autofluorescence, respectively. The tissues were then incubated with 2.5% normal goat 

serum for 30 minutes to prevent non-specific antibody binding. For the detection of GlcNAc6ST-2 

and PNAd, the sections were first incubated with the anti-human CHST4 primary antibody and then 

with the anti-mouse/human PNAd antibody.  Fluorescently labeled secondary antibodies were applied 

for one hour (Supplementary table S1). To further reduce tissue autofluorescence the TrueVIEW 

autofluorescence quenching kit (Vector Laboratories, Newark, California, USA) was used according 

to the manufacturer’s procedure before adding DAPI and ProLong Gold Antifade Mountant (Thermo 

Fisher Scientific, Waltham, Massashusetts, US). The specificity of the primary antibodies was tested 

using isotype controls (Rabbit IgG polyclonal isotype control antibody, #ab37415, 1:2500, Abcam, 

Cambridge, UK, and Rat IgM monoclonal isotype control, #400801, 1:25, clone: RTK2118, 

BioLegend, San Diego, California, US). Lymph node tissue served as positive control and for 

negative control the primary antibody was omitted. Three-channel fluorescence images were acquired 

using an Olympus VS120 automated slide scanner (Olympus, Tokyo, Japan) equipped with a 20x 

objective and DAPI, FITC, and Cy5 filters. Images were captured in a single Z plane.  

Dual RNAScope and immunofluorescence staining of mouse tissues 
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Four-micrometer thick FFPE mouse tongue tissue sections were stained for Chst4 and Pecam1 mRNA 

using the RNAScope Multiplex Fluorescence v2 kit (Advanced Cell Diagnostics, Minneapolis, 

Minnesota, US) combined with immunofluorescence staining for PNAd as described below. Details 

and specifications of the protocols and antibodies used for staining of mouse tissues are listed in 

Supplementary table S2. Tissue sections were dewaxed and pre-treated with peroxidase and normal 

goat serum. To permeabilize the tissue, protease treatment was performed with Protease Plus for 20 

minutes at 40°C, followed by hybridization of the RNAScope probes (listed in Supplementary table 

S3). After probe amplification, the signal for each of the probes was developed sequentially by 

applying HRP for 15 minutes, followed by 30 minutes incubation with Opal dyes diluted in TSA 

buffer (Akoya Biosciences, Marlborough, Massachusetts, US). HRP blocker was added after 

incubation with each of the Opal dyes for 15 minutes to stop the reaction and enable sequential HRP-

mediated signal development. Immunofluorescence was performed after the RNAScope assay at 

room temperature. Sections were incubated with normal goat serum for 30 minutes followed by 

incubation with the primary antibody. After applying the secondary antibody for 30 minutes, the 

fluorescent signal was developed by incubation with Opal dye for 10 minutes. The sections were 

stained with DAPI and mounted. Normal mouse lymph node tissue was used as positive control, and 

for the negative control the probes and primary antibody was excluded. Single-stained samples for 

each of the markers were used to optimize multichannel image acquisition with a LSM780 confocal 

laser scanning microscope (Zeiss, Oberkochen, Germany). Samples were illuminated with 405nm, 

488nm, and 633nm lasers. Images were acquired with a water-immersion 40x objective in multiple 

planes (z-stack).  

Immunohistochemical staining of mouse tissue 

Four-micrometer thick FFPE tongue and lymph node tissue sections from 4NQO-exposed mice were 

stained for CD11c and PNAd using a dual immunohistochemistry protocol (Supplementary table S2). 

For dual staining, the sections were pre-treated and incubated with anti-mouse CD11c primary 

antibody, followed by incubation with the secondary antibody. The CD11c staining was visualized 

using the ImmPACT DAB chromogen (Vector Laboratories) for four minutes. To continue with the 

PNAd staining, the sections were incubated with normal goat serum for 20 minutes before adding the 

primary antibody, and then the secondary antibody for 30 minutes. Visualization of PNAd was 

achieved by incubating the sections with the ImmPACT VIP chromogen for seven minutes. Sections 

were counterstained with Hematoxylin and Scott’s Solution for 30 and 15 seconds, respectively, 

before mounting. Normal lymph node tissue served as positive and negative controls for both of the 

markers, in which the primary antibody was excluded from the negative control. Mouse spleen tissue 

also served as a negative tissue control for PNAd staining in double-stained sections. ZBF paraffin-
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embedded tongue and lymph node tissues from the athymic BALB/c mice were stained for PNAd 

using the same protocol (Supplementary table S2). Brightfield images of single and dual 

immunohistochemically stained mouse tissues were captured using the Olympus VS120 slide 

scanner.  

Evaluation of stained samples 

Multi-color IF: Multi-channel fluorescent images of human OSCC and lymph node tissue were 

analyzed in QuPath version 0.3.2 (38), allowing for the assessment of the whole tissue section. The 

tissue sections were scanned to identify PNAd+ HEVs. Unless the PNAd staining was observed in a 

vessel structure, PNAd had to be expressed on more than one cell in a cell cluster to be considered a 

HEV. Because the mucus in the minor salivary glands of the tongue also stained positive for PNAd, 

clusters of PNAd-positive cells found within the glands were not included. An annotation was drawn 

around individual HEVs in the entire section and the location of the HEVs in the tumor specimens 

were noted. HEVs were considered tumor associated (TA-HEVs) when located close to the tumor 

mass or adjacent to visibly thickened/disorganized epithelium adjoining the tumor mass. Other HEVs 

in the tissues were classified as non-tumor-associated (non-TA-HEVs) when found within minor 

salivary glands or distant from the tumor mass. To measure the number of GlcNAc6ST-2+ HEVs, a 

threshold for the Cy5 channel was optimized on several sections to classify GlcNAc6ST-2 positive 

pixels. In sections with particularly strong staining intensity and/or high autofluorescence the 

threshold was adjusted. The pixel classifier for the Cy5 channel was applied to all annotations in each 

tumor section. To count the relative number of cells surrounding each of the HEVs, an annotation 

(400x400µm circle; 125664µm2) centered on individual HEVs was applied and the cell detection tool 

for the DAPI channel was used to measure the number of DAPI-stained nuclei within each annotation. 

The DAPI cell detection parameters were adjusted to capture small, rounded cells with minimal 

cytoplasm indicative of lymphocytes. Annotation size was chosen based on the largest HEV found 

across all tissue sections. Annotations did not include epithelium, nerves, large blood vessels, or tissue 

artefacts. In cases where the HEVs were located adjacent to, or partially surrounded by epithelium, 

for instance in narrow areas between rete ridges, the circular annotation was placed off-center to the 

HEV, or an annotation was drawn around the HEV including surrounding stroma.  

RNAScope/IF: Images were captured of all PNAd+ and Pecam1+ HEVs in the stained mouse tongue 

tissues and the location of the vessels within the tongue (sectors) was noted during confocal imaging. 

Images were processed and evaluated using Fiji (version 1.54f) (39). Image processing included 

assigning the appropriate channels, pseudo-color processing, and adjustment of brightness and 

contrast. For all images processed in the current study, any adjustments made to the brightness and 

contrast were applied to all pixels within the image. Image stacks (z-stack) were converted to two-
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dimensional images using the max intensity projection tool. Because the number of slices in the z-

stack differed between images, we chose to exclude the images with the 5% lowest and highest 

number of slices based on the median number of slices for all the images. This was done to control 

for the contribution of background staining in the two-dimensional representation of the stack. The 

correction resulted in the exclusion of seven images with ≤3 or ≥19 slices, and the median number of 

slices in the remaining images was nine. An annotation was drawn around each HEV based on the 

Pecam1 staining in the vessel wall, and the number of Chst4+ punctate dots was counted manually 

and totaled for each HEV.  

Dual IHC: Scanned brightfield images of mouse tissues were assessed in the OlyVIA Image Viewer 

Software (v 2.6) via the Olympus Net Image Server SQL at 0.31-40x magnification. The DAB and 

VIP substrates used for the dual immunohistochemical staining generates a brown and a violet color, 

respectively, and was used to detect CD11c+ cells and PNAd+ HEVs. HEVs were identified as 

PNAd+ stained vessels or clusters of >1 positively stained cells. Micrographs centered on individual 

HEVs were captured at 20x on a 27” monitor (Dell UltraSharp U2719D, Round Rock, Texas, US) 

and were imported into Microsoft PowerPoint (v 2403) without adjusting the image size. The images 

were overlayed with a 1x1cm grid, which corresponded to 45x45µm in the tissue (diagonal 63.6µm). 

Each HEV were placed in the center of four 1x1cm squares in the grid (Supplementary fig.S1) and 

the presence of CD11c+ cells within this area was scored as sparse, moderate or dense.   

IHC: PNAd-stained tongue and lymph node tissue from BALB/c mice were evaluated by scanning 

through the sections in OlyVIA, and the presence of PNAd+ HEVs in the sections were noted. The 

presence of lymphoid cells in and around the tongue tumors was also assessed by scanning the tissue 

for small, rounded cells with minimal cytoplasm.  

MTS assay 

The bEnd.3 cell line was obtained from the American Type Culture Collection (ATCC, Manassas, 

Virginia, USA). Cells were kept at 37°C with 5% CO2 and cultured in high glucose Dulbecco’s 

Modified Eagle Medium (DMEM; Sigma-Aldrich, St. Louis, Missouri, USA) supplemented with 

10% fetal bovine serum (FBS; Sigma-Aldrich). A colorimetric proliferation assay based on the 

conversion of a tetrazolium inner salt compound (MTS) to formazan was used to assess cell viability 

of bEnd.3 cells after stimulation with 1µg/mL, 200ng/mL, 20ng/mL, 2ng/mL, or 0.2ng/mL of the 

following cytokines: recombinant mouse LIGHT (R&D systems, Minneapolis, Minnesota, USA), 

LTα1β2 (R&D systems) and TNFα (Thermo Fisher Scientific). Cells were seeded at 2x104 cells/well 

in a flat-bottom 96-well plate and incubated for 1h. Next, the cells were added 10µL of each of the 

stimulation agents in 100µL high glucose DMEM with 0.1% FBS at 1, 16, and 20 hours after seeding, 
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to enable cell viability measurements after 4, 8, and 24 hours on the same plate. DMEM with 0.1% 

FBS ± 5% Triton-X 100 (Sigma) served as positive and negative controls, respectively. After total 25 

hours of incubation, 20µL CellTiter96® Aqueous One Solution (Promega, Madison, Wisconsin, 

USA) was added to each well and the plate was incubated for 60 minutes. Absorbance was measured 

at 490nm with a VersaMaxTM Microplate reader (Molecular Devices, San Jose, CA, USA). Each 

experiment was run three times with triplicate wells for all conditions and cell viability percentage 

was calculated using the formula: ((Abs. treated – Abs pos) / (Abs negative – Abs pos)) *100.  

Tube formation assay  

Approximately 80% confluent bEnd.3 cells were seeded at 6x104 per well on 50µL Matrigel (Corning, 

New York, USA) or as monolayer (2D) in a flat bottom 96-well plate. The cells were left to adhere 

for one hour before they were stimulated for 12 hours with 1µg/mL or 200ng/mL recombinant mouse 

LIGHT, LTα1β2 or TNFα in DMEM with 0.1% FBS. Tube forming capacity was observed in cells 

seeded on Matrigel using a light microscope (Leica, Wetzler, Germany). The experiment was repeated 

three times with triplicate wells per condition. Unstimulated cells served as controls.  

RNA isolation 

RNA isolation was performed to evaluate the expression of Chst2, Chst4, B3gnt3, GCNT1, Fut4, and 

Fut7 genes in unstimulated or stimulated bEnd.3 cells seeded on Matrigel or as monolayer. Cell lysis 

and total RNA isolation was performed using the E.Z.N.A® HP Total RNA kit (Omega Bio-Tek, 

Norcross, Georgia, USA) according to the manufacturer’s recommendations (animal cell protocol). 

In brief, cells were lysed in Lysis buffer with 3M (DTT) and immediately frozen at -70°C until RNA 

isolation. RNA was purified by multiple silica-based purification steps before eluted in 40µL 

nuclease-free water. RNA quantity and purity was measured on the NanoDrop 2000 

spectrophotometer (Thermo Fisher). 

Quantitative real-time PCR  

The QuantiTect® Reverse Transcription Kit (Qiagen, Hilden, Germany) was used to reverse 

transcribe 200ng RNA into cDNA, which was diluted 1:30 in RNAse-free water. gDNA Wipeout 

Buffer was used to eliminate genomic DNA prior to cDNA synthesis. Target cDNA was amplified 

through 40 cycles in 20µL reactions containing FastStart Essential DNA Green Master, 8uL diluted 

cDNA, and 10µM forward and reverse primers. The primer sequences are provided in Supplementary 

Table S4. Qualitative real-time PCR (qPCR) was performed in duplicate reactions for each gene in 

three separate experiments using the LightCycler® 96 (Roche, Basel, Switzerland). Controls with the 

reverse transcriptase omitted and non-template controls were included to test for genomic DNA 

contamination and carry-over, respectively. To verify the specificity of the primers we performed 
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melting curve analysis and calculated the qPCR amplification efficiency for each gene from serially 

diluted cDNA (isolated and prepared from fresh frozen mouse lymph node) using the slope and 

correlation coefficient (R2) of the regression curves. The ΔΔCt method was used to calculate the 

relative gene expression in each sample (ref). The relative amount of target mRNA in each sample, 

measured as quantification cycle (Cq), was averaged and normalized against the geometrically 

averaged quantity of the reference genes (ActB, Hprt, and Ppia) in the sample (ΔCt). Fold change 

was calculated using the formula 2-ΔΔCt and the unstimulated monolayer cells served as the reference 

sample.  

Preparation of FFPE tissue for protein isolation 

Tumor specimens from 88 patients were available for the study and three to seven 10µm thick FFPE 

tissue sections mounted on glass slides were used from each patient. The samples were dewaxed and 

rehydrated, before the tumor tissue was manually dissected by scraping with a scalpel. The dissection 

was guided by placing the section over an H&E-stained section of the tumor tissue where the tumor 

was indicated with a marker. The tumor tissue was solubilized in lysis buffer containing 

triethylammonium bicarbonate (TEAB) and sodium dodecyl sulfate (SDS). Samples were kept on ice 

and stored at -20°C until protein isolation.  

Protein isolation and peptide purification 

To further lyse and homogenize the tumor tissue, the samples were boiled and sonicated. Protein 

isolation was performed using S-TrapTM micro columns (ProtiFi, Fairport, New York, US) according 

to the manufacturers’ recommendations. Lysed samples were added 20mM Dithriothreitol (DTT) and 

40mM iodacetamide to reduce and alkylate disulfide bonds, respectively. Protein denaturation and 

acidification with 1.2% phosphoric acid was done to eliminate any enzymatic activity in the sample. 

S-Trap buffer containing 90% methanol with 100mM TEAB was added and the lysate was loaded 

onto the column. The flow through of the column after centrifugation was reloaded three times to 

maximize protein binding. Captured protein was washed six times with S-Trap buffer and the column 

was transferred to a new Protein LoBind tube to ensure complete removal of SDS and other 

contaminants. Protein was digested with 0.5µg/mL Trypsin in 75mM TEAB and incubated overnight 

at 37°C. The next day, digested peptides were eluted consecutively with TEAB, 0.2% formic acid 

(FA), and 70% acetonitrile (ACN) containing 0.2% FA. Samples were dried completely using a 

vacuum concentrator (Concentrator Plus, Eppendorf, Hamburg, Germany) and stored in -20°C. Dried 

peptides were solubilized in 1% trifluoroacetic acid (TFA) before performing C18 purification and 

desalting. We followed the instructions in the protocol for the OMIX C18 pipette tips (Aglient, Santa 

Clara, California, US). The C18 matrix was wet by aspiring 50% ACN twice, followed by 

equilibrating the matrix twice with 0.1% TFA. The peptides were bound to the C18 matrix by 
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repetitive aspiration of the peptide solution, followed by washing twice with 0.1% TFA. Elution of 

peptides was performed in a 70% ACN solution with 0.1% FA after which the peptides were dried 

completely. Before proceeding to mass spectrometry (MS) the peptide output was measured on a 

NanoDrop microvolume spectrophotometer (Thermo Fisher).  

TMT labelling and patient groups 

Digested peptides were labeled with a tandem mass tag (TMT) isotope using the TMT11plex Isobaric 

Label Reagent Set (Thermo Fisher) according to the manufacturers protocol. The cohort was run in 

nine TMT-11plex sets with 100µg total protein for each set, and each set consisted of ten samples and 

a TMT 126 labelled bridge sample containing 5µg of 40 of the patient samples. A bridge sample was 

included in all TMT11plex sets. One of the TMT22plex sets included a replicate of two samples to 

obtain a full set of ten samples. To make sure that the patient samples within each TMT set were 

somewhat matched, we chose five clinical parameters, that were dichotomized, and included samples 

representing each of the two categories for each parameter in the TMT set. Because not all five 

parameters could be considered for each TMT set due to other factors, such as protein concentration, 

we prioritized the following parameters in descending order:  five-year disease-specific survival 

(dead/alive), age (≤ or >70 years) and stage group (stage I/II and III/IV), gender (male/female) and 

smoking (Current or former/never).  

Mass spectrometry  

Liquid chromatography coupled with mass spectrophotometry (LS-MS/MS) was used for peptide 

fragmentation to identify proteins. The mixing of samples was checked by analyzing 2 µl of a mix of 

TMT labelled peptides in the mass spec. The ratios were used to mix the TMT tagged peptides 

correctly. Samples were first fractionated by high salt reverse phase (40) using an Ultimate 3000 

offline HPLC. 100 µg of peptides were reconstituted in 200 mM ammoniumformate, pH10 and loaded 

to a RP column (Waters Acquity UPLC® BEH C18 1.7 µm 2.1 x 100mm column). The samples were 

fractionated using a linear gradient of 0-60 % B (90% ACN, 20 mM ammonium formate, pH 10) at 

150 µl/min for 60 min. 40 fractions were collected and pooled into 20 fraction using the mixing 

strategy Fr1 + Fr21, Fr 2 + Fr22, etc. Fractions were freezed at – 80°C. Samples were then dried and 

reconstituted in 0.1 % Formic acid. Peptides were fractionated further using a 2-80% acetonitrile 

gradient in 0.1 % formic acid over 140 min at a flow rate of 300 nl/min. The separated peptides were 

analyzed using a Thermo Scientific Orbitrap Fusion Lumos mass spectrometer equipped with FAIMS. 

Data was collected using an SPS-MS3 method. MS1 data was collected at 120k resolution over a m/z 

range at 400-1600 using a maximum injection time of 50ms. Three FAIMS CV’s were used (-40, -60 

and -80). CID fragmentation was used and MS2 was measured in the Ion Trap. Ten notches were used 

to isolate SPS-MS3-precursors. 
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Data processing  

Raw data was analyzed using MaxQuant (version 1.6.17.0) with the integrated Andromeda search 

engine. MS/MS data was searched against the UniProt human database. An FDR ratio of 0.01 were 

needed to give a protein identification. To normalize the raw data, it was adjusted for total protein; to 

control for differential protein loading within a TMT-set of ten samples, the summed protein 

quantities were adjusted to be equal within a TMT-set. The data was Log2 transformed, and the bridge 

channel protein quantity was subtracted from each sample quantity to create a ratio to the bridge. 

‘Bridge’ sample, now zero, was removed. Within each TMT-set, the mean protein expression was 

centered at zero. To identify outlier samples, we examined the expression levels of a set of 

housekeeping genes; GAPDH, B2M, ACTB, DIMT1, TUBA1A, GUSB, PGK1, RPL13A, PUM1, 

DHX9, MZT2A, UBXN4, LARP1, TAF2, STX5, SYMPK, TMEM11. The mean expression levels 

for all housekeeping genes within each sample was calculated and used to generate a sample mean 

and standard deviation. Samples exhibiting aberrant expression patterns, defined as expression levels 

deviating by more than three times the standard deviations from the sample mean, were removed 

from further analysis. This included two samples that were excluded from further analysis. Seven 

more samples were excluded from downstream analysis because reevaluation of patient samples (for 

other purposes) revealed that there was no tumor tissue present in the samples. The number of PNAd+ 

HEVs in the tumor specimens was scored as previously described by Abdulsalam et al. (manuscript 

Paper II). We chose to dichotomize the HEV score into HEV high and HEV low based on the median 

number of HEVs in all the patients in the current cohort (n=79).   

Heatmap  

In downstream analysis, only proteins with expression in all patient samples were used as input. 

Hierarchical clustering was performed on the normalized data normalized proteomics data to create 

a heatmap with the R package ComplexHeatmap (v 2.18.0) The number of optimal clusters was 

validated using the R package clValid (v 0.7). The number of optimal clusters was decided by 

assessing the stability of clusters ranging from 2-10 (Supplementary fig.S2). The Dunn index and 

Silhouette width takes into consideration the compactness of clusters and its values should be 

maximized to indicate stable clusters (41, 42). Other R packages used for creating heatmaps included 

RColorBrewer (v 1.1-3), gplots (v 3.1.3.1), circlize (v 0.4.16), dendextend (v 1.17.1), tidyverse (v 

2.0.0), and dendsort (v 0.3.4).  

Gene Set Enrichment Analysis 

Gene Set Enrichment Analysis (GSEA) was performed on the proteomics data in the following three 

different conditions 1) HEV-high vs HEV-low between all patients, 2) HEV-high vs HEV-low 

between patients in patient cluster 1 from the heatmap, and 3) HEV-high vs HEV-low between 
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patients in cluster 2 from the heatmap. The identification of enriched pathways in the three conditions 

was performed using the available gene sets from the Molecular Signature Database (MSigDB) which 

includes the MSigDB Hallmark gene set, MSigDB BioCarta gene set, MSigDB Kyoto Encyclopedia 

of Genes and Genomes (KEGG) Legacy gene set (https://www.gsea-

msigdb.org/gsea/msigdb/index.jsp). The analysis was performed using the default settings on the 

GSEA software (v 4.3.2). The shared pathways between the different conditions for each gene set 

was later compared using the R packages VennDetail (v 1.18.0), and ggvenn (v 0.1.10). A protein-

protein interaction network was created with the proteins present in the shared Hallmarks between all 

conditions using the STRING database (https://string-db.org/). The network was created using the 

default settings in the STRING database. 

Statistical analysis 

GraphPad Prism (v 10.2.3) was used for statistical analyses and data visualization. Data distribution 

was assessed by Shapiro-Wilk test and visual inspection of quantile-quantile plots. Comparison of 

two or more groups with non-normal distribution was performed using Kruskal-Wallis H test with 

Dunn’s test to correct for multiple comparisons, while One-way ANOVA was used to compare two 

or more groups of normal distributed data with Tukey’s post hoc test. Significance level was set at 

P<0.05. In all graphs, asterisks indicate significant differences: *P<0.05, **P<0.01, ***P<0.001, 

****0.0001. 

Code availability  

All scripts from analyses performed on the normalized proteomics data are available at 

https://github.com/AKMcB/NOROC-Project-HEV/tree/main. 

 

Results 

Tumor-associated HEVs show lower expression of GlcNAc6ST-2 than HEVs in lymph nodes  

GlcNAc6ST-2 (gene Chst4) is pivotal in generation of the HEV-specific PNAd carbohydrate 

structure, and its loss causes decreased PNAd expression and impaired lymphocyte homing to murine 

lymph nodes (26, 29, 30). A low expression of PNAd has also been reported in a subset of TA-HEVs 

in human cancers (12, 25), but if this is associated with the expression of GlcNAc6ST-2 is currently 

unknown. To explore if GlcNAc6ST-2 is differentially expressed in normal LN-HEVs compared to 

TA-HEVs, we co-stained a normal human lymph node and ten OSCC tumor tissue sections for PNAd 

and GlcNAc6ST-2. In the OSCC specimens, 63% (79/125) of the TA-HEVs and 70% (91/130) of 

HEVs located at a distance from the tumor, termed non-TA-HEVs, were GlcNAc6ST-2 positive 

(Fig.1A and B). In the lymph node, 91% (191/210) of the HEVs were GlcNAc6ST-2 positive 

https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://string-db.org/
https://github.com/AKMcB/NOROC-Project-HEV/tree/main
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(Fig.1B). The GlcNAc6ST-2 staining also appeared stronger and more abundant in LN-HEVs than in 

the TA-HEV and non-TA-HEVs in the tumor specimens (Fig.1C) suggesting higher expression. There 

was also a notable difference in the level of PNAd expression between lymph nodes and tumor tissue 

where PNAd covered more of the vessel wall in LN-HEVs than in TA- and non-TA-HEVs (Fig.1C). 

In conclusion, HEVs in the OSCC microenvironment express lower levels of GlcNAc6ST-2 and 

PNAd than LN-HEVs, suggesting that HEVs are regulated by factors that are inherently different 

between lymphoid- and tumor tissues.  

HEVs associated with mouse OSCC, but not dysplastic lesions, lack Chst4 expression  

We have previously shown that HEVs were more prevalent in the TME of early-stage than late-stage 

OSCC, and the lack of HEVs in late-stage tumors was associated with an unfavorable prognosis for 

the patient (25).  Whether the low number of TA-HEVs in late-stage OSCC is due to the 

dedifferentiation of HEVs as the tumor progresses is not known. To study TA-HEV development 

during tumor progression, we proceeded to analyze tissue from the 4NQO model of oral 

carcinogenesis. The natural progression of the TME, makes this an excellent model for studying the 

development of HEVs at early stages of oral carcinogenesis.  

We evaluated the co-localization of Chst4 and PNAd in tongue tissue sections from 4NQO-exposed 

mice with normal/hyperplastic epithelium, dysplastic lesions, and SCC (n=15) and healthy controls 

(n=3). Due to a lack of reliable antibodies for mouse GlcNAc6ST-2, these studies were performed 

using dual IF (PNAd) and RNAScope (Chst4). In the 15 sections from the 4NQO-exposed mice, 

90.9% (50/55) of the HEVs were Chst4+. Though not statistically significant, HEVs within SCCs 

tended to express lower levels of Chst4 (Chst4 punctate dots: median 4, range 0-44) than HEVs 

associated with dysplastic or normal/hyperplastic epithelium (dysplasia: median 9 (range 1-64), 

normal/hyperplasia: median 8 (range 1-16); P=0.1004; Fig.2A-C). Interestingly, Chst4- HEVs were 

only found in SCCs (Fig.2A and C). In the three tongue sections from control mice, three HEVs were 

found close to salivary glands in the posterior parts of the tongue, which were all Chst4+ 

(Supplementary Fig.S3). Normal lymph node tissue was used as a positive control wherein Chst4 was 

abundantly expressed in all PNAd+ LN-HEVs (Supplementary Fig.S4). To summarize, our findings 

show that only TA-HEVs in OSCCs, and not HEVs associated with dysplastic- or normal/hyperplastic 

epithelium, lacked Chst4 expression.  

Density of cells surrounding TA-HEVs did not reflect GlcNAc6ST-2 expression 

In a previous study, we found that TA-HEVs in areas with few lymphocytes exhibited an altered 

morphology and lower PNAd expression than TA-HEVs in areas with an abundant lymphocytic 

infiltration (25). This could be a consequence of impaired lymphocyte recruitment through de-
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differentiated HEVs, alternatively the HEV differentiation could depend on stimuli derived from 

tissue residing immune cells. To assess this, we used the density of DAPI stained cell nuclei 

surrounding the HEVs as a rough estimate of the local inflammation in tissue sections from ten human 

OSCCs co-stained for PNAd and GlcNAc6ST-2. Normal human lymph node tissue served as a 

reference for the cell density surrounding HEVs under normal conditions. Due to the location of some 

TA-HEVs we had to adjust the annotation shape and size for DAPI cell detection. Thus, average 

annotation size for DAPI cell detection in the tumor tissues was somewhat smaller than in the lymph 

node (107744µm2 versus 125664µm2). The cell density surrounding TA-HEVs and non-TA-HEVs in 

the tumor specimens was significantly lower than around LN-HEVs (Adj.P<0.0001; Fig.3A and 

Supplementary fig S5). There was no statistically significant difference in the number of DAPI+ 

cells/µm2 around TA-HEVs (median 0.0069, range 0.0020-0.0170) compared to non-TA-HEVs 

(median 0.0061, range 0.0008-0.0138; P=0.9624; Fig.3A). Next, we compared the cell density around 

double positive (PNAd+GlcNAc6ST-2+) and single-positive (PNAd+) HEVs in the different 

locations. The number of DAPI+ cells/µm2 did not reflect GlcNAc6ST-2 expression in any of the 

locations (Fig.3B). In summary, the cell infiltrate surrounding HEVs in human OSCC is less dense 

than the network of cells surrounding LN-HEVs, but the general cell density around the TA-HEVs or 

the proximity to tumor tissue did not appear to affect the expression of GlcNAc6ST-2.  

No apparent association between PNAd expression and CD11c+ dendritic cells in HEVs 

associated with oral epithelial lesions 

Signaling molecules expressed by various cell types are likely regulators of the Chst4 expression and 

downstream expression of PNAd. In lymph nodes, proximal dendritic cells (DCs) maintain a 

differentiated HEV phenotype through lymphotoxin signaling (43). However, the role of DCs in TA-

HEV formation is unclear. We performed co-staining for PNAd and CD11c on mouse tongue (n=30) 

and lymph node tissue (n=5) from the 4NQO-mice.  In the tongue, CD11c+ cells were located within 

a 45µm radius of all but one (76/77) HEV (Fig.4A). We scored the density of CD11c+ cells around 

each HEV in the tongue tissues as sparse, moderate, and dense (Fig.4A). Most HEVs were surrounded 

by a sparse CD11c infiltrate, irrespective of the histological grade of the epithelial lesion (Table 1). 

However, within SCCs more HEVs had a moderate or dense CD11c infiltrate than in dysplastic or 

normal/hyperplastic lesions. In contrast, LN-HEVs were found in areas densely packed with CD11c+ 

cells (Fig.4A-B).  

To further explore the association between dendritic cells and HEV differentiation, we quantified the 

expression of PNAd in a subgroup of the 4NQO tongue HEVs that displayed a lumen (n=22) and 

assessed the association between the relative PNAd expression and density of the surrounding 

CD11c+ cell infiltrate. PNAd covered ≤50% of the luminal surface in 72.7% (16/22) of the HEVs, 
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while the remaining 27.3% (6/22) had >50% PNAd coverage. None of the HEVs expressed PNAd on 

the entire circumference of the vessel wall. Sixty eight percent (15/22) of the HEVs were surrounded 

by a sparse CD11c+ cell infiltrate, 27% (6/22) by a moderate or dense infiltrate, and one had no 

surrounding CD11c+ cells. To conclude, though there was a general increase in the density of CD11c+ 

cells in more severe lesions, there was no clear associations between the extent of PNAd expression 

in the HEV vessel wall and the density of surrounding CD11c+ cells.  

Mature T cells play an important role in TA-HEV induction in OSCC  

Mature T cells have been postulated to play a major role in TA-HEV development (35, 44, 45). To 

test this, we analyzed the expression of PNAd in human xenograft tongue tumors and lymph nodes 

of athymic BALB/c mice (n=5). These mice have a severely compromised T cell mediated immune 

response and impaired B cell activation. Interestingly, no TA-HEVs were found surrounding the 

tongue tumors of the immunocompromised mice, while HEVs were present in their lymph nodes 

(Fig.5A and B). The LN-HEVs displayed characteristic cuboidal morphology similar to the LN-HEVs 

in immune competent mice (Fig.5C). However, some of the LN-HEVs in the athymic mice had a 

larger lumen, which has also been observed by others in these mice (Qian 2006). The lymph node 

parenchyma also appeared to be less dense and somewhat disrupted in the immune deficient 

compared to the immunocompetent mice (Fig.5C). We did not see any apparent inflammation in the 

tongue tumors, although a small number of immature or dysfunctional lymphocytes or other types of 

immune cells, including NK cells and myeloid cells, might be present (Fig.5A). Our results support 

that an adaptive immune response is necessary for the development of TA-HEVs in OSCC, and that 

the development of LN-HEVs is fundamentally different from TA-HEVs.  

Stimulation of cultured endothelial cells with inflammatory factors enhance enzymes involved 

in glycan synthesis, but not PNAd-specific Chst2 and Chst4 

A challenge for the study of HEV regulation is that the HEV phenotype cannot be maintained in cell 

culture (46). This suggests that expression of HEV-specific genes, such as Chst4 and Chst2, require 

additional signals from the natural tissue microenvironment. To explore this, we cultured mouse 

endothelial cells in a tube formation assay to mimic in vivo conditions and treated the cells with 

LIGHT, LTα1β2, or TNFα, which are ligands of the LTβR and TNFR, receptors shown to be important 

for HEV development (43-45, 47-52). An MTS assay showed no cytotoxic effects of LIGHT, LTα1β2, 

or TNFα on bEnd.3 cells in the concentration range 0.2 ng/mL – 1000ng/mL (supplementary 

fig.S6A). bEnd.3 cells cultured on Matrigel efficiently formed tube-like structures but not in 

monolayer culture (Supplementary fig.S6B). bEnd.3 cells stimulated with 200 or 1000ng/mL LIGHT 

LTα1β2, or TNFα cells were analyzed for the expression of genes associated with glycan 

modifications that form PNAd. On Matrigel, bEnd.3 cells displayed significantly higher expression 
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of Fut4 (P=0.0156), B3gnt3 (P<0.0001) and Chst2 (P=0.0065) compared to monolayer cultured cells 

(Fig.6A). Stimulation with 1000ng/mL TNFα on Matrigel resulted in a 2-fold increase in Fut4 

expression compared to unstimulated cells (Adj.P=0.0186) and was also significantly increased after 

200ng/mL TNFα stimulation (Adj.P=0.0284; Fig.6B). Similar results were observed in monolayer 

bEnd.3 cells, although differences did not reach statistical significance except for a significant 

increase in Fut4 expression in cells stimulated with 200ng/mL TNFα compared to 1000ng/mL 

LTα1β2. There was no significant difference in the expression of B3gnt3 and Chst2 between 

stimulated or unstimulated cells cultured on Matrigel or monolayer (P=0.0917 and P=0.0814, 

respectively; Fig.6C and D). However, Chst2 and B3gnt3 expression was generally lower in 

stimulated cells than unstimulated cells for both Matrigel and monolayer culture (Fig.6C and D). 

Transcripts of Chst4, Fut7, or Gcnt1 was not detected in the bEnd.3 cells for any of the conditions 

tested. To summarize, the expression of Fut4, B3gnt3, and Chst2 was higher in endothelial cells 

seeded on Matrigel than as monolayers, but Fut4 was the only PNAd-associated gene affected by 

stimulation with pro-inflammatory cytokines.  

Human OSCC tumors with a high HEV score are enriched in inflammation-associated 

signatures 

As an unbiased approach to investigate factors in the TME that influences the presence of TA-HEVs 

in human OSCC, we performed proteomic profiling of 79 archival FFPE OSCC tumors. The 

proteomic analysis quantified 8295 proteins in total, and 4650 proteins were quantified across all 

samples. Using unsupervised clustering, the protein expression generated two patient clusters, cluster 

1 (n=28) and cluster 2 (n=51), with distinct protein expression patterns (Fig.7A). We found that the 

distribution of patients with HEV-high (n=37) and HEV-low (n=42) tumors was similar within the 

two patient clusters, suggesting that the presence of TA-HEVs does not drive the clustering (Fig.7B).  

The HEV score was significantly associated with alcohol consumption (P=0.00281) but not any other 

clinicopathological parameters in this patient cohort (Supplementary table S5). To identify gene 

signatures associated with the patient clusters independent of the HEV score, we first performed Gene 

Set Enrichment analysis (GSEA) with hallmark, Biocarta and KEGG gene lists between the two 

patient clusters as seen in figure 7A. The major hallmarks that were enriched in cluster 1 were mitotic 

spindle, UV response, and apical junction, while in cluster 2, MTORC1 signaling, reactive oxygen 

species, and DNA repair were enriched (Supplementary fig.S7) Next, GSEA was performed on all 

HEV-high and HEV-low patients in the cohort, and within the two patient clusters (Fig.7C) The 

number of shared hallmarks between the conditions are presented in Fig.7D. Though not statistically 

significant, OSCC tumors with a high HEV score were enriched in hallmarks linked to UV-response, 

apoptosis, DNA repair, and PI3K-Akt-mTOR signaling, which likely represent processes and genetic 
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alterations that drives OSCC carcinogenesis (Fig.7C). Hallmarks associated with inflammation, such 

as allograft rejection, inflammatory response, and IL-6 JAK STAT signaling were also enriched in 

HEV-high tumors and might reflect processes in the TME that permits the development of TA-HEVs 

(Fig.7C). There were no shared hallmarks between HEV-high patients in cluster 1 and HEV-high 

patients in cluster 2 (Fig.7D). 

We extracted proteins that were differently expressed between HEV-high tumors irrespective of 

clusters (all patients), as well as for patients within cluster 1 and 2, from the allograft rejection, 

inflammatory response, IL-6 JAK STAT, and angiogenesis hallmarks, revealing 22 proteins 

(Supplementary table S6). We performed a STRING analysis for these 22 proteins, which showed 

that all but one protein was clustered into a protein-protein interaction network (Fig.7E). The top five 

Cellular components and Molecular function gene ontology (GO) terms (provided from the STRING 

database) enriched in the STRING network included MHC class I and II protein complex, MHC I 

peptide loading, MHC II protein complex binding, and T cell receptor binding (Supplementary table 

S7), suggesting that HEV-high tumors are enriched in proteins that promotes adaptive anti-tumor 

immune responses. BioCarta and KEGG analysis also showed that HEV-high tumors shared pathways 

associated with inflammatory responses (supplementary fig.S8 and S9). Some hallmarks were only 

enriched in HEV-high cluster 1 patients (TGF beta signaling and interferon gamma signaling) or 

cluster 2 patients (epithelial to mesenchymal transition). Taken together, our findings indicate that 

OSCC tumors enriched in processes involving adaptive immune responses may favor the 

development of TA-HEVs.   

 

Discussion  

In this study we show that the expression of Chst4/GlcNAc6ST-2, which is critical for the specific 

expression of PNAd in HEVs, is lower or absent in TA-HEVs compared to normal human LN-HEVs 

and HEVs associated with dysplastic lesions in mice. The general density of the cellular infiltrate 

surrounding TA-HEVs in human OSCC was not associated with the expression of GlcNAc6ST-2, but 

in tongue tumors of mice lacking mature T cells we found a complete absence of TA-HEVs. In line 

with this, we found that human OSCCs with a high number of HEVs were enriched in hallmarks or 

pathways associated with adaptive immunity.  

The lower expression of GlcNAc6ST-2 and PNAd that we observed in TA-HEVs compared to LN-

HEVs might suggest that the regulation of HEVs differ depending on the tissue type and the 

conditions within the tissue. In mice, LN-HEVs become fully differentiated 2-4 days after birth when 

the cuboidal endothelial cells express high levels of PNAd (53) and other HEV-related genes such as 
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Chst4, Chst2, GlyCAM-1, Fut7, Gcnt1, and B3gnt3 (32, 54). In response to inflammation, the 

transient downregulation of HEV-specific genes and expression of other adhesion molecules can 

permit the entry of other cell types into the lymph node, such as neutrophils and monocytes (55, 56). 

TA-HEVs assume some of the properties of inflamed LN-HEVs (33, 35) which might enable the 

entry of other cell types into the tumor. It is tempting to speculate that changes in TA-HEV phenotype 

is involved in shaping the TME at different stages of tumor progression.  

We showed that the expression of Chst4 was absent in a subset of TA-HEVs in 4NQO-exposed mice 

compared to HEVs associated with dysplasia or normal/hyperplastic epithelium. This might indicate 

a progressive loss of Chst4 expression in HEVs as these lesions progress into SCCs, and that the loss 

of Chst4 is involved in the dedifferentiation of TA-HEVs during cancer progression. It would have 

been interesting to follow further progression of the 4NQO-induced tumors, however, these mice 

succumb to cancer-related mortality before the tumors reach advanced stages. In support of our 

findings, Menzel et al. reported a progressive loss of Chst4, and other genes related to HEV-function 

in dedifferentiated HEVs in response to tumor growth in lymphoma-bearing lymph nodes in mice 

(57). Hence, the expression of GlcNAc6ST-2/Chst4 in TA-HEVs could be a marker for the 

dedifferentiation and ultimately loss of TA-HEVs, which could be used to refine the HEV score in 

tumors. However, it remains to be determined whether GlcNAc6ST-2 protein- or gene expression in 

TA-HEVs signify functionally impaired HEVs and if it has an impact on OSCC patient prognosis. 

Our study of GlcNAc6ST-2 expression is limited to a small number of patients and should be 

validated in larger patient cohorts. Gene expression in mice and humans might differ, so both the 

protein and gene expression of GlcNAc6ST-2 in TA-HEVs should be validated in the same species.  

We found that the expression of GlcNAc6ST-2 in TA-HEVs and LN-HEVs did not differ by the 

density of cells surrounding the HEVs. Different regulation of TA- and LN-HEVs may instead be 

explained by the types of cells in their local microenvironment. In the lymph node, HEVs depend on 

signaling through the LTβR by DC-derived lymphotoxins (LIGHT and LTa1b2) (43, 47, 58). Impeded 

interaction between DCs and HEVs could possibly explain the de-differentiated phenotype observed 

in some TA-HEVs. In the present study we did find DCs located close to HEVs in the 4NQO-exposed 

mice, albeit at low numbers. This could indicate that CD11c+ DCs play a minor role in the 

differentiation of TA-HEVs. This is in accordance with a previous study where TA-HEVs were 

unaffected by the depletion of CD11c+ DCs in a fibrosarcoma mouse model (59). Alternatively, TA-

HEVs might require lower levels of DC-derived signals than LN-HEVs, which we found were 

surrounded by abundant numbers of CD11c+ cells. Indeed, it has been postulated that the 

responsiveness to LTβR signaling differ between various HEV-specific genes in LN-HEVs, of which 

Chst4 appeared to be the most sensitive (32). Hence, the low numbers of DCs surrounding TA-HEVs 
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might provide sufficient lymphotoxin signals for Chst4, and PNAd, to be expressed. The expression 

of LIGHT and LTα1β2 have also been shown to be differently expressed in DC subsets (43). Various 

DC populations have been identified in oral tissues and are increased during inflammation, including 

CD11b+, CD103+ and Langerin+ DCs (60). Hence, the DC subtypes involved in the regulation of 

HEVs may differ between lymph nodes and tumors. 

PNAd staining of immunocompromised mice revealed that tongue tumors were completely absent of 

TA-HEVs, while HEVs were found in the lymph node of these mice. Because these mice lack the 

thymus, which is the organ responsible for the maturation of T cells, this indicates that the 

development of TA-HEVs, but not LN-HEVs, depend on the presence of mature and functional T 

cells. This is in line with previous findings by Moussion et al. which showed that LN-HEVs were not 

affected by the absence of endogenous B and T cells in Rag2-/- mice (43). Conversely, TA-HEVs 

were completely absent in Rag2-/- melanoma-bearing mice (44). Peske et al. showed that mice 

deficient in CD8 T cells lacked PNAd+ TA-HEVs and had more impaired lymphocyte infiltration 

than B cell-deficient mice. Repleting the Rag2-/- mice with CD8+ T cells rescued TA-HEV 

development, indicating a strong relationship between T cells and TA-HEV formation (44). However, 

CD4+ T cells and natural killer (NK) cells have also been implicated in the development of TA-HEVs 

(33, 35). Others have shown that the surrounding tissue and stromal cells appear to play a role in 

PNAd expression and the maintenance of a differentiated HEV phenotype (46, 57, 61). For instance, 

it was previously shown that the de-differentiation of LN-HEVs in tumor-bearing murine lymph 

nodes was concurrent with disruption of the fibroblastic reticular cell (FRC) network surrounding the 

HEVs (57), suggesting that cell-cell interactions might be important for maintaining a differentiated 

HEV phenotype. However, if such signals are required for TA-HEVs is not well understood. A 

dependency of cell-cell interactions could in part explain the absence of Chst4, Fut7, and Gcnt1 

transcripts in our cell culture experiments. It is, however, important to recognize that immortalized 

cell lines can have different properties than the normally very quiescent endothelial cells in vivo and 

that the matrix itself could influence the transcriptional program of the cells (62).  

Our results indicate that a subset of TA-HEVs can exist independently of the expression of 

GlcNAc6ST-2/Chst4. In support of this, our findings from cultured endothelial cells might suggest 

that the expression of Chst4, Fut7, and Gcnt1 is more stringent and context-dependent than the 

expression Chst2 (GlcNAc6ST-1), Fut4, and B3gnt3, which was constitutively expressed in mouse 

endothelial cells. Since the two glycosyltransferases GlcNAc6ST-1 and GlcNAc6ST-2 catalyze the 

same modification in PNAd (26), there might be redundant activity between them if one of the 

enzymes is lost. This is supported by findings in mice where double knock-out of Chst4 and Chst2 

caused more impaired lymphocyte homing than mice deficient in either Chst4 or Chst2 (26, 27). 
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However, loss of Chst4 had a more adverse effect on lymphocyte homing than Chst2, likely due to 

the role of Chst4 in directing luminal expression of PNAd. Hence, it could mean that in the event that 

GlcNAc6ST-2 is lost, for instance in TA-HEVs, GlcNAc6ST-1 takes over.   

Unbiased proteomic profiling of human OSCC tumors could distinguish two patient clusters with 

different tumor protein expression patterns and enriched hallmarks. OSCCs with a high HEV score 

were enriched in proteins associated with inflammatory processes, more specifically proteins 

associated with antigen presentation and T cell response. In line with this, it is well recognized that 

HEV development in tumors is associated with increased numbers of infiltrating T cells and tumor 

regression (63). Whether the presence of a high number of TA-HEVs contribute to the protein 

expression in these tumors, or whether the tumor protein expression is permissive for TA-HEV 

development cannot be deduced by these analyses. Unique hallmarks enriched in HEV high tumors 

in only one of the two patient clusters indicate that different processes within these tumors could 

potentially influence TA-HEVs differently. Limitations with bulk analysis of tumor protein 

expression include the underestimation of low abundance proteins which might be overshadowed by 

highly abundant proteins. Tumor heterogeneity and composition of the TME within individual tumors 

and patients might also make it challenging to obtain protein signatures that captures the general 

OSCC proteome, suggesting that other techniques allowing profiling of individual cells should be 

applied. Further studies are needed to determine if different OSCC phenotypes are associated with 

TA-HEV development and if this has prognostic and predictive value in OSCC patients.  

Understanding the mechanisms regulating TA-HEVs can permit the development of new strategies 

for patient stratification, as well as targeted induction of TA-HEVs for improved immunotherapy 

response and targeted drug delivery. This could also be exploited in conditions where the presence of 

HEVs is detrimental, such as autoimmune- and chronically inflamed diseases, and organ 

transplantation.  
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Figure legends  

Figure 1. The colocalization of GlcNAc6ST-2 and PNAd was assessed in HEVs in human OSCC 

specimens and were denoted TA-HEVs (n=125) when they were located close to the tumor mass, and 

non-TA-HEVs when they were located at a distance from the tumor (n=130), often within minor 

salivary glands (n=83) (A). The number of double positive (GlcNAc6ST-2+PNAd+) and single 

positive (GlcNAc6ST-2-PNAd) TA- or non-TA-HEVs and LN-HEVs was determined in human 

OSCC specimens (n=10) and normal human lymph node tissue (n=1), respectively, and is presented 

as percentage of the total number of HEVs for each group. The number of HEVs in each category is 

plotted within the bar of each group (B). Representative images of GlcNAc6ST-2 (magenta) and 

PNAd (green) staining in LN-, TA-, and non-TA-HEVs (distant from the tumor and within salivary 

gland) from multi-color immunofluorescence-stained lymph node and tumor tissue are shown in (C). 

Cell nuclei were stained with DAPI (blue). Scale bar indicates 20µm.    

Figure 2. Graph shows the number of Chst4+ punctate dots in individual PNAd+Pecam1+ HEVs in 

tongue tissue from 4NQO-exposed mice (n=15) presenting with normal/hyperplastic epithelium, 

dysplasia, or SCC. Data is presented as log2(y+1). Statistical differences were calculated by Kruskal-

Wallis test (ns; non-significant P>0.05). Median values are presented as horizontal lines and whiskers 

represent interquartile range (A). Representative images of HEVs in normal/hyperplasia, dysplasia or 

SCC tongue tissue stained for Pecam1 mRNA (red), PNAd (green), Chst4 mRNA (magenta) (B). 

SCC images in (B) and (C) shows HEVs with positive and negative Chst4 mRNA staining, 

respectively. The left and right arrowheads (white) in (C) indicates the two HEVs represented in the 

left and right inserts below, respectively. Cell nuclei were stained with DAPI (blue). Scale bar 

indicates 20µm and 5µm (insert). 

Figure 3. The number of DAPI+ cells/µm surrounding individual LN-HEVs (n=210) in human lymph 

node tissue (n=1) and TA-HEVs (n=125) and non-TA-HEVs (=130) in OSCC specimens (n=10) (A), 

and the number of DAPI+ cells/µm surrounding single- (GlcNAc6ST-2-PNAd+) and double-positive 
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(GlcNAc6ST-2+PNAd+) LN-, TA-, and non-TA-HEVs (B). Statistical differences were calculated by 

Kruskal-Wallis test with (A) or without (B) post hoc Dunn’s test (ns; non-significant P>0.05). Dotted 

line in (B) indicates that the pairwise comparison does not apply for the respective group. Error bars 

indicate median with interquartile range.     

Figure 4. The presence of CD11c+ cells (brown) within 45µm of PNAd+ HEVs (violet) in the tongue 

of 4NQO-exposed mice (n=30) or normal lymph nodes (n=5) was scored as sparse, moderate, or 

dense (A). Representative image of CD11c+ cells and PNAd+ HEVs in normal mouse lymph node 

(B). Arrowheads (black) indicates PNAd+ HEVs in tongue tissue. Scale bar indicates 50µm. 

Figure 5. The presence of HEVs (PNAd) in human xenograft tongue tumors (A) and lymph nodes 

(B) in immunocompromised mice (n=5) was determined. Representative image of HEVs in the lymph 

node of immune competent mice (C). Scale bar indicates 50µm ((A) top, and (B) top/bottom right), 

100µm ((B) top/bottom right), or 200µm ((A) bottom). 

Figure 6. RT-qPCR data showing the fold change of Fut4, B3gnt3, and Chst2 in bEnd.3 cells seeded 

on Matrigel or as monolayer and stimulated with 200 or 1000ng/mL LIGHT, LTα1β2, or TNFα, or 

unstimulated. Each point represents the mean or median for each condition on Matrigel or monolayer 

and is based on three independent experiments. Error bars indicate median with interquartile range 

(Fut4) or mean with SD (B3gnt3 and Chst2), and statistical differences were calculated by Wilcoxon 

signed-rank test or paired T-rest, respectively (A). The fold change of Fut4 (B), B3gnt3 (C) and Chst2 

(D) was determined for each condition and the bars represent the mean of three independent 

experiments. Standard deviation is indicated by whiskers. Statistical differences between ΔCt values 

were calculated by One-way ANOVA with (B) or without (C and D) Tukey’s test (ns; non-significant 

P>0.05). 

Fig.7. Heatmap representing the scaled protein expression patterns in OSCC patient tumor tissues in 

patient cluster 1 (n=28) and cluster 2 (n=51). The top annotation displays the HEV-score in the patient 

tumors as HEV-high or HEV-low (A). Barplot showing the distribution of HEV-high and HEV-low 

tumors/patients from the heatmap patient clusters as seen in (A) (B). Enriched Hallmarks Between 

HEV-high Associated Patients. Tile plot represents the normalized enrichment score (NES) from the 

GSEA of each of the three conditions, HEV-high vs HEV-low All Patients, HEV-high vs HEV-low 

Cluster 1 and HEV-high vs HEV-low Cluster 2. The higher the NES value the more enriched the 

Hallmarks are, and only the enriched Hallmarks associated with HEV-high patients from all three 

conditions are included in the figure. The tiles are ordered according whether the Hallmarks are shared 

between all conditions, between two of the three conditions or only present in one of the conditions 

(C). Venn-diagram illustrating the shared hallmarks between the three conditions as seen in (C). Red 

represents HEV-high all patients, blue represents HEV-high cluster 1, and green represents HEV-high 

cluster 2 (D). A protein-protein interaction network was created with the STRING database. The input 

are proteins in she shared Hallmarks between all conditions as seen in (C). Duplicated genes were 

removed. The colors between each node represent the evidence for the interaction; turquoise and 

purple represent known interactions from curated databases or experimentally determined, green or 

blue represent predicted interactions from gene neighborhood, gene fusion or gene co-occurrence, 

respectively. Light green, black, or light blue represent predicted interactions through text mining, 

co-expression or protein homology. An interactive presentation of the STRING network can be found 

here: 21 items (human) - STRING interaction network (string-db.org) (E).  

 

 

https://string-db.org/cgi/network?taskId=b4axT8FPBZur&sessionId=b9xpYM8g2POB
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Tables  

Table 1: CD11c density surrounding HEVs associated with different histological grade 

Histologic grade Total N 

CD11c density 

Negative 

% (n) 

Sparse 

% (n) 

Moderate 

% (n) 

Dense 

% (n) 

Normal/hyperplasia 13 0.0 (0) 84.6 (11) 15.4 (2) 0.0 (0) 

Dysplasia 37 0.0 (0) 75.7 (28) 21.9 (7) 6.3 (2) 

SCC 26 3.8 (1) 53.8 (14) 34.6 (9) 7.4 (2) 

 

Supplementary material  

Supplementary figures 

 

Supplementary figure S1. The density of CD11c+ cells (brown) around PNAd+ HEVs (violet) in 

mouse tongue tissue was assessed within four 1x1cm (45x45µm) squares centered on individual 

HEVs in mouse tongue tissues. 

 

 

 

Supplementary fig S2. Internal validation of clustering was performed using the Dunn Index (A) 

and Silhouette width (B) showing that two clusters was the most optimal by the maximum value in 

(B). 
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Supplementary fig S3. Representative image of Pecam1+ (red), PNAd+, (green) and Chst4+ 

(magenta) HEV in the tongue of a healthy control mouse. Cell nuclei were stained with DAPI (blue). 

Scale bar indicates 20µm and 5µm (insert). 

 

 

Supplementary fig S4. Representative image of Pecam1+ (red), PNAd+, (green) and Chst4+ 

(magenta) HEV in normal mouse lymph node. Cell nuclei were stained with DAPI (blue). Scale bar 

indicates 20µm and 5µm (insert). 
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Supplementary fig S5. An annotation (400x400µm circle; 125664µm2) centered on individual HEVs 

was used for automatic cell detection in QuPath of the number of DAPI+ cells surrounding LN-HEVs 

in normal human lymph node and TA- and non-TA-HEVs in OSCC tissue. The annotation was placed 

off-center to the HEV in cases there the HEVs were located close to epithelium (bottom left). Scale 

bar indicates 50µm.  
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Supplementary figure S6. Viability of bEnd.3 cells after stimulation with 0.2, 2, 20, 200, and 

1000ng/mL LIGHT-, LTα1β2-, or TNFα was determined by MTS assay. Bars represent the means 

from three independent experiments and the whiskers represents the standard deviation (A). Tube 

formation assay was performed by seeding of bEnd.3 cells (6x104/well) on Matrigel. Shown are 

representative images of unstimulated bEnd.3 cells seeded on Matrigel for 2, 4, 6, 8, and 24 hours 

and unstimulated cells seeded as monolayer for 8 hours. Images were captured with 5X or 10X 

objectives on an inverted light microscope (B). 
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Supplementary figure S7. Enriched Hallmarks in Patient Clusters. Tile plot represents the 

normalized enrichment score (NES) from the GSEA. The positive or negative values are used to 

distinguish the groups. Patient Cluster 1 is associated with a positive NES (red,0 to 1), 1 indicating 

the highest enrichment within Cluster 1. Patient Cluster 2 is associated with a negative NES score 

(grey,0 to -1), -1 indicating the highest enrichment within Cluster 2.  
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Supplementary figure S8. Enriched KEGG pathways between HEV-high patients. Tile plot 

represents the normalized enrichment score (NES) from the GSEA of each of the three conditions, 

HEV-high vs HEV-low All Patients, HEV-high vs HEV-low Cluster 1 and HEV-high vs HEV-low 

Cluster 2. The higher the NES value the more enriched the KEGG pathways are, and only the enriched 

KEGG pathways associated with HEV-high patients from all three conditions are included in the 

figure. The tiles are ordered according whether the KEGG pathways are shared between, all 

conditions, between two of the three conditions or only present in one of the conditions.  
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Supplementary figure S9. Enriched BioCarta pathways between HEV-high patients. Tile plot 

represents the normalized enrichment score (NES) from the GSEA of each of the three conditions, 

HEV-high vs HEV-low All Patients, HEV-high vs HEV-low Cluster 1 and HEV-high vs HEV-low 

Cluster 2. The higher the NES value the more enriched the BioCarta pathways are, and only the 

enriched BioCarta pathways associated with HEV-high patients from all three conditions are included 

in the figure. The tiles are ordered according whether the BioCarta pathways are shared between, all 

conditions, between two of the three conditions or only present in one of the conditions.  
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Supplementary tables 

Supplementary table S1. Specification for multi-color immunofluorescence staining of human 

OSCC tissue 

Target)/primary 

antibody/clone 

Antigen 

retrieval 

Dilution Incubation 

time 

(minutes) 

Secondary 

antibody 

Dilution 

GlcNAc6ST-2/Rabbit anti-

CHST4 

antibody/polyclonala 

Sodium 

citrate (pH 

6.0) 

1:50 ON Goat anti-rabbit 

IgG Alexa Fluor 

647c 

1:300 

Rat anti-mouse/human 

PNAd antibody/MECA-79b 

Sodium 

citrate (pH 

6.0) 

1:25 60 Donkey anti-rat 

IgG Alexa Fluor 

488c 

1:300 

aMerck, Darmstadt, Germany, bBiolegend, San Diego, California, US, cThermo Fisher Scientific, Waltham, 

Massachusetts, US 

 

Supplementary table S2. Specification of the methods used for staining of mouse tissue 

Method Probe or 

primary 

antibody/clone 

Antigen 

retrieval 

Peroxidase 

block 

Serum 

block 

Dilution Incubation 

time 

(minutes) 

Signal 

development/ 

secondary 

antibody (dilution) 

RNAScope/ 

IF 

Chst4 mRNA/ 

RNAScope Mm-

Chst4 probea 

RNAScope 

target 

retrieval 

buffer  

RNAScope 

H2O2 block 

 Ready-

to-use 

120 HRP-C1, 

Opal 650 (1:1000) 

PeCAM-1 

mRNA/ 

RNAScope Mm-

PeCAM-1-C2 

probea 

RNAScope 

target 

retrieval 

buffer 

RNAScope 

H2O2 block 

 1:50 120 HRP-C2, 

Opal 570 (1:1500) 

Rat anti-

mouse/human 

PNAd 

antibody/MECA-

79b 

RNAScope 

target 

retrieval 

buffer 

RNAScope 

H2O2 block 

10% 

normal 

goat 

serum 

1:25 30 HRP goat anti-rat 

secondary antibody 

(1:200), 

Opal 520 (1:1000) 

Dual IHC 

Rabbit anti-

CD11cc 

Sodium 

citrate (pH 

6.0) with 

0.05% 

Tween-20 

3% H2O2 5% 

normal 

goat 

serum 

1:300 ON ImmPRESS HRP 

goat anti-rabbit 

secondary antibody 

Rat anti-

mouse/human 

PNAd 

antibody/MECA-

79b 

Sodium 

citrate (pH 

6.0) with 

0.05% 

Tween-20 

3% H2O2 5% and 

2.5% 

normal 

goat 

serum 

1:25 30 ImmPRESS HRP 

goat anti-rat 

secondary antibody 

IHC  

Rat anti-

mouse/human 

PNAd 

antibody/MECA-

79b 

 3% H202 2.5% 

normal 

goat 

serum 

1:25 30 HRP goat anti-rat 

secondary antibody 

(1:200) 

 

aAdvanced Cell Diagnostics, Minneapolis, Minnesota, US, bBiolegend, San Diego, California, US, cCell 

Signaling Technology, Danvers, Massachusetts, US  
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Supplementary table S3. RNAScope probes  

Probe  Target region Accession number 

Mm-Chst4  491-1446 NM_011998.4 

Mm-PeCAM-1-C2 915-1827 NM_001032378.1 

 

Supplementary table S4. qPCR primer sequences 

Gene Forward primer sequence Reverse primer sequence 

ActB AGCCTTCCTTCTTGGGTATGGA GCATAGAGGTCTTTACGGATGTCAA 

B3gnt3 AGCTGGAAGCGCAGAAATACG GGTTAGCTGCCACTCCAGGAA 

Chst2 GTGCAAAAAGTGCCCACCTC CCAACACAGCCACATCGAAGA 

Chst4 AAGAAAGGGAGGCTGCTGATG TGGACTCCTCCCTCTGGGAA 

Fut4 GGAGGGAGCAGTGACGCTAA GTATGGGAGGGCGATTCGA 

Fut7 TACCCTTACTTGCCCCGCA ACATCAGTCTCCCACCCATCC 

Gcnt1 ACTAAGGCCGTTGCTAAGCCC CCAGAATGCCACCACCTGAG 

Hprt AAGACTTGCTCGAGATGTCATGAAG CCAGCAGGTCAGCAAAGAACTTATA 

Ppia TGGGAAGGTGAAAGAAGGCAT TGTCCACAGTCGGAAATGGTG 
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Supplementary table S5. Clinicopathological parameters proteomics patients 
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Supplementary table S6.  Twenty-two common proteins expressed in HEV-high tumors from the 

shared hallmarks allograft rejection, inflammatory response, IL-6 JAK STAT, and angiogenesis  

Angiogenesis Allograft rejection Inflammatory 

response 

IL-6 JAK STAT 

TIMP1 

VCAN 

ITGAV 
 

IL18 

CTSS 

HLA-DRA 

CD74 

B2M 

TGFB1 

HLA-E 

PSMB10 

HLA-A 

UBE2D1 

HLA-DMB 

ABCE1 

ITGAL 

EGFR 
 

SRI 

RELA 
 

HMOX1 

TGFB1 

MYD88 
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Supplementary table S7. Cellular component and Molecular function Gene Ontology (GO) terms 

enriched in the STRING network. 

Cellular component  

GO-term Description Count in 

network1 

Strength2 False discovery 

rate3 

GO:0042612 MHC class I protein complex 3 of 8 2.55 2.16e-05 

GO:0042611 MHC protein complex 6 of 24 2.37 7.96e-10 

GO:0042613 MHC class II protein complex 4 of 17 2.34 2.83e-06 

GO:0042824 
MHC class I peptide loading 

complex 2 of 9 2.32 0.0026 

GO:0071556 

Integral component of lumenal 

side of endoplasmic reticulum 

membrane 
4 of 26 2.16 8.73e-06 

Molecular function 

GO-term Description Count in 

network1 

Strength2 False discovery 

rate3 

GO:0042608 T cell receptor binding 3 of 10 2.45 0.00029 

GO:0030881 beta-2-microglobulin binding 2 of 7 2.43 0.0212 

GO:0023026 
MHC class II protein complex 

binding 
4 of 26 2.16 6.31e-05 

GO:0042605 Peptide antigen binding 3 of 24 2.07 0.0021 

GO:0003823 Antigen binding 4 of 71 1.72 0.00090 

1The first number indicates how many proteins in the network that are annotated with a particular term and the 

second number indicates how many proteins in total in the network (and in the background) have this term 

assigned. 2Measure of how large the enrichment effect is (log10). 3P-values corrected for multiple testing 

within each category (21 items (human) - STRING interaction network (string-db.org)). 

 

 

 

 

http://amigo.geneontology.org/amigo/term/GO:0042612
http://amigo.geneontology.org/amigo/term/GO:0042611
http://amigo.geneontology.org/amigo/term/GO:0042613
http://amigo.geneontology.org/amigo/term/GO:0042824
http://amigo.geneontology.org/amigo/term/GO:0071556
http://amigo.geneontology.org/amigo/term/GO:0042608
https://string-db.org/cgi/network?network_term_id=GO:0042608&input_query_species=9606
http://amigo.geneontology.org/amigo/term/GO:0030881
https://string-db.org/cgi/network?network_term_id=GO:0030881&input_query_species=9606
http://amigo.geneontology.org/amigo/term/GO:0023026
http://amigo.geneontology.org/amigo/term/GO:0042605
http://amigo.geneontology.org/amigo/term/GO:0003823
https://string-db.org/cgi/network?taskId=b4axT8FPBZur&sessionId=b9xpYM8g2POB
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