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Abstract 

Development and Characterisation of an Immunocompetent Three-

Dimensional Oral Mucosal Infection Model. 

Samantha Gould 

Oral mucosal models are valuable tools for studying oral infection. Existing 

models have been implemented to study pathogen tissue invasion and resultant 

damage. These models fail to incorporate an innate immune component such as 

macrophages, essential for study of host response to infection. Macrophages 

exist within a regulatory to inflammatory polarisation spectrum, whereby the local 

microenvironment determines their activity, contributing to the overall behaviour 

of a tissue. 

Three-dimensional oral mucosal models were formed using primary (POK) or 

immortalized (HaCaT) keratinocytes seeded upon a human gingival fibroblast 

(HGF) embedded type-1 collagen matrix. Later, HaCaT based models 

(3DOMMs) were further developed to incorporate THP-1 pro-monocyte cells into 

the model matrix producing a novel immunocompetent oral mucosal model 

(IC3DOMM). Models were characterised using a variety of histological, 

biochemical, and molecular techniques to detail the model microenvironment and 

assess their capability to detect and respond to Staphylococcus aureus and/or 

Candida albicans infection.  

The HaCaT based 3DOMM was selected to further develop into an IC3DOMM, 

due to its superior epithelial barrier, and ability to upregulate both IL-6 and IL-8 in 

response to infection, when compared to the to the POK based P3DOMM. Model-
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incorporated THP-1 cells increased in size and altered morphology, suggesting 

differentiation into macrophages. The polarisation of THP-1-derived 

macrophages was not fully elucidated, as selected markers CD206 and CD163 

did not sufficiently discriminate between THP-1 cells, PMA-derived, and VD3-

derived macrophages.  

Newly highlighted, was the inflammatory environment of the 3DOMM at early and 

late stage culture. High levels of IL-6 and IL-8 production strongly correlated with 

LDH release, hence cell death. However this did not detract from the models’ 

ability to upregulate pro-inflammatory cytokine production in response to infection, 

and it is proposed that models are used at day 14 post production. 

Individual model cell types modulated IL-6, IL-8, and/or TNFα production upon 

stimulation with supernatant, killed cells, collagen, and differentiation reagents 

(PMA/VD3), demonstrating the complexity of the tissue-engineered environment. 

Despite this, it is necessary to consider the model as a whole, not as a sum of 

individual interactions, as the collective local microenvironment may modulate all 

cell types contained within the model. Due to the 3DOMMs intact epithelial barrier, 

ability to upregulate pro-inflammatory cytokine production in response to infection, 

and confirmed potential to incorporate THP-1-derived macrophages, it is 

proposed that the novel IC3DOMM is a suitable model for the study of host 

response to infection. 
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1. Introduction 

1.1. Oral mucosal modelling 

The oral cavity is a complex environment. It contains a diverse microflora, which 

plays a role in health, homeostasis and disease (1). Oral hygiene regimes are 

widely practiced and involve the introduction of antimicrobial agents and 

mechanical disruption of biofilms (2). Both oral and systemic disease manifest in 

the oral cavity, including cancer, local and systemic infections, haematological 

disorders, gastrointestinal disorders, autoimmune disorders and dermatoses (3). 

Systemic disease therefore plays a role in oral health, as well as oral health 

influencing systemic disease (4). Studying these disease presentations provides 

an opportunity to further understand disease mechanisms and develop potential 

therapeutic options. 

Historically, animal models were at the front line for studying oral disease, 

infection, cancer, wound healing, toxicology, and biocompatibility of orally 

administered agents (5–8). More recently in vitro monolayer cell cultures have 

provided an indication as to how healthy and diseased cells from the oral cavity 

will respond and function in the presence of intrinsic and extrinsic agents. Due to 

the isolated nature of monolayer studies, studying the response of such cultures 

focuses on the response of a singular cell type that does not sufficiently mimic 

the in vivo situation. The lack of both spatial interactions and cross-talk with 

surrounding cells and tissues renders it difficult to extrapolate these results to 

accurately predict the outcomes of an in vivo study (9). 

The National Centre for the Replacement, Refinement and Reduction (NC3Rs) 

of Animals used within scientific research is an ethical initiative concerned with 
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animal welfare and ethics in medical and dental research (10). A wide range of 

projects have been supported for the purpose of developing non-animal ethical 

alternatives. An exciting new prospect within oral research is the development 

and optimisation of oral mucosal models that are able to accurately mimic the in 

vivo environment. As advances are made, the requirements for animal models 

are reducing. These novel in vitro models are more sophisticated than monolayer 

cell cultures and provide the opportunity to tailor each model to its desired 

application, allowing for the study of multiple cell types in an environment that 

spatially and morphologically mimics the native oral mucosa (11). These models 

are not without their challenges, and advances are still required in order to 

produce a suitable model for studying the complexity of oral disease (9). 

1.2.  Three-dimensional oral mucosal models 

Tissue-engineered oral mucosa created for the purpose of modelling the oral 

cavity have been referred to by a variety of different names. Models incorporating 

both an epithelium and a lamina propria layer containing fibroblasts are termed 

full-thickness, or three-dimensional. Such models have been referred to as oral 

mucosal equivalents (OME), full-thickness oral mucosal models (FTOM), re-

constituted oral mucosal tissue (ROMT), and, in the present study, will be 

described as three-dimensional oral mucosal models (3DOMMs) (12–14).  

3DOMMs have been employed for a wide range of in vitro biocompatibility, 

toxicology, wound-healing, cancer, and infection studies. Such oral mucosal 

models are also being developed for tissue grafting purposes (11). A variety of 

cell types, scaffolds, and culture methodologies have been employed for this 

purpose, all with their own attributes and shortfalls. The overarching goal for the 
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field of oral mucosal modelling is to develop a full-thickness model that contains 

functional lamina propria and epithelial layers, with the formation of a basement 

membrane, in order to produce a structure that is analogous to the native oral 

mucosa. Within each individual application of the model there are likely to be 

additional objectives. For example, oral mucosal models created for grafting 

purposes are desired to be biodegradable; cancer models are required to contain 

cancer derived cells; and infection models are required to contain an intact 

epithelial barrier (15).  

3DOMMs differ from oral epithelial models due to the presence of a fibroblast-

containing lamina propria layer. Incorporating fibroblasts into a suitable matrix to 

create a lamina propria layer and overlaying this with keratinocytes to form an 

epithelium, has proven more informative than using epithelium only models, as 

these full-thickness models permit the study of the interaction between multiple 

cell types and the extra-cellular matrix (16). This is due to cross-talk between 

keratinocytes and fibroblasts, which occurs in vivo, and is reflected when these 

cell types are incorporated into a model together. Models that incorporated both 

fibroblasts and keratinocytes exhibited superior structural morphology and 

epithelial stratification, than models that incorporated either of the cell types in 

isolation (17). The 3DOMM environment also provides the ability to study cellular 

migration, matrix re-modelling, biochemical gradients, and the spatial interaction 

between a pathogen and the infected tissue (18–21). Overall, this allows a more 

informative overview when using such models for research purposes, when 

compared with monolayer epithelial models.  

Not only are 3DOMMs a more suitable replacement for epithelium only models, 

they may also be preferable to non-human animal models, as disease manifests 
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differently within different species (21). Full-thickness oral mucosal and dermal 

models have been created with a variety of cell types, isolated from differing 

areas of the oral cavity and skin, including immortalized cell lines, commercially 

available primary cells, and primary cells from donor biopsies (22,23). Scaffolds 

range from de-cellularised dermis to a range of hydrogel mixes, including 

combinations of (or in isolation) collagen, fibrin, elastin, and agarose (24–26). 

Models have been created using a variety of methodologies, including the use of 

transwell inserts, electrospinning and 3D bio-printing techniques (21,27,28). 

1.3.  Oral infection  

The oral immune system, along with the oral microbiota, collaborate to keep oral 

pathogens in check. The oral immune system consists of barrier mechanisms 

including: the tightly packed epithelial layer; presence of saliva; mucous; 

antimicrobial peptides; complement proteins; a cellular innate immune system, 

able to recognise and respond to conserved sites on pathogens; and the cellular 

adaptive immune system with its associated antibodies (29). Dysbiosis provides 

an opportunity for pathogens to prevail, disrupting the normal microbial balance 

and causing subsequent tissue damage. This shift in the composition of the 

microbiome may occur as a result of improper oral care regimes, the 

administration of antibiotic or antifungal agents, an impaired immune system, or 

due to systemic disease (1,30,31). Two of the most frequently discussed oral 

infections include periodontitis, mediated by pathogens such as Porphyromonas 

gingivalis, and denture stomatitis (DS), which is usually associated with the 

commensal organism and opportunistic pathogen Candida albicans (32,33). 

Periodontitis can cause inflammation of the gingiva, and subsequent periodontal 

tissue and alveolar bone loss, potentially resulting in tooth loss if left untreated 
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(32). DS is a condition experienced by denture wearers due to: improper 

cleansing of dentures; the disruption of normal salivary flow; denture colonisation 

of Candida species, most frequently C. albicans; and health and lifestyle risk 

factors such as diabetes mellitus and smoking (33–38). DS leads to erythema 

and oedema of the hard palate, although rarely causes a severe degree of 

discomfort, and is often diagnosed during routine examination (39). In severe 

cases of untreated DS, nodules may form on the hard palate due to inflammatory 

papillary hyperplasia, which may require surgical correction (40). It has also been 

proposed that DS infections may provide a portal of entry for blood stream 

pathogens (41). In recent years, a large focus of dental research has been placed 

upon these oral infections, aimed at gaining an understanding of disease 

pathogenesis and treatment options. Animal models have been frequently 

employed for periodontitis and DS research, however a recent paradigm shift has 

led to the development of in vitro models to study aspects of these diseases and 

obtain an understanding of the pathophysiology. These models have been 

somewhat informative when applied to study DS, however appear to be 

insufficient, at present, for the accurate study of periodontal disease 

(6,7,14,20,42,43). For both of these conditions, murine models often have 

disease artificially induced prior to their application as a disease model. This may 

lead to differences in the manifestation of disease, between these induced 

disease models, and naturally occurring disease within the human oral cavity 

(10,44). Furthermore, the murine and human immune system are not 

synonymous, meaning immune response to infection may differ, and hence the 

disease pathogenesis also (45). 
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1.4.  Oral Infection models 

Oral research is vital in order to gain an understanding of health and disease 

within the oral cavity. Such research provides an insight into the complex 

interactions between oral disease presentation and wider systemic disease 

(3,4,46,47). In contrast to medical research, dental disease research is relatively 

new, and emerging research models and techniques provide valuable insight into 

oral health and pathology, granting an opportunity for new treatment and 

prevention for oral disease. Oral disease models range from consenting live 

patients, live animal models, tissue explants, tissue-engineered oral tissue 

models, and monolayer cell cultures. In vitro models are advancing and are an 

informative means of studying cellular and tissue response to oral disease. At 

present, depending on the application, in vitro information may later need to be 

translated into animal models in order to confirm or expand upon in vitro findings, 

prior to progressing to clinical trials within humans. Additionally, in vitro models 

may be used as a prologue, to obtain data in order to justify a more considered 

and refined use of animal models(10). 

Many research groups have implemented 3DOMMs to study pathogen-host 

interactions. Diverse methodologies have been employed for this purpose, 

including the use of different scaffolds and cell types, to study a range of bacterial, 

fungal and viral infections. Table 1 summarises the methodologies and purposes 

for full-thickness skin, and oral infection models identified within recent literature. 
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Table 1: Summary of previously implemented 3DOMM methodology  

Details are provided of infective agent, cell type, scaffold, and culture technique. 

Infection Scaffold Keratinocyte Fibroblast  Submerged Air-liquid 

interface  

Ref 

Staphylococcus aureus  & 

Pseudomonas aeruginosa 

Decellularised dermis Primary dermal Primary dermal 1 Day 10-14 Days (48) 

HSV-1 Collagen HaCaT Primary dermal 5-7 Days 10-12 Days (49) 

HSV-1 Collagen HaCaT Primary dermal 5-7 Days 12-14 Days (50) 

Fusobacterium nucleatum Collagen Primary gingival Primary gingival 3 Days 6 Days (51) 

Oral Microbiome Collagen TR146, HaCaT,   or 

Primary dermal 

NIH-3T3 5 Days N/A (52) 

Candida albicans    & 

Staphylococcus aureus 

Collagen NOK-si Primary Gingival Until epithelium reached confluence 14 days (14) 

Candida albicans Collagen FNB6 orTR146 Primary Buccal & 

Gingival 

2 days 14 days (42) 

Staphylococcus aureus Alvetex (polystyrene 

scaffold) 

CCD1106-KERTr Detroit 551 Fibroblasts only: 7 days 

Keratinocytes atop:3 days 

21 days (53) 

Staphylococcus aureus Collagen Normal epidermal Normal epidermal Fibroblasts only: 8 days 

Keratinocytes atop: 2 days 

10 days (54) 

Commensal Streptococci 

& Staphylococci. 

Hydroxyapatite or 

Silicone 

HOK HGF Fibroblasts only: 3 days 

Keratinocytes atop until confluent 

Not 

disclosed 

(55) 

Porphyromonas gingivalis None TERT-2 OKF-6 Primary gingival 10 days N/A (56) 

Candida albicans Decellularised dermis Primary   Primary  3 Days 14 Days (20) 

Candida albicans Collagen OKF-6 TERT-2 Primary gingival Fibroblasts only: 2 days 

Keratinocytes atop: 6 days 

14 days (57) 
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As well as creating full-thickness models to study host response to oral infection, 

commercially available reconstituted human oral epithelium (RHOE) (epithelium 

only) and EpiOral (full-thickness) models were employed to either study tissue 

invasion of Candida spp., or to compare the efficacy of full-thickness models with 

commercially available epithelium only models (20,35,42,58). The RHOE model 

by SkinEthic is created with a TR146 squamous cell carcinoma keratinocyte cell 

line, whereas EpiOral models by MatTek are created using primary oral cells; the 

MatTek models exhibit a stratified epithelium, unlike RHOE models (42). Full-

thickness models have been shown to be more proliferative than epithelium only 

models, likely due to the interactions between the fibroblasts contained within the 

lamina propria layer and the epithelial keratinocytes (20). Furthermore, as with 

the native oral mucosa, proliferation was shown to be restricted to the basal 

layers of the epithelium, whereas within the epithelium only TR-146 model 

proliferation was seen throughout the epithelium (20). These commercially 

available models are expensive and are required to be used within a short period 

of time upon their receipt (57). Creating full-thickness oral infection models in the 

laboratory provides the opportunity to produce reproducible, cost effective 

models that are analogous to the native oral mucosa. Many research groups have 

successfully created oral mucosal models that appear structurally analogous to 

the native oral mucosa, displaying a multi-layered stratified epithelium that may 

be keratinised or non-keratinised depending on the area of the oral cavity the 

model is desired to represent. Models often differ from the native oral mucosa 

due to the lack of rete ridges, which are created in vivo through the mechanical 

pressures of mastication, although it has been indicated that it is possible to 

induce these within in vitro oral mucosal models (20,59).  
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There remains the question as to how representative these oral mucosal models 

are in terms of their responsivity to infection, due to the lack of an immune cell 

component. Some initial steps towards this have been achieved. Models have 

been shown to produce antimicrobial peptides and form a strong barrier against 

pathogenic invasion (20,60). Models have also been shown to produce pro-

inflammatory cytokines in response to infective agents (13). It has even been 

possible to produce models that contain a microbiota (52). Several research 

groups have recently begun to incorporate innate immune cells into three-

dimensional oral mucosal, or skin models, and a commercially available model 

from MatTek is currently marketed incorporating Langerhans cells (61–63).  

Full-thickness models are a more informative oral model than monolayer studies, 

partially attributed to the incorporation of multiple cell types, hence the capability  

of  epithelial-stromal cross-talk (11,18,64). This was the first step taken to 

represent the complexity of the oral cavity. Upon in vivo infection, multiple cell 

types will respond to an infective agent, all of which are able to influence the 

responses of others. Therefore, the incorporation of immune cells into such 

models is a positive step towards considering the true complexity of the oral 

environment. However, as of yet, these immune cell incorporated models have 

not been sufficiently implemented for studying host response to infection (61–

63,65,66). Considering the host immune system is essential for the prevention 

and resolution of infection; it is necessary to incorporate innate immune cells into 

oral mucosal models in an informative manner, whereby they may be used for 

subsequent infection studies. Many models have incorporated different 

combinations of epithelial and stromal cells, with some introducing an immune 

cell component; however the interactions between these cells, and their 
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interactions with the model microenvironment, have not been examined in terms 

of pro-inflammatory cytokine production. It is the overall cytokine milieu that will 

determine the manner in which incorporated immune cells respond to pathogens. 

Therefore, to fully characterise the model’s ability to represent in vivo infection, 

the interactions between cell types and their environment, and the resultant 

cytokine expression is of vital importance. 

1.5.  Hypothesis 

It is possible, through the appropriate selection of keratinocyte and fibroblast cell 

types, and careful consideration of cellular interactions with a tissue-engineered 

environment to: i) produce a model that supports the incorporation, and permits 

the activity of macrophages; ii) and therefore develop an informative 

immunocompetent oral mucosal model that is suitable for the study of host 

response to infection. 

1.6.  Aims 

This research is aimed at the development and characterisation of a three-

dimensional oral mucosal model that is suitable for the study of host response to 

oral infection, and aims to consider and compare models created with 

immortalised (3DOMMs) and primary (P3DOMMs) keratinocytes. Specific 

attention will be paid to the ability of the models to respond to pathogenic agents, 

the interactions exhibited between the individual cell types, and the effects of the 

model environment. The models will be used to study tissue invasion and immune 

response to clinically relevant oral isolates of Candida albicans and 

Staphylococcus aureus, to determine their efficacy and potential applications as 

infection models. Finally, the 3DOMM environment will be assessed for its ability 
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to facilitate the incorporation, viability, and activity of innate immune cells, in order 

to develop an immunocompetent (IC) 3DOMM. 
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2. Methodology 

2.1.  General information 

Cell culture and microbial culture were performed under aseptic conditions, using 

a laminar flow hood and Bunsen burner, respectively. Plasticware was obtained 

from Greiner. Tissue and cell culture plasticware was purchased sterile and 

endotoxin free. Powdered chemicals were obtained from Sigma Aldrich, 

dissolved into distilled H2O, and filter sterilised prior to use.  

2.2.  Cell selection 

HaCaT cells, a spontaneously immortalised keratinocyte cell line derived from 

histologically normal adult skin, were selected due to their longevity, 

reproducibility, and in the correct conditions, reported ability to form stratified, 

keratinised epithelia (67,68). Although HaCaT cells were initially derived from the 

skin, they have been employed to represent oral epithelia, and have been 

reported as suitable for studying keratinocyte inflammatory response (69,70). 

HaCaT also provide the added benefit of controlling differentiation, by means of 

calcium concentration, improving longevity, and permitting de-differentiation 

when desired (71).  

HGF cells, are a commercially available human primary oral fibroblast cell type, 

obtained from the gingiva. HGFs were selected due to their anatomical location, 

as fibroblasts from different locations, even within the oral cavity, are 

physiologically diverse, and their activity is dependent on their origin (72,73).  

POK cells are a commercially available human primary oral keratinocyte cell type. 

POK cells were selected over other primary oral keratinocytes due to their 
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availability, and reported growth in the absence of a fibroblast feeder layer, 

through the use of their proprietary media (indicated in their datasheet)(74).  

THP-1 cells are a pro-monocytic cell line derived from a child with acute 

monocytic leukaemia (75). Unlike macrophages THP-1 cells are able to 

proliferate in culture, and due to their pro-monocytic nature THP-1 cells are non-

adherent, unlike peripheral blood monocytes, making them an attractive choice 

due to their ease of application. THP-1 cells are well characterised, and are able 

to be differentiated into macrophages and subsequently polarised (76). Despite 

exhibiting some differing characteristics when compared to peripheral blood 

monocytes (due to their leukaemic origin), in the correct culture conditions, THP-

1 cells are an informative and practical  model for monocyte and subsequent 

macrophage studies(76,77).  

Cells were purchased from ATCC, cell lot numbers and passage numbers are 

detailed in Table 2. THP-1 cells were kindly provided by Dr Andrew Foey of the 

University of Plymouth. 

Table 2: Cell lines utilized within the present study. 

Cell type Product Number Lot Number Passage number 

HaCaT ATCC PCS-200-011 300493-3155F 39-48 

HGF ATCC PCS-201-018 305110-212 8-14 

POK ATCC PCS-200-104 80717999 3-6 

THP-1 ATCC PCS-TIB-202 Unknown 10-20 
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2.3.  Cell culture 

2.3.1. General cell culture 

HaCaT and HGF cells were maintained in DMEM containing glucose, L-glutamine, 

sodium pyruvate and phenol red, Gibco 11564446, and 10% FBS, Gibco 10500 

batch #08Q1379K. POK cells were maintained in POK medium, which consisted 

of dermal cell basal medium, ATCC-PCS-200-030, supplemented with a 

keratinocyte growth kit, ATCC-PCS-200-040. THP-1 cells were maintained in 

RPMI 1640, containing 2 mM L-glutamine, Corning 10-040-CV, and 10% foetal 

bovine serum (FBS), Sigma Aldrich batch #BCBW3204. All adherent cells were 

cultured until approximately 70% confluence prior to passaging. HaCaT and HGF 

cells were detached using 0.25% Trypsin/EDTA, Fisher Scientific 25200072, and 

POK cells using primary cell trypsin solution, ATCC PCS-999-003, incubated at 

37°C. Once the cells had detached the reaction was neutralised using equal 

volumes of complete medium for HaCaT and HGF cells and trypsin neutralisation 

solution, ATCC PCS-999-004, for POK cells. Once neutralised, the cells were 

transferred to a 15 ml falcon tube and centrifuged at 200 × g, so that the cells 

were pelleted. Supernatant was discarded and the pellet gently disrupted prior to 

resuspension in complete medium. Cells were then split into multiple flasks or 

applied for subsequent experimentation.  

2.3.2. Freezing and resurrection of cell lines 

Freezing medium for HaCaT and HGF cells consisted of DMEM + 10% FBS+ 

10% dimethyl sulfoxide (DMSO). Freezing medium for THP-1 cells consisted of 

RPMI + 50% FBS + 10% DMSO. Freezing medium for POK cells consisted of 

POK medium +10% DMSO. Cells were frozen in 1 ml of freezing medium per 
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cryovial. Cryovials were placed in a room temperature Mr Frosty freezing 

container and frozen at -80°C for at least 24 hours, prior to being stored at liquid 

nitrogen vapour phase. Cells were defrosted rapidly using a 37°C water bath, 

placed in 9 ml of complete medium and centrifuged to remove excess DMSO. 

Cells were then resuspended in complete medium, placed in a pre-equilibrated 

flask of complete medium, and incubated in a humidified 37°C 5% CO2 incubator. 

2.4.  Production of three-dimensional oral mucosal models (3DOMMs) 

2.4.1. 3DOMM production  

 

Figure 1: Standard methodology for the formation of a singular 3DOMM.  

D10 refers to DMEM + 10%FBS 

  

Three-dimensional oral mucosal models were formed in 0.4 µm polycarbonate 

mesh transwell inserts, Corning 3401, using rat-tail type-1 collagen, First link (UK) 

Ltd. 60-30-810, with a protein concentration of 2 mg/ml. Human Gingival 

Fibroblasts (HGF), ATCC PCS-201-018, were embedded into a collagen gel mix, 

containing: 25.6% collagen, 63.5% DMEM, 7% FBS and 3.8% 1M NaOH, as 

detailed in Figure 1. Once polymerised, a keratinocyte (HaCaT), ATCC PCS-

200-011, overlay was added to the gel matrix. The models were left to mature for 
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between 12 and 23 days, experiment dependent, prior to use. Once the models 

had contracted (after approximately 48 hours), remaining media was removed. 

Subsequently 500 µl of KGM 3 (keratinocyte gold basal media, Lonza 00192151, 

supplemented with a bullet kit, Lonza 00192152, and 2.4 µM CaCl2, Table 3) was 

added below the transwell insert, and changed every 48 hours thereafter. The 

production of a singular 3DOMM is detailed in Figure 1. 

2.4.2. Keratinocyte gold media 

Keratinocyte gold medium (KGM) was employed to introduce HaCaT cells to the 

model, KGM 1 and KGM 2 (at a ratio of 1:3), and once the models had been 

raised to the air-liquid interface KGM3. Table 3 indicates the supplementation of 

KGM, Lonza 00192151, supplemented with a bullet kit, Lonza 00192152, and 

CaCl2. Gentamycin/amphotericin was omitted from supplementation as the 

models were intended as infection models.  

Table 3: KGM media formulations 

Supplementation of KGM basal media to form KGM1, KGM2 and KGM3 to implement 

as culture media for 3DOMMs. 

Supplement KGM1  KGM2 KGM3 

KGM basal medium 50 ml 50 ml 50 ml 

Bovine pituitary extract 200 μl 200 μl 200 μl 

Epidermal growth factor 50 μl 150 μl 50 μl 

Hydrocortisone 50 μl 50 μl 50 μl 

Insulin 50 μl 50 μl 50 μl 

Transferrin 50 μl 50 μl 50 μl 

Epinephrine 25 μl 25 μl 25 μl 

Calcium Chloride (1M) - - 120 μl 

 

 

https://bioscience.lonza.com/p/000000000000192151
https://bioscience.lonza.com/p/000000000000192152
https://bioscience.lonza.com/p/000000000000192151
https://bioscience.lonza.com/p/000000000000192152
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2.4.3. Primary three-dimensional oral mucosal model (P3DOMM) 

production 

P3DOMMs were created in the same manner as 3DOMMs, as per Figure 1, with 

the exception of medium for which D10/KGM was substituted with POK media. 

Instead of HaCaT cells, POK cells, ATCC PCS-201-018, were the epithelial cell 

type implemented in P3DOMM production. Once the models had contracted, 

remaining media was removed. Then 500 µl of POK medium was added below 

the transwell insert, and was changed every 48 hours thereafter, supernatants 

were subsequently stored for analysis by sandwich ELISA. P3DOMMs were then 

cultured for 14 days, due to the reported limited lifespan of primary oral 

keratinocytes, as directed by the manufacturer’s instructions.  

2.5.  Histology 

2.5.1. Sample preparation 

Models were fixed in 4% paraformaldehyde for a minimum of 24 hours. After 

fixation, models were infiltrated with paraffin wax using a Leica TP1020 auto 

tissue processor. Models were passed through increasing concentrations of IMS 

(50%, 70% and 90%) for 1 hour periods, followed by three hours in 100% IMS 

whereby IMS was refreshed each hour. Once dehydrated, models were 

incubated in histolene (refreshed at each interval) for 0.5, 1.25, and 1.25 hours, 

prior to being infiltrated with wax for 1 hour followed by 2 hours in refreshed wax. 

Following this, wax infiltrated models were halved, and embedded in paraffin wax 

blocks aided by an embedding centre and cold plate, Leica EG1150H & 

EG1150C. Using a Leica RM2235 microtome, 5 µm sections were cut, placed in 
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a 50°C water-bath until flattened, and mounted upon glass slides. Once dry, 

slides were stained using a Haematoxylin and Eosin protocol. 

2.5.2. Haematoxylin and Eosin staining 

Slide mounted tissue sections were heated on a 60°C hot plate to remove paraffin 

wax.  Slides were placed in a staining rack and agitated through 3 histolene 

changes, for a total time of 5 minutes. Histolene was drained by blotting the slide 

rack, and the samples were then taken through three changes of IMS, for a total 

time of 5 minutes. The rack of samples was then agitated in distilled water to 

observe whether the wax was sufficiently removed. Samples were then placed in 

Harris’ haematoxylin for 10 minutes. Samples were then blued in tap water and 

the nuclear staining observed microscopically. If necessary, the nuclei were 

further blued in 1% lithium carbonate, and any residual background staining 

removed by dipping in acid alcohol. Samples were then placed in eosin for 5 

minutes, and afterwards washed briefly in distilled water. Following this, the 

samples were agitated in two changes of IMS for a total of 2 minutes, followed by 

2 changes of histolene for a total of 2 minutes. Samples were stored in histolene 

prior to mounting with DPX. Once dried, the slides were ready for observation 

and imaging. 

2.6.  Western blot 

Prior to commencing the Western blot, RIPA buffer, Sigma Aldrich RO278, 

containing a 1% protease inhibitor cocktail, Cell Signalling Technology 5871, was 

added to samples, to extract the intracellular protein and protect against protease 

degradation. For 3DOMMs, samples were also briefly homogenised on ice, to aid 

protein extraction whilst preventing degradation due to temperature increase. 
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Samples were centrifuged briefly to remove cellular debris and supernatant was 

stored at -20°C prior to use. Upon defrosting total protein of each sample was 

quantified using a Pierce BSA protein quantification kit, Thermo Scientific 23227, 

measured against pre-quantified standards and determined colourimetrically. A 

quantity of sample equivalent to 30 µg of protein was diluted in PBS and mixed 4 

parts to 1 part 5× Laemmli buffer, Table 4. The samples were mixed and boiled 

at 100°C for 8 minutes, and then centrifuged briefly. Then 10% acrylamide gels 

were created in house, Table 5. Gel electrophoresis equipment was obtained 

from BioRad, 165800FC. The hand cast stacking gel was formed first and set in 

1.0 mm glass gel-electrophoresis cassettes, and levelled with 1 ml of ethanol. 

Once set, the loading gel was pipetted atop; immediately after, a 10 well spacer 

comb was pushed into the gel. Once the gel had polymerised, the spacer comb 

was removed to create the loading wells. Gels were loaded into an 

electrophoresis tank containing 1 part 5× electrophoresis buffer, to 4 parts dH20, 

Table 6. Then, 5 µl of protein ladder, Geneflow S6-0024, was loaded to one well, 

and 20 μl of samples into test wells. The electrophoresis tank was set at 70 V and 

allowed to run until the protein ladder had passed the loading gel, and then raised 

to 100 V until the protein ladder spanned the length of the gel. Once complete 

the gel was washed in distilled water. Protein was transferred to pre-cut PVDF 

membranes, Invitrogen LC2005, activated in methanol and pre-soaked in transfer 

buffer. Proteins were transferred from the gel to the membrane with the aid of 

pre-cooled (4˚C) transfer buffer, Table 6, and a transfer tank, BioRad 17404070, 

and allowed to run for 12 hours at 25 V, at 4°C. After transfer, membranes were 

blocked in 5% milk in 0.05% PBS-Tween 20 at room temperature on a shaker 

plate for 1 hour. Primary antibodies were diluted in 2.5% milk in PBS-T, and 

incubated for 1.5 hours. Secondary antibodies were diluted in 2.5% milk, and 
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incubated for 45 minutes. Between each step membranes were washed 3 times 

in PBS-T. ECL chemiluminescent detection reagent, Bio Rad 1705060s, was 

mixed in equal parts (A and B) to a volume of 1 ml, and applied to the membrane. 

Membranes were read using an image-quant studio at 30 second intermittent 

exposures until strong bands could be observed. 

Table 4: Production of 5× Laemmli buffer. 

 

 

Table 5: Production of 10% acrylamide hand-cast gels for gel electrophoresis. 

 

 

 

5X Laemmli buffer  

Reagent Volume 

0.5 M Tris-HCL pH6.8 1.75 ml 

Glycerol 4.5 ml 

0.5 g SDS in 2ml Tris-HCL 2 ml 

0.25% Bromophenol blue in H20 0.5 ml 

β-mercaptoethanol 1.25 ml 

Hand-cast Gels 

 Stacking Gel Volume 

Stacking buffer 2 M Tris pH 8.8 in dH20 15 ml 

10% SDS in dH20 0.8 ml 

dH20 4.2 ml 

 30% acrylamide 4.95 ml 

 Stacking Buffer 3.75 ml 

 dH20 6.3 ml 

 10% APS 100 μl 

 TEMED 10 µl 

 Loading Gel Volume 

Loading buffer 1 M Tris pH 6.8 in  dH20 10 ml 

10%SDS in dH20 0.8 ml 

dH20 9.2 ml 

 30% acrylamide 1.005 ml 

 Loading buffer 1.5 ml 

 dH20 2.3 ml 

 10% APS 50 μl 

 TEMED 5 µl 
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Table 6: Production of Western blot buffers. 

 

 

2.7.  Microscopy 

2.7.1. Imaging  

Live monolayer cultures were visualised and imaged using the Scopetek DCM-

510 microscope camera, affixed to an inverted microscope. Tissue sections were 

visualised and imaged using a Leica DMD108 microscope/camera. 

2.7.2. Confocal Microscopy 

Models were either imaged live or cryostat sectioned prior to observation, as 

detailed in each experiment. A Leica SPE Confocal microscope was used to 

visualise and image the tissue. Lasers were selected to cover the recommended 

excitation and emission spectrum for cell-trace far red as detailed in the 

manufactures instructions (CTFR), FisherSci- 15531783. 

2.7.3. Electron Microscopy 

3DOMMs were fixed in glutaraldehyde (2.5% pH 7.2, 0.1 M) overnight. Tissues 

were transferred to PBS and then rinsed twice in sodium cacodylate (pH 7.2, 0.1 

M) for a total time of 30 minutes. Tissues were then secondary fixed in osmium 

tetroxide (1% pH 7.2, 0.1 M) for 1 hour. Tissues were then rinsed twice in PBS 

and dehydrated through increasing concentrations of ethanol (30%, 50%, 70%, 

90%) for 15 minute intervals. Then tissue was placed in 100% ethanol for three 

5× Electrophoresis buffer pH 8.3 Transfer buffer 

Reagent Quantity Reagent Quantity 

Trizma base 12 g Trizma base 28.8 g 

Glycine 57.6 g Glycine 6.06 g 

SDS 4 g dH20 1600 ml 

dH20 800 ml – pH volume Methanol 400 ml 
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15 minute intervals, where the ethanol was refreshed between each interval. 

Once dehydrated, tissue was infiltrated with increasing concentrations of agar 

low viscosity resin, diluted in 100% ethanol at a ratio of 30:70, 50:50, 70:30, and 

100:0. Tissue remained in each concentration for 12 hours, with the exception of 

the 100% resin, which was repeated 3 times in refreshed resin, for a total of 72 

hours, to ensure full infiltration. The resin-infiltrated tissues were placed in a coffin 

mould, encased in resin, and placed in a 60°C embedding oven for 12 hours, 

which permitted the polymerisation of the resin. Resulting blocks were sectioned 

using a Leica Ultracut E ultra-microtome, using a Diatome diamond knife. 

Sections were stained in uranyl acetate for 15 minutes, followed by Reynold’s 

lead citrate for 15 minutes. Sections were observed and imaged using a JEOL 

1400 transmission electron microscope. Sectioning was kindly performed by 

Glenn Harper of the University of Plymouth’s electron microscopy suite. 

2.8.  Enzyme linked immunosorbent assay (ELISA) 

Supernatants were analysed via Sandwich ELISA in order to identify the 

cytokines IL-6 (Capture BD Biosystems 554543, Detection BD Biosystems 

554546), IL-8 (Capture BD Biosystems 553716 Detection BD Biosystems 

554718), TNFα (DuoSet kit R&D Systems DY210-05), and IL-1β (DuoSet kit R&D 

systems DY201-05). ELISAs were performed in high bind flat 96 well ELISA 

plates, Greiner 665061. The details for each cytokine, including concentrations, 

volumes, incubation times, and temperatures can be found in Table 7. Capture 

antibodies were diluted in PBS to the desired concentration. Powdered BSA, 

Melford A30075-100, was weighed and made up into a 2% solution, in PBS, and 

used as a blocking buffer. Standards for IL-6 and IL-8 were obtained from the 

National Institute for Biological Standards and Control, TNFα and IL-1β standards 
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were included within each DuoSet ELISA kit. Three-fold serial dilutions were 

created of each standard between the ranges indicated in Table 7, a blank was 

also included. Secondary antibodies were diluted in 2% BSA PBS. Streptavidin 

HRP, R&D systems DY998, was diluted 1:200 in 2% BSA PBS. TMB, Biolegend 

421101, was added at a ratio of 1:1 part A to part B. Stop solution, 1.8 M H2SO4 

was added to the TMB reactive wells once the sample wells were visually within 

the range of the standard curve. Plates were read spectrophotometrically, at 450 

nm in a VersaMax plate reader. In some instances supernatants were diluted to 

permit detection within the range of the ELISA standard curve; for all samples 

within a given experiment the same dilution was performed. A dilution factor was 

selected from preliminary analyses to reduce above-range data to a detectible 

level, whilst minimising the loss of low-range data. Any remaining above range 

values were taken to be the highest detectible value from the standard curve; any 

subsequent low range values were taken to be the minimum (above 0) detectible 

value from the standard curve. 
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Table 7: ELISA methodology.  

ELISA reagent: concentration, volume, duration, temperature and diluent. Blue vertical lines indicate wash steps 3 times in 0.05% PBS-T. Standard 

values are indicated as the highest and lowest value of the standard curve, as well as the dilution factor (DF). 

 Primary 

 

Blocking Standards Secondary Streptavidin TMB Stop 

solution 

Timing (at 

37°c) 

2 hours 1 hour 2 hours 1 hour 0.5 hours Variable Instant 

Volume per 

well 

50 μl 150 μl 50 μl 50 μl 50 μl 100 μl 50 μl 

IL-6 1 μg/ml  

in PBS 

2% BSA in 

PBS 

 

10,000 pg/ml 

DF 3 

13.717 pg/ml 

0.5 μg/ml 

in 2% BSA PBS 

1:200 dilution in 2% 

BSA PBS 

1:1  A:B 

 

H2SO4 

IL-8 2 µg/ml 

in PBS 

2% BSA in 

PBS 

 

10,000 pg/ml 

DF 3 

13.717 pg/ml 

0.5 μg/ml 

in 2% BSA PBS 

1:200 dilution in 2% 

BSA PBS 

1:1  A:B 

 

H2SO4 

TNFα 4 µg/ml 

in PBS 

2% BSA in 

PBS 

 

5000 pg/ml 

DF 3 

6.56 pg/ml 

50 ng/ml  

 in 2% BSA PBS 

1:200 dilution in 2% 

BSA PBS 

1:1  A:B 

        

H2SO4 

IL-1β 4 μg/ml 

in PBS 

2% BSA in 

PBS 

 

1000 pg/ml 

DF 3 

1.37 pg/ml 

150 ng/ml 

 in 2% BSA PBS 

1:200 dilution in 2% 

BSA PBS 

1:1  A:B H2SO4 
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2.9.  Flow cytometry 

Cells were centrifuged at 200 × g and washed twice in Ca2+ and Mg2+ free PBS. 

Cells were resuspended at a density of 1-2.5 × 106 cells in 100 µl of PBS. Cell 

suspensions were divided between test groups and isotype controls and 5 μl of 

the desired antibody was added to the cell suspension, and mixed by pipetting. 

Antibodies are identified in individual experiments in subsequent chapters. 

Samples were incubated in the dark, on ice for 20 minutes to permit antibody 

binding. Cells were then washed three times in DPBS as above, and 

resuspended in 500 µl of DPBS. Flow cytometry was performed using a 

FACSCalibur flow cytometer for FITC channels (excitation: 488 nm; emission: 

520 nm; Laser: blue), and PerCPCy5.5 channels (excitation: 482 nm; emission: 

676 nm Laser: blue), acquiring 10,000 events per sample, in triplicate, wherever 

possible. Post-acquisition gating and analysis was performed using FCS Express. 

2.10. Polymerase chain reaction (PCR) 

DNA was extracted from suspected C. albicans strains using a DNeasy blood 

and tissue kit, Qiagen 69504, as per the manufactures instruction, supplemented 

with bead beating for 1 minute to ensure maximal extraction. DNA concentration 

was quantified using a nanodrop spectrophotometer, Thermofisher ND2000, and 

50 ng of DNA was used per reaction. Forward and reverse primers for C. albicans  

5‘ “TTT ATC AAC TTG TCA CAC CAG A” 3’ and  5‘ “ATC CCG CCT TAC CAC 

TAC CG” 3’ were applied for the detection of a positive C. albicans isolate, using 

C. albicans SC5314 gDNA as a positive control, and a no template control (78,79). 

DreamTaq Green PCR master mix (15 µl), Thermofisher K1081, was mixed with 

50 ng of extracted DNA and 25 pM of each primer, giving a final reaction volume 
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of 30 µl. The PCR reaction was thermocycled using a Geneamp PCR system 

9700. Samples were cycled as followed: initial denaturation at 94˚C for 10 

minutes, followed by 30 cycles of (denaturation 94˚C for 30 seconds, annealing 

55.3˚C for 30 seconds, and extension 72˚C for 30 seconds), and followed by a 

final extension at 72˚C for 30 minutes. Samples were then held at 4˚C upon 

completion. Upon completion of the amplification, 6 µl was loaded per well into a 

1.5% agarose gel formed in a Tris Acetate EDTA buffer, containing CYBR safe 

dye, Invitrogen S33111. Samples were ran alongside 3.5 µl of 2 log quick load 

DNA ladder, NEB B7025, at 90 V until the ladder could be clearly resolved. Gels 

were viewed and imaged using a BioRad Gel Doc XR under UV light. 

2.11. Data analysis 

2.11.1. Statistical significance between groups 

For all comparisons between groups, each individual group was tested for 

normality using a Shapiro-Wilk’s normality test. If any group within the data set 

returned as non-parametric, all data groups involved in the comparison were 

analysed using a non-parametric Kruskal-Wallis test, followed by a Dunn’s 

multiple comparisons test. If all individual data groups returned as parametric, a 

parametric one-way ANOVA test was performed followed by a Tukey’s multiple 

comparisons test. Statistical p-values reported are those returned within the 

multiple comparisons tests.  
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2.11.2. Correlation analyses 

In order to determine correlation between groups, a Spearman’s rank test was 

applied. Spearman’s rank provides a correlation coefficient that indicates how 

closely related the data of one group is to that of another group. Positive 

relationships between groups are indicated by a positive correlation coefficient 

(r), coefficients near to 1 indicate a strong correlation. Negative relationships 

between groups were indicated by a negative correlation coefficient, coefficients 

near to -1 indicated a strong correlation. A p-value is also provided, which informs 

the significance of the correlation between groups. 

 

 

 

 

  



 

28 

3. Development and characterisation of oral mucosal models 

3.1.  Introduction 

3.1.1. Structure and function of the native oral mucosa 

The oral mucosa acts as a barrier for the innate immune system, preventing 

pathogenic entry to the blood stream and tissues beneath. The epithelium 

undergoes constant challenge with a diversity of antigens, through food, 

microflora, and potential pathogens. The oral cavity also encounters strain due to 

mechanical, chemical, and temperature burdens as a result of mastication, food, 

beverages, and oral care regimes (80). The oral cavity’s structure permits a 

protective barrier, whilst also providing the flexibility required for mastication and 

speech. Furthermore, due to the constant challenge by extrinsic factors it 

possesses stringent immunological mechanisms that work to promote health and 

homeostasis (81).  

Various degrees of keratinisation are seen within the oral cavity, dependent upon 

the level of mechanical force the area will encounter (82). Areas of the hard palate 

and gingivae are keratinised, providing extra protection from mastication. The 

sublingual mucosa and buccal mucosa are non-keratinised. Within the oral 

mucosal epithelium, different keratins are expressed within the tissue layers. 

Keratins are differentially expressed dependant the overall extent of 

keratinisation exhibited within a given area, Figure 2 (83). Keratins are 

intermediate filament proteins which promote mechanical stability and integrity of  

epithelia, as well as playing a regulatory role in terms of intracellular signalling 

including contributing to epithelial polarisation, and membrane trafficking (84).  
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Figure 2: Structure and keratinisation of the a) keratinised and b) non-keratinised 

oral mucosa.  

Figure by Nimish Deo, and Deshmuck. 2018 (83). Keratins are differentially expressed 

within epithelial layers and vary between keratinised and non-keratinised oral mucosa. 

 

Keratins are expressed in a site dependent, and differentiation dependent 

manner. All stratified squamous epithelia express keratins 5 and 14 at the basal 

layers (85,86). Keratin 14 is involved in cellular proliferation; keratin 14 

knockdown HaCaT cells displayed reduced proliferation and delayed cell cycle 

progression (86). Different keratins may withstand different levels of mechanical 

pressure. Typically, stronger epithelial tissues express a more diverse range of 

keratins; keratinised oral epithelia express keratins 5 and 14 in the basal epithelial 

layers, and keratins 1,10,6,16 and 2 in the spinous and granular epithelial layers; 

non-keratinised oral epithelia are reported to express keratins 5,14 and 19 in the 

basal epithelial layers, and keratins 4 and 13 in the intermediate and superficial 

layers (83). Keratins form obligate heterodimers whereby type-1 (acidic) keratins, 

form dimers with type 2 (basic) keratins. It is these dimers that form the basic 
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building blocks of keratin filaments, which consist of 32 individual α helical coils, 

twisted into a rope like filament, forming strong lateral hydrophobic interactions, 

enabling these filaments to promote structural integrity (87). Keratins 10,12,14,16 

and 19 are examples of type-1 keratins, and 1,2,4,5 and 6 are examples of type-

2 keratins (84).  

 

The oral mucosal epithelium consists of a stratified squamous epithelium with 

proliferating cells at the basal layers. The number of epithelial layers varies 

depending on the anatomical region in which the keratinocytes reside. 

Differentiated cells migrate to the surface, undergo terminal differentiation, and 

replace shedding cells at the surface. The oral mucosal epithelium also contains 

anti-microbial factors, such as salivary peptides that aid in the defence against 

pathogens. These, alongside the tightly packed epithelial cells, constant epithelial 

shedding, and keratinisation, comprise the epithelial barrier, protecting the 

tissues beneath (80). 

 

3.1.2. Skin vs oral keratinocytes 

At a cellular level, oral and skin keratinocytes are morphologically similar (88). 

They both form organised stratified epithelia, which are highly proliferative at the 

basal layer, and as cells mature and differentiate they migrate towards the apical 

layers of the epithelium. Within the skin and keratinised areas of the oral mucosa, 

prior to sloughing (and subsequent replacement by newer cells), the squames of 

the apical epithelial keratinocyte layer offer extra protection against external 

pressures and microbial invasion (89).  
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At a tissue level, both exhibit a multi-layered epithelium, which is anchored to a 

basement membrane, atop a dense connective tissue layer termed the lamina 

propria, with the dermis being the skin equivalent. The lamina propria is 

responsible for the diffusion of vital nutrients and growth factors into the avascular 

epithelium. The lamina propria of skin and oral mucosa consists of fibroblasts, 

connective tissue, capillaries, macrophages, and extra-cellular matrix (ECM) 

material (88). Oral mucosa is considered more synonymous with skin than other 

anatomical regions of mucosa, however differences do still exist at a tissue level 

(88).  

Skin contains appendages such as hair follicles, sebaceous glands, and sweat 

glands, which are not seen within the oral mucosa (90). The oral mucosa is more 

vascularised than skin (accounting for its colour), has increased permeability, and 

is moist. The oral cavity exhibits region-dependent keratinisation, however the 

skin is consistently keratinised throughout (88). Research involving skin or oral 

keratinocytes is often considered translational from one anatomical region to 

another. Studies have implemented oral and skin keratinocytes interchangeably 

as a means of in vitro modelling, and developing tissue for grafting purposes 

(70,91–93).  

3.1.3. Fibroblasts 

Fibroblasts are the most abundant cell type within connective tissue, and are 

responsible for producing extracellular matrix components including collagen. 

Fibroblasts also assist wound healing by facilitating contraction of the wound, and 

the formation and secretion of extracellular matrix material (94). The fibroblast 

population within an oral model has an overall effect on the tissue in which they 
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situate, and are able to affect epidermal morphogenesis, homeostasis, and 

differentiation (95).  

Within the oral cavity, there is a large degree of fibroblast heterogeneity. 

Fibroblasts are the most abundant cell type within the periodontium and 

responsible for maintaining the connective tissues that support and anchor the 

teeth. Within the periodontium both gingival fibroblasts and periodontal ligament 

fibroblasts exist, exhibiting different roles in terms of morphology, secretion of 

proteins and growth factors, and proliferation rates (96). For creating an oral 

mucosal model, it is therefore necessary to ensure the fibroblast population is of 

the correct origin and therefore phenotype. Isolated gingival fibroblasts (GF) and 

periodontal ligament fibroblasts (PLF) have been used by Dabija-wolter et al., 

2012, as a means of differentially creating junctional and sulcular epithelium. The 

fibroblast type employed, as well as the length of time in culture, was the defining 

factor as to how the tissue morphology reflected these two distinct epithelial 

phenotypes (97). This is an example of how fibroblasts isolated from different 

anatomical regions may lead to differing responses when cultured in vitro; 

fibroblasts are specialised to their tissue type, and fibroblasts isolated from 

different tissues are morphologically and functionally dynamic. Fibroblasts 

furthermore exhibit positional identity and memory (95). Therefore the population 

from which fibroblasts are isolated is crucial to their activity and subsequent 

activity of the model as a whole (73). For this reason, fibroblasts should be 

carefully considered to ensure a suitable physiological population is chosen for 

modelling purposes. 
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3.1.4. Immortalised vs Primary cells 

Cells used for in vitro modelling purposes may be immortalised, either 

spontaneously or induced in the laboratory through the use of viral gene 

transfection (98). Immortalised cells continue to divide indefinitely, and unlike 

primary cells, do not reach senescence due to the lack of a Hayflick limit (99,100). 

For this reason, immortalised cells may always be considered as potentially 

cancerous, and can differ in phenotype from their progenitor cells. Immortalised 

cells are stable and may be used over a long period of time for in vitro study, as 

they undergo many population doublings without altering phenotype. Eventually 

even immortalised cells will undergo genetic drift, altering the cell line’s genotype 

and phenotype. Furthermore, the serial passage of a singular cell line enhances 

the risk of the cell line acquiring mycoplasma contamination, which may 

significantly alter cellular response from its original phenotype (101). Despite 

these limitations, the reproducibility of experiments conducted with immortalised 

cell lines remains appealing; however immortalised cells may not always 

accurately reflect the native environment due to the changes that may occur, 

either as a result of the immortalisation process, or due to prolonged culture (102).   

Primary cells are also employed for in vitro modelling purposes. They are often 

considered a closer representation of native tissue than immortalised cells, 

however they only hold their phenotype and viability for a limited number of 

passages, are more difficult to work with when compared to immortalised cells, 

and exhibit donor variability. Donor variability reflects the diversity seen between 

the individuals within the general population. For some purposes, this variability 

could be embraced; for example, if a novel therapeutic were to be tested on 

multiple individuals, preliminary data within cells obtained from multiple donors 
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may represent the general population better than in vitro repeats performed on 

cells obtained from one donor. Therefore, the outcome of the study may more 

accurately predict the variation that may be seen in a follow up in vivo study, 

conducted across multiple individuals. Obtaining primary cells often requires 

purchasing expensive cells from distribution companies or acquiring donor tissue. 

Obtaining multiple batches of donor cells at any one time would be expensive 

and unlikely to be feasible due to availability, or require ethical approval, which 

stipulates the applicant should minimise the amount of individuals required for a 

study to still be valid. Therefore obtaining enough cells from multiple donors, to 

accurately study donor variability and also provide a statistically powered sample 

size, would be complex, expensive, or unethical. Because of this, donor variability 

is rarely utilised to its potential, and often seen as a shortfall when using primary 

cells from multiple origins to conduct the same experiment. This is due to the lack 

of reproducibility exhibited, and the limited number of experiments that can be 

performed using primary cells obtained from one donor within the relatively low 

number of population doublings for which they maintain their initial characteristics 

and viability (103). As such, there are benefits and drawbacks to using 

immortalised and primary cells, and their application and use should be 

considered carefully. This thesis aims to consider both immortalised and primary 

keratinocytes for the application of developing an immunocompetent oral 

infection model. 

3.1.5. Matrices 

The choice of a matrix material requires careful consideration for its desired 

application. The most frequently used matrix used for in vitro infection modelling 

purposes is a collagen hydrogel, most frequently rat-tail type-1 collagen, Table 1. 
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Collagen, the most common extra-cellular matrix (ECM) protein, is manufactured 

by fibroblasts, and is therefore representative of a simple in vivo lamina propria 

(104). Type-1 collagen is the most abundant collagen within the dermis (104). 

Other more complex matrices have been employed for tissue grafting purposes, 

due to the highly contractile nature of collagen and its subsequent tendency to 

promote scar formation, interfering with the wound healing process (105). 

However, the use of type-1 collagen hydrogels permits a simple and reproducible 

technique, without the need for expensive specialised equipment for in vitro 

modelling purposes.  

3.1.6. Basement membranes 

Basement membranes are a thin specialised ECM connective tissue, consisting 

of mainly type IV collagen, situated between the lamina propria and epithelium, 

of the oral mucosa and skin (104,106). The basement membrane provides 

structural support by anchoring the epithelium to the lamina propria layer. It is 

involved in cellular functionality and communication between the epithelial layer 

and the underlying fibroblast-containing lamina propria layer (106). Basement 

membrane formation is a result of cellular secretion of proteins, such as laminin, 

occurring as a result of epithelial mesenchymal cross-talk (107).  

3.1.7. Immunogenicity and the oral mucosal model 

Cells that are not traditionally regarded as immune cells are able to evoke an 

immune response. This is achieved by recognition of a pathogen or tissue 

damage, which induce signalling pathways that call for immune cell activation 

and recruitment. It is also known that cells are able to respond to their local 

environment. The cellular messages (cytokines) within the local environment, in 
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combination with the recognition of a pathogen or damage, determines which 

downstream cytokines are released from the reacting cell, tailoring the way the 

cellular immune system responds. This chapter therefore focuses on 

characterising the interactions between model-incorporated cells and the 

3DOMM environment, as well as exploring how these cells recognise and 

respond to pathogens. 

3.1.8. Recognition of pathogens by pattern recognition receptors (PRRs) 

The human innate immune system can recognise and respond to a wide variety 

of pathogens. Innate immune cells, and other cell types such as epithelial, and 

endothelial cells are capable of recognising pathogens via PRRs, which identify 

pathogens through conserved markers, termed pathogen associated molecular 

patterns (PAMPs). PAMPs allow the innate immune system to respond to 

pathogens they have never encountered before due to their ability to recognise 

these markers, which are associated with pathogenic challenge (108). PAMPs 

include cell wall components, secreted molecules, and nucleic acids; such 

recognisable PAMPs do not exist within host cells, which permits the innate 

immune system to discriminate between self and non-self. PRRs are often 

programmed to respond to specific PAMPs; the behaviour of the pathogen will 

also determine which PRR may respond, due to their localisation. Toll-like 

receptors (TLRs) may be membrane-bound and therefore expressed 

extracellularly (TLRs 1, 2, 4, 5 and 6) or expressed intracellularly, bound to 

endosomes (TLRs 7, 8 and 9) (109,110). Upon binding a PAMP, TLRs initiate a 

downstream signalling cascade that can instigate an immune response. Common 

TLR ligands are indicated in Table 8. 
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Table 8: Bacterial and Fungal PAMPS  

PAMPs acting upon: TLR1/TLR2 heterodimer, TLR2, TLR2/TLR6 heterodimer, TLR3, 

TLR4, TLR5, TLR7/TLR8 heterodimer, TLR9 and TLR10. Black squares indicate 

confirmed TLR recognition of the PAMP. Question marks indicate proposed TLR 

recognition of the PAMP. 

PAMP Toll-like receptor 

1 1/
2 

2 2/
6 

3 4 5 6 7 7/8 8 9 10 Ref 

Bacterial 
 

 

Lipopolysaccharide 
 

             (111) 

Diacyl lipopeptides 
 

             (112) 

Triacyl lipopeptides 
 

             (112) 

Peptidoglycan 
 

 ?            (113)
(114) 

Lipotechoic acid 
 

     ?        (115)
(113) 

Phenol solubule 
modulin 
 

   ?          (116) 

Glycolipids 
 

             (117) 

Flagellin 
 

             (118) 

CpG DNA 
 

             (119) 

Fungal 
 

 

Zymosan 
 

             (120) 

Mannan 
 

             (121) 

Phospholipomannan 
 

             (122) 

Glucurnoxylomannan 
 

             (123) 

 

3.1.9. Toll-like receptor (TLR) signalling 

Toll-like receptors form either homodimers or heterodimers to enable 

downstream signal transduction upon ligand binding. Some TLRs require 

additional adaptor molecules in order to form a TLR complex and therefore 

enable such a response. TLR2 forms heterodimers with TLR1 or TLR6; TLR2 

may be reported alone in some studies regarding ligand recognition and signal 
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transduction, however depending on the ligand, TLR1 and TLR6 will have also 

been required in order to permit recognition and response to triacyl lipopeptides  

and diacyl lipopeptides, respectively (112).  TLR4 forms a homodimer, and relies 

upon adaptor molecules such as CD14, LBP, and MD2 (124,125). Upon TLR 

activation, a downstream signalling cascade leads to the translocation of 

transcription factors to the nucleus, thus instigating cytokine production, Figure 

3 (126).                                                                                                                                                                                                                                       

 

 



 

39 

 

 

Figure 3: TLR2 and TLR4 signalling pathways.                                                              

From previous page: TLR2 forms heterodimers with TLR1 or TLR6 upon recognition of 

triacyl lipopeptides and diacyl lipopeptides respectively (112). TLR4 forms homodimers, 

in the presence of the adaptor protein MD2 which enables binding to LPS and signal 

transduction, in the presence of CD14 and LBP (124,125). TLR2 and TLR4 MyD88 

dependent signalling pathway leads to the production of pro-inflammatory cytokines 

through translocation of the transcription factors NF-κB, and AP-1 to the nucleus (129). 

The TLR4 MyD88-independent pathway (TRIF-dependent) pathway, utilises a different 

signalling pathway, leading to the production of type-1 interferons through the 

translocation of transcription factor IRF to the nucleus (130). Figure informed by Goh et 

al., 2012 (126). 

 

3.1.10. Pathogen associated molecular patterns (PAMPs) 

Lipopolysaccharide (LPS) is isolated from the cell walls of gram-negative bacteria. 

LPS isolated from the oral bacterium, Porphyromonas gingivalis (PgLPS), as with 

LPS isolated from other gram-negative bacteria, is traditionally reported as a 

TLR4 agonist. Controversy exists over which TLRs are truly associated with 

PgLPS signal transduction. PgLPS has been shown to signal through both TLR2 

and TLR4, and has been reported as a TLR2 agonist, with differential 

agonism/antagonism of TLR4, dependant on the local microenvironment (127). 

This phenomenon may be debunked with the explanation that LPS signalling 

through TLR2 is as a result of improper purification processes, resulting in other 

residual PAMPs existing alongside LPS, which may lead to TLR2 activation by 

different means (128).  

LPS derived from the gram-negative bacterium Escherichia coli strain K12 (K12 

LPS) is known to signal through TLR4. K12 LPS has been used as a TLR4 

agonist within multiple studies, and has been shown to activate the TLR4 receptor 
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complex, and as a result trigger the downstream signalling cascade leading to 

subsequent cytokine production (131–133). 

Lipoteichoic acid (LTA) is a ubiquitous cell wall component of gram-positive 

bacteria. It has been shown to produce a potent immune response. LTA is 

traditionally reported and implemented as a TLR2 agonist (134). The question 

has been raised as to whether TLR4 signalling is also required for LTA-mediated 

immune response (115). 

Despite the fact there is controversy as to the exact receptors that recognise and 

respond to LPS and LTA, it is apparent that both TLR2 and TLR4 are highly 

involved. Many studies have supported the use of LTA as a TLR2 agonist and 

LPS as a TLR4 agonist. From this point onwards, downstream effects as a result 

of LPS signalling will cautiously be considered as a result of TLR4 activation, and 

LTA signalling as a result of TLR2 activation. However, ultimately it is the overall 

ability of the cells and subsequent 3DOMMs to respond to microbial challenge, 

not the exact mechanism in which they respond, that is of interest.  

3.1.11. Pathogen recognition by 3DOMMs  

The following sections focus on the expression of TLR2 and TLR4 within 

keratinocytes and fibroblast cells. TLR2 and TLR4 have been focused upon due 

to their ability to recognise gram-positive and gram-negative bacterial 

components, respectively, and fungal components, collectively, as indicated in 

Table 8. The purpose of this is to assess the ability of the 3DOMM cell types to 

recognise and respond to bacterial and fungal infection.  
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3.1.12. Immuno-responsivity of keratinocytes 

TLR expression has been recently identified within epithelial cells, indicating they 

possess the ability to evoke an immune response to pathogens (135–138). In 

2005, Kollisch et al. compared the relative expression of TLRs within primary 

keratinocytes and HaCaT cells (137). This was achieved by studying the mRNA 

expression of various TLR genes, as well as the adapter proteins MD-2 and CD14. 

Comparing the downstream pro-inflammatory cytokine expression when cells 

were stimulated with TLR ligands permitted the analysis of functional TLR activity. 

The ligands S. aureus peptidoglycan (PGN), and E.coli LPS, were used to 

stimulate TLR2 and TLR4, respectively. Primary keratinocytes and HaCaT cells 

were both shown to increase IL-8 expression in response to PGN compared to a 

negative media control, indicating that functional TLR2 is present at the cell 

surface. Interestingly, neither cell type displayed an increase in IL-8 protein 

production when stimulated with LPS. This may be explained by the lack of the 

MD-2 adapter protein, an essential component of the TLR4 signalling complex; 

although the relative expression of TLR4 and CD14 mRNA increased after LPS 

stimulation of HaCaT cells, the relative mRNA expression of MD-2 did not, 

accounting for the lack of IL-8 protein production in response to LPS (137).  

TLR2 and TLR6 form a heterodimer that is capable of recognising the fungal cell 

wall component zymosan. The TLR2/6 complex is of interest within this thesis 

due to its ability to recognise and evoke a response to C. albicans. Olaru et al., 

2010, showed the ability for HaCaT keratinocyte cells, as well as other 

immortalised and primary keratinocyte cells, to upregulate IL-8 production in 

response to zymosan. The suggested receptor for this upregulation is the TLR2/6 

heterodimeric complex. This indicates that TLR6 is expressed within 
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keratinocytes, and most importantly the HaCaT cell line, as also demonstrated by 

their high level of TLR6  mRNA expression (139).  

There is evidently considerable variation in the literature regarding TLR2 and 

TLR4  expression and functional ability within keratinocytes, therefore their 

capability to respond to gram-negative and gram-positive bacterial components 

remains uncertain (137,138,140,141). Such variation in detection, expression, 

and functionality of TLR2 and TLR4 warrant further exploration, and will be 

characterised for the HaCaT and POK keratinocyte cells employed within the 

present study. 

3.1.13. Immuno-responsivity of fibroblasts 

Fibroblasts have been recently identified to play an active role within the cellular 

immune response, due to their expression of TLRs. Upon activation via TLR 

recognition of a PAMP, fibroblasts mediate a downstream immune response 

through the secretion of cytokines and chemokines (142). Within periodontal 

ligament fibroblasts, TLR2 and TLR4 act as functional receptors upon bacterial 

invasion. Downstream production of pro-inflammatory cytokines of IL-6 and IL-8 

were observed in response to stimulation with bacterial components, confirming 

receptor functionality (143). Constitutive expression of TLR2 and TLR4 has also 

been confirmed within dental pulp and gingival fibroblasts, indicating that 

fibroblasts capable of responding to a pathogen and instigating an immune 

response are prevalent throughout the oral cavity (142,144). The expression and 

confirmed functionality of TLR2 and TLR4 within human fibroblasts isolated from 

the gingivae have been reported on several occasions (142,145–148).  
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3.1.14. Immunogenicity of 3DOMMs 

Three-dimensional oral mucosal models have been used as infection models. 

However, the majority of studies have focused upon tissue damage and invasion 

by a pathogen, as opposed to the tissue immune response upon recognition of a 

pathogen.  

The commercially available, epithelium only, TR146 Skin-Ethic oral mucosal 

model by MatTek, and in-house tissue engineered models have been 

implemented to measure pro-inflammatory cytokine response (IL-1α, IL-1β, IL-6 

and IL-8) to C. albicans stimulation (20,149). Such utilisation demonstrates one 

manner in which such models may be utilised to study host immune response to 

infection.  

A variety of cell types and cell lines have been employed in the production of 

3DOMMs. The capabilities of keratinocyte and fibroblast cells to respond to 

infection may differ depending on cell types used. Prior to the implementation of 

P/3DOMMs to study host response to infection, it was necessary to examine the 

individual cell types that will comprise these models, in terms of their abilities to 

recognise and respond to PAMPs.  

Multiple techniques have been employed previously to study a cell line’s ability to 

respond to pathogenic stimuli. This includes studying mRNA expression for 

genes associated with the immune response, looking for the presence of immune 

receptors using Western blot analyses, the identification of surface expression of 

PRRs through immune staining or flow cytometry, and looking for evidence of 

recognition by studying downstream markers of immune response. There are 
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shortfalls with any one of these techniques when used in isolation. For example, 

identification of mRNA expression does not guarantee a functional protein is 

synthesised downstream, nor consider potential post-translational modification of 

proteins. Observing protein presence through Western blot, does not ensure that 

the protein is localised correctly. Identifying surface expression through flow 

cytometry does not ensure that any adaptor proteins, or the downstream 

signalling cascade, is present. Finally, identifying downstream products such as 

cytokines, whilst perhaps one of the most robust ways of ensuring a functional 

signalling pathway is present, does not guarantee that the particular 

pathway/protein of interest is indeed the causative mechanism for cytokine 

release.   

As one intended purpose of the present study was to determine whether the 

3DOMMs are able to recognise and respond to microbial stimuli, the most 

suitable means of determining this was to identify changes in pro-inflammatory 

cytokine production, upon pathogenic stimulation. Prior to introducing pathogens 

to the model, studying the response of the individual cell types to PAMPs would 

provide an insight as to whether such models are likely to be suitable to study the 

immune response to infection. Furthermore, if the 3DOMM is able to produce pro-

inflammatory cytokines that would elicit a downstream cellular immune response, 

the 3DOMM may be appropriate to further develop into an immunocompetent 

infection model. 
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3.1.15. Interleukin-6 (IL-6) 

Traditionally IL-6 (also known as B-cell stimulatory factor 2  and interferon β2) 

was characterised as a cytokine capable of promoting the differentiation and 

immunoglobulin production of B cells, causing population expansion and 

activation of T-cells, and regulating the acute phase response through the 

production of acute phase proteins (150–157). It is now known that whilst 

inducing such responses, IL-6 is capable of orchestrating an even wider, more 

diverse range of immune responses, and may act in a regulatory manner 

depending on the local microenvironment (150,158). IL-6 is a truly multi-

functional cytokine. It plays a vital role in normal physiogical activity, as detailed 

below in Figure 4 (159).  

In its role as a pro-inflammatory cytokine, IL-6 is implicated in many diseases 

involving chronic inflammation and autoimmunity, and is a favoured target for 

immunotherapy (160,161). IL-6 is a vital cytokine for normal immune functioning. 

Impaired IL-6 function has been linked with increased susceptibility to parasitic, 

bacterial, and fungal infection, of the skin, lungs, and gut (162–165). Such, 

infections carry high morbidity and mortality rates, demonstrating the necessity 

of IL-6 as protector against infectious disease. Further to this, IL-6 

immunotherapy, which aims to inhibit all IL-6 activity, has a negative effect on 

general physiological function. This is due to the pleiotropic nature of IL-6 and its 

ability to affect a broad range of tissues beyond the immune system including 

regenerative processes, regulation of metabolism, maintenance of bone 

homeostasis, and cardioprotection (166). Blocking IL-6 function completely within 

disease may therefore adversely affect other beneficial regulatory functions (167). 



 

46 

 

Figure 4: The many roles of IL-6. 

IL-6 has roles in maintaining homeostasis, controlling inflammation, and regulating 

physiological functions, which affect general wellbeing; by Jones et al., 2018. 

 

Nearly all immune and stromal cells are able to produce IL-6. The cytokines IL-

1β and TNFα, as well as TLRs, prostaglandins, adipokines, stress responses, 

and additional cytokines are all capable of inducing IL-6 synthesis (150). The IL-

6 receptor (IL-6R) is present on the cell surface of hepatocytes, some leukocytes, 

monocytes, and neutrophils allowing direct response to IL-6 (168,169). IL-6 binds 

to IL-6R on the cell surface in the presence of membrane-bound gp130 to activate 
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the classic pathway in order to transduce signal; gp130 is expressed on the 

majority of cell types, most of which do not express IL-6R. IL-6R may also become 

cleaved by metalloprotease ADAM17, which is capable of releasing the 

membrane-bound IL-6R, generating the soluble receptor (IL-6SR). IL-6SR, in the 

presence of IL-6, may bind to a cell that expresses gp130 and induce signalling, 

despite the absence of membrane bound IL-6R. This non-classical pathway, 

known as trans-signalling, enables previously unresponsive tissues to become 

reactive to IL-6 (161). It is now considered that the classically activated IL-6 

pathway is more tightly regulated, whereas the trans-signalling pathway is more 

likely to be implicated in chronic inflammation (158,161). 

3.1.16. Interleukin-8 (IL-8) 

IL-8, also known as CXCL8, is a chemokine (that was previously termed 

neutrophil-activating factor, monocyte-derived neutrophil-acting peptide, and 

monocyte-derived neutrophil chemotactic factor). IL-8 is most widely known for 

its role in neutrophil activation and recruitment. Cells that are capable of secreting 

IL-8 include: monocytes, CD8+ T-cells, macrophages, keratinocytes, fibroblasts, 

epithelial cells, hepatocytes, synovial cells, endothelial cells, tumour cells, and 

trophoblasts(170). Initial discovery and experimentation indicated that IL-8 could 

be produced upon the stimulation of monocytes with LPS, resulting in neutrophil 

migration (171–173). Since this discovery, it has been shown that IL-8 can also 

act upon other leukocytes such as CD8+ T-cells, NK T-cells, monocytes, 

macrophages, dendritic cells, mast cells, and basophils, due to their expression 

of IL-8 receptors CXCR1 and CXCR2 (174–178). Keratinocytes and fibroblasts 

have also been shown to express CXCR1 and CXCR2, indicating they may 

directly respond to IL-8 (179,180).  Not all of the aforementioned cells 
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constitutively express IL-8 receptors as neutrophils do, however expression may 

be inducible due to the local cytokine environment (175).  

Neutrophils constitute the first line of defence against invading bacteria, fungi and 

protozoa. IL-8 directly induces the migration of neutrophils to a site of infection 

and inflammation. A population of neutrophils exists in circulation prior to 

recruitment to an infective site. Upon recognition of IL-8, neutrophils will migrate 

against the chemotactic gradient, through the blood vessel wall, into the tissue, 

to attend the site of infection. Neutrophils are the most abundant innate immune 

cells within blood, and are the first responders to infection. Neutrophils aid 

pathogenic clearance through phagocytosis, degranulation, and the formation of 

neutrophil extracellular traps (NETs); and they promote recruitment of other 

innate immune cells such as macrophages in order to rid the body of infection. 

Phagocytosis is a process by which the neutrophil engulfs the invading pathogen. 

The pathogen is taken up into the cell’s phagosome, which in turn fuses with 

endosomes and lysosomes, which releases contained proteases and other 

factors, forming highly acidic hydrolase-rich organelles that degrade the 

pathogen (181). Degranulation involves the release of the granules held within 

the neutrophil, which contain a potent mix of antimicrobial factors including 

antimicrobial peptides, reactive oxygen species, and proteases (182). Neutrophil 

extracellular traps are formed upon controlled neutrophil death, which occurs in 

a manner that promotes pathogenic entrapment and clearance through high 

concentrations of antimicrobial factors including histones, antimicrobial-peptides, 

and neutrophil granules (183).  
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3.1.17. Cell death 

Cell death occurs for a variety of reasons. Cell death is a normal part of 

physiological function, whereby old cells die and are replaced by new cells; it is 

necessary for growth and survival. Cell death may also occur when the cell is 

exposed to an inhospitable environment, due to disease, inflammation, infection, 

and injury. There are several mechanisms of cell death. Apoptosis is a part of 

normal physiological function and may occur as a cell ages, or is no longer 

required. Apoptosis is an active and co-ordinated event. Apoptosis is 

characterised by blebbing, cell shrinkage, nuclear and DNA fragmentation, and 

chromosomal condensation. There is no leakage of intracellular content and the 

resulting apoptotic bodies are cleared by immune cells. Conversely, necrosis 

occurs when cells are exposed to extreme conditions, occurring from events such 

as infection, injury, and toxicity.  Necrosis is a passive, uncoordinated event. Such 

conditions lead to a loss of membrane integrity, which in turn leads to a lack of 

cellular homeostatic mechanisms, resulting in swelling of the cell, disintegration 

of intracellular organelles, lysis, and subsequent death of the cell. Lactate 

dehydrogenase (LDH) is an indicator of cell death and is leaked through the 

permeabilised membranes of necrotic cells (184). The presence of LDH enables 

biochemical quantification of necrosis, as described in Figure 5. 
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Figure 5: LDH Assay principal.  

From previous page: damaged cells release lactate, which through a series of chemical 

reactions, leads to the formation of a red colour change, correlating with the proportion 

of cellular damage. LDH reduces NAD+ to NADH and H+ through the oxidation of lactate 

to pyruvate. The now free H+ ion in the presence of a diaphorase catalyst reduces the 

tetrazolium salt, to a formazan product leading to a red colour formation. Colour change 

is then measured at 490nm spectrophotometrically, and is proportional to the amount of 

LDH and hence damaged cells in culture. 

 

Necrotic cell death may be recognised by the innate immune system. Damage 

associated molecular patterns (DAMPs) are intracellular contents, such as 

nucleotide sequences, which are leaked from cells upon necrosis (185,186). 

Such DAMPs are recognised by PRRs, and may instigate a downstream immune 

response. DAMP release may therefore correlate with pro-inflammatory cytokine 

release. This may occur in a bi-directional manner, whereby certain pro-

inflammatory cytokines such as TNFα may lead to necrosis, and DAMPs released 

from necrotic cells may lead to pro-inflammatory cytokine production (187). 
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3.2.  Aims 

1. To compare the morphology of three-dimensional oral mucosal models 

created with immortalised and primary keratinocytes, with native oral mucosa. 

2. To identify the baseline pro-inflammatory cytokine production of the 

P/3DOMMs, and determine the effect of the model environment on the 

incorporated cell types. 

3. To determine the ability of HaCaT, HGF, and POK cells to respond to PAMPs. 

4. To consider the optimum time-point to implement the newly developed 

3DOMM as an infection model. 
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3.3.  Methodology 

3.3.1. Imaging 

Live monolayer cultures were visualised and imaged using the Scopetek DCM-

510 microscope camera, affixed to an inverted microscope. Tissue sections were 

visualised and imaged using a Leica DMD108. Transmission electron microscopy 

was performed as described in section 2.7. 

3.3.2. Cell culture 

Culture and maintenance of HaCaT, HGF and POK cells was performed as 

detailed in section 2.3. 

3.3.3. 3DOMM production 

In order to create the 3DOMMs 2.5 ml of 1.2 ×105 HGF cells/ml in DMEM + 10% 

FBS, were mixed with 3 ml DMEM + 10% FBS, 2 ml collagen, and 300 µl NaOH. 

The gel combination was mixed by gentle inversion and 800 μl was added per 

0.4 μm polycarbonate mesh transwell insert, and incubated at 37°C in a 

humidified 5% CO2 incubator until polymerised (approximately 1-2 hours). Once 

polymerised, 0.4 ml 5.4 ×105 HaCaT cells/ml in DMEM + 10% FBS were added 

to the top of a polymerised gel in KGM1 and KGM2 at a ratio of 1:3. Once 

contracted, models were raised to the air-liquid interface in KGM3. Further detail 

is provided in section 2.4. 

3.3.4. P3DOMM production 

P3DOMMs were created in the same manner as 3DOMMs. POK cells were used 

in replacement of the HaCaT cell line, at the same density. POK media was used 
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in substitution for DMEM and KGM. Models were cultured for a maximum of 14 

days due to the limited life span of primary cells, as reported in the data sheet.  

3.3.5. Pro-inflammatory cytokine production by 3DOMMs and P3DOMMs 

Constitutive pro-inflammatory cytokine production by 3DOMMs and P3DOMMs 

was determined at 48 hour intervals. Models were created as indicated above. 

Day 0 was considered the day of model formation. Supernatant was collected on 

the day the model contracted, and the media refreshed with 500 µl of KGM3 for 

3DOMMs and POK media for P3DOMMs. Media refreshment and subsequent 

storage of supernatants was repeated every 48 hours. Supernatants were stored 

at -20˚C prior to analysis for IL-6 and IL-8 production via sandwich ELISA, as 

detailed in section 2.8. 

3.3.6. LDH assay 

A Pierce-LDH cytotoxicity assay kit, Thermo-scientific 88953, was used to 

determine cell death, as per the manufactures instruction. 3DOMM LDH release 

was controlled against a maximum LDH release control by lysing 3DOMMs at 

each time point. Supernatant was also collected in order to look for correlation 

between IL-6 and IL-8 production by ELISA, and LDH release. In order to 

compare LDH release with IL-6 and IL-8 release, LDH release was considered 

as a percentage of the maximum LDH release control. Furthermore, LDH, IL-6, 

and IL-8 release were all normalised to a percentage of day 1 release, in order to 

follow the trend across the entire time-course. 
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3.3.7. Response to the P/3DOMM environment 

Each cell type was stimulated with collagen, supernatant of the other cell type 

contained within the model, and (for P3DOMMs) killed cells of the other cell type. 

Initially, the effect of killed cells on HaCaT and HGF cells was not explored, 

however this is elucidated in chapter 5. All cells were studied at the same 

proportions they occur within the P/3DOMM. HGF cells were subsequently 

seeded at a density of 1.2 ×105 cells/ml and HaCaT/POK cells at 5.4 ×105 cells/ml.  

Collagen was introduced to the cells as per the formation of the model matrix in 

the 3DOMM protocol; the desired cell type was subsequently embedded into the 

collagen matrix for 24 hours, prior to supernatant collection by aspiration after 

centrifugation at 200 × g. This was conducted to determine whether cellular the 

collagen matrix stimulated pro-inflammatory cytokine production by each 

individual cell type.  

Supernatant was collected from cultured cell types set at the same seeding 

density as detailed above and used to stimulate the other cell type contained 

within the model. This was achieved in a pulse-chase manner, whereby the 

supernatant was added to the cell line at a 1:1 ratio with culture medium for 4 

hours, and then removed. Cells were cultured for a further 18 hours in refreshed 

media, prior to supernatant collection and storage at -20˚C for subsequent 

analysis. This was to determine whether soluble factors secreted by one cell type 

stimulated pro-inflammatory cytokine production another cell type. 

Killed cells were fixed using paraformaldehyde, through incubation at 4˚C for 30 

minutes, killed cells were then washed 5× in PBS and examined microscopically 
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to ensure no viable cells were remaining, cells were then left for 24 hours to 

account for leaching, and washed again prior to use. Killed cells were added to 

the model at the same density as indicated above for each cell type. They were 

cultured with the live cells for 24 hours, prior to supernatant collection and 

subsequent storage at -20˚C, for later ELISA analysis. This was to determine 

whether contact with other cells stimulated pro-inflammatory cytokine production 

by model-incorporated cell types. Figure 6 indicates the interactions studied for 

the 3DOMM- and P3DOMM-incorporated cell types. The effect of killed HGF and 

HaCaT cells on each other were not assessed on this occasion. 

 

Figure 6: The individual interactions studied to determine the effect of the 3DOMM 

and P3DOMM environment on cellular pro-inflammatory cytokine production.  

A diagram to demonstrate which model components (collagen, killed cells, and 

supernatant) were introduced to which model-incorporated cell types (HaCaT, POK and 

HGF), in order to assess whether the model environment was inherently stimulatory at 

day 1 of model production.  
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3.3.8. LPS/LTA stimulation of cell lines 

HaCaT, HGF, and POK cells were seeded in 48 well plates and grown until 

confluence. HaCaT and HGF cells were stimulated with 0.001, 0.01, 0.1 and 1 

μg/ml of K12 LPS, Invivogen tlrl-peklps, and 0.01, 0.1, 1 and 10 μg/ml of LTA, 

Invivogen tlrl-pslta. POK cells were stimulated with 0.01, 0.1 and 1 µg/ml of 

PgLPS, Invivogen tlrl-pglps, and 0.1, 1 and 10 µg/ml of LTA. Cells were 

stimulated for 18 hours, to permit enough time for cytokine production to be at an 

elevated level for multiple cytokines, prior to earlier peaking cytokines beginning 

being undetectable, this was to permit the recognition of a wide range of pro-

inflammatory and anti-inflammatory cytokines within the same experiment 

(188,189). After this, supernatant was collected and stored at -20˚C for later 

analysis by ELISA. Data was normalised to a percentage of the control for each 

cell type, for each repeat. 

3.3.9. TLR4 protein expression  

Western blot was performed as per section 2.6, on confluent HaCaT cells and 

HGF cells, and 3DOMMs at day 19. 3DOMMs were homogenised to improve 

protein yield.  Each sample was assessed for TLR2 and TLR4 using the primary 

antibodies (1 μg/ml) Santa Cruz 21759 and Santa Cruz 293072, respectively, and 

IgG binding protein m-IgGkBP-HRP, Santa Cruz 516102 (1/3000 dilution).  
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3.3.10. Cell surface expression of TLR2 and TLR4  

HaCaT and HGF cells were grown until confluent, and gently detached using a 

cell-scraper. HaCaT and HGF cells were also stimulated with 10 µg/ml of LTA for 

an 18 hour period prior to detachment. Cell surface expression of TLR2 and TLR4 

was assessed via flow cytometry, as detailed in section 2.9. FITC-labelled 

antibodies for TLR2, Invitrogen 11-9922-42, and TLR4, Santa Cruz 13593 FITC, 

as well as an isotype control, Invitrogen 11-4724-81, were used to stain live 

HaCaT and HGF cells and observed using a FACS-Calibur flow cytometer.  

3.3.11. Data analysis and statistics 

Statistical analyses are indicated in the figure legend for each experiment, 

including which statistical tests were performed, and the number of experimental 

repeats. For all ELISA data, as standard a minimum of three independent 

experimental repeats, containing three biological replicates were performed, 

unless stated otherwise. For each biological replicate, a minimum of 2 technical 

replicates were performed. Also indicated in the figure legend is which groups 

were compared, if this is not stated then a comparison was made between all 

groups in a given graph. To select the appropriate statistical test, using GraphPad 

software, a Shapiro-wilk test for normality was performed for all groups in a given 

comparison. Parametric data was assessed with the use of a one-way ANOVA, 

followed by a Tukey’s multiple comparisons test. Non-parametric data was 

assessed using a Kruskal-Wallis test followed by a Dunn’s multiple comparisons 

test. To assess correlation between LDH release and pro-inflammatory cytokine 

production a Spearman’s rank test was performed, using SPSS software. For all, 

p-values lower than 0.05 were taken to indicate statistical significance.  
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3.4.  Results 

3.4.1. Culture of keratinocytes and fibroblasts 

3DOMM production employed the use of the immortalized human skin 

keratinocyte cell line (HaCaT), and the human gingival fibroblast cell line (HGF). 

Figure 7 displays the cell lines in active culture, prior to their incorporation into 

the 3DOMM. HaCaT cells form a cobblestone appearance. HGF cells appear 

elongated and aligned, growing alongside each other. Both cell types are strongly 

adherent. 

 

Figure 7: HaCaT and HGF cells in culture 

HaCaT keratinocytes (left) and HGF fibroblast cells (right). Cells were imaged in active 

culture, grown in DMEM + 10% FBS at 400 X magnification . 

 

3.4.2. Structure of the 3DOMM  

The 3DOMM was created using the HGF and HaCaT cell types. Models were 

cultured for 19 days and assessed histologically in order to compare the tissue 

morphology with cross-sections of healthy native oral mucosa Figure 8. Both 

tissues exhibit an organised multi-layered epithelium. Epithelial layers are distinct 
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from the lamina propria layer within both the native oral mucosa, and 3DOMM. 

Notably, there is evidence of stratification of the epithelium within the native oral 

mucosa, however this is seen less within the 3DOMM. Image D of the 3DOMM 

does display a level of stratification that is less organised than that of both native 

oral mucosal images. A clear basement membrane is visible within the native oral 

mucosa, however not within the 3DOMM; there is a thinner, non-distinct eosin-

stained layer in between the epithelium and lamina propria layer in image D, 

which may be indicative of basement membrane formation. Within the lamina 

propria layer, fibroblasts are identifiable by their haemotoxylin-stained nuclei. 

There are fewer visible nuclei within the lamina propria layer of the 3DOMM 

compared with the native tissue. At the apical layer of the epithelium, within both 

the native oral mucosa and the 3DOMM there are fewer nuclei present, and a 

flattened appearance indicative of squames. This may hint towards keratinisation. 

Image B indicates the lamina propria and epithelium have separated. There are 

rete ridges present within the native oral mucosa that are not present within the 

3DOMMs. 
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Figure 8: Histology of the 3DOMM compared with the native oral mucosa 

A representative sample of paraffin embedded, 4 μm sectioned, haematoxylin and eosin 

stained, oral mucosal tissue (images A + C), and 3DOMMs (images B + D) at day 19 of 

growth (100 X magnification ). Unstained sections of keratinised oral mucosal tissue 

were kindly provided by Dr P Laurance-Young, Dept. of Histopathology, Derriford 

Hospital, Plymouth, UK. Labels indicate the epithelial (keratinocyte-containing) and 

lamina propria (fibroblast-containing) layers of the tissue, and the basement membrane 

situated between. 

 

To further assess the morphology of the 3DOMM, transmission electron 

microscopy (TEM) was applied. The models were cultured for 19 days prior to 

fixation, processing and imaging, Figure 9. Images indicate a cross-section of 

the 3DOMM where the epithelium meets the lamina propria layer. Image A 

indicates visible keratinocytes. Image B suggests the presence of a thin 

basement membrane, between the epithelial and lamina propria layers. 
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Figure 9: Transmission Electron Microscopy images of 3DOMMs at day 19.  

Labels indicate situation of the lamina propria, epithelium, basement membrane and 

HaCaT keratinocytes.  

 

In order to determine whether the morphology of the 3DOMM varied upon 

different lengths of time in culture, 3DOMMs were cultured for a total of 16, 19 

and 21 days, prior to fixation, sectioning, and staining for histological assessment,  

Figure 10. At day 16, models presented with a multi-layered epithelium, which 

was separated from the lamina propria layer of the model (A and D). At day 19, 

models appeared intact, and presented with an organised, but not stratified, 

epithelium (B and E), and signs of keratinisation (B). At day 21, the models 

indicated a multi-layered epithelium that contained gaps; epithelial cells could be 

seen to break away from the epithelium (C and F). Model F appeared to have 

areas of keratinisation. Statistical analysis revealed that there was no significant 

difference between the thicknesses of the epithelial layers at any of the time 

points (p = 0.52). 
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Figure 10: Histology of 3DOMMs cultured for 16, 19 and 21 days  

A representative sample of paraffin embedded, 4μm sectioned, haematoxylin and eosin 

stained 3DOMMs. Models were grown for 16 days (Images A and D), 19 days (Images 

B and E) and 21 days (Images C and F). Images were taken at 200 X magnification. 

Indicated measurements display the thickness of the epithelium.  

 

 

3.4.3. Structure of the P3DOMM 

To determine whether the use of the primary oral keratinocyte cell type (POK) 

would permit the formation of tissue stratification, keratinisation, and a basement 

membrane, primary 3DOMMs (P3DOMMs) were created using POK cells and the 

HGF cell line.  

Figure 11 depicts a comparison between 3DOMM and P3DOMM histology. The 

3DOMM presented with a thinner epithelium than the P3DOMM, an average of 

232.7 vs 459.3 µm. This did not correlate with the approximate number of average 

epithelial layers seen within the 3DOMM and the P3DOMM, which presented as 

19 vs 10, respectively. The keratinocytes appeared larger and more disorganised 
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within the P3DOMM when compared with the 3DOMM. The P3DOMM epithelium 

did not appear intact, the cells were not tightly bound to each other, and the 

epithelium had separated from the lamina propria. Furthermore, there was no 

clear sign of stratification, basement membrane formation, or keratinisation within 

the P3DOMM. The 3DOMM displayed no clear sign of basement membrane 

formation; however the cells towards the apical layer of the epithelium appeared 

as flattened enucleated squames, indicative of keratinisation. Of the two tissues, 

the 3DOMM appeared most structurally similar to the native oral mucosa 

observed in Figure 8. 

 

Figure 11: Histological comparison of 3DOMM and P3DOMM morphology 

A representative sample of paraffin embedded, 4 μm sectioned, haematoxylin and eosin 

stained 3DOMM and P3DOMM (100 X magnification). Image A displays a 3DOMM 

(formed with HaCaT and HGF cells) at day 19 of culture. Image B displays a P3DOMM 

(Formed with POK and HGF cells) at day 14 of culture.  
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To determine whether the enlarged morphology of the primary keratinocytes was 

typical of these cell types, primary cells were cultured in monoculture and imaged, 

Figure 12. POK cells at passage 2 presented as islands of closely associated 

keratinocytes. Cells formed a cobblestone morphology. POK cells at passage 5 

appeared irregular, with some larger cells. Some cells remained adherent, 

whereas other cells detached from the cell culture flask. The cobblestone 

appearance was less obvious, and cells were less tightly associated with one 

another, at the later passage. 

 

Figure 12: Primary oral keratinocytes in culture. 

Images of primary oral keratinocytes (POK) in culture grown in POK medium (100 X 

magnification). POK cells at passage 2 (A) and POK cells at passage 5 (B). 

 

3.4.4. 3DOMM pro-inflammatory cytokine production 

Initially the 3DOMM was studied as a whole, in order to determine the pro-

inflammatory cytokine output of the model prior to stimulation with any external 

factor. This was important to ascertain the local microenvironment, prior to the 
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use of the model to study cytokine production in response to infection. Knowledge 

of the local pro-inflammatory cytokine production was used as a means to predict 

the way any further cell types added to the model may respond to the current 

environment.  

Firstly, the IL-6 and IL-8 pro-inflammatory cytokine production was measured 

during the course of 3DOMM development, Figure 13. IL-6 production was 

highest at day 1 of model production, with a value of < 30,000 pg/ml. A decrease 

in IL-6 production was observed from day 3 onwards, where IL-6 production 

plateaued and remained near this lower value of approximately 10,000 pg/ml for 

the rest of the culture period. As with IL-6, high levels of IL-8 were observed at 

day 1 after model production. A reduction in IL-8 was observed by day 3, and 

again at day 5. After day 13, IL-8 levels produced by the model began to increase. 
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Figure 13: Time-course of constitutive pro-inflammatory cytokine expression (IL-

6 and IL-8) by 3DOMMs 

Models were created and grown for up to 23 days, supernatant was collected every 48 

hours and stored prior to analysis by sandwich ELISA for IL-6 (A) and IL-8 (B) pro-

inflammatory cytokine production. Data are from three independent experiments 

performed with four biological replicates. Day 1 is the first day that the models contracted. 

Error bars represent standard deviation. 

 

After observing the high level of cytokine expression upon model production, the 

individual model components were used to stimulate the cell types of the model. 

This was to determine whether the soluble factors released by other cell types, 

or contact with the collagen matrix, led to stimulation of the cells and hence the 

initial high levels of pro-inflammatory cytokine release, Figure 14.  
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Figure 14: Pro-inflammatory cytokine production by HaCaT and HGF cells in 
response to 3DOMM components 
IL-6 production by HaCaT (A), IL-6 production by HGF (B), IL-8 production by HaCaT 
(C), and IL-8 production by HGF (D), in response to collagen and supernatant (SN). Data 
are from three independent experiments performed in triplicate. Significant differences 
in cytokine production were compared between the unstimulated control and stimulated 
groups. Data normality was assessed using the Shapiro-Wilk test for normality. Statistical 
significance was determined using a Kruskal-Wallis test followed by a Dunn’s multiple 
comparisons test. Statistical significance is indicated on the graph (* p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001). Error bars represent standard deviation. 

When HaCaT cells were stimulated with collagen or HGF supernatant, a 

significant increase was seen in IL-6 production when compared with the 

unstimulated control (p = 0.0019 and p < 0.0001, respectively). Conversely, IL-8 

production by HaCaT cells was significantly less when cells were exposed to 
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collagen or when stimulated with HGF supernatant, compared to the 

unstimulated control (p < 0.0001 for both).  

Within HGF cells, IL-6 production was significantly greater when stimulated with 

collagen, compared with the unstimulated control (p < 0.0001). There was also a 

significant increase in IL-8 production by HGF cells stimulated with collagen, and 

HGF cells stimulated with HaCaT supernatant, when compared with the 

unstimulated HGF control (p < 0.0001 for both).  

As well as stimulation by model components, it was hypothesised that cell death 

may be partially accountable for the observed high levels of pro-inflammatory 

cytokine production. It is for this reason that LDH release was determined, in 

order to look for a correlation between LDH release and pro-inflammatory 

cytokine production. Figure 15 indicates the relationship between IL-6 and IL-8 

pro-inflammatory cytokine production, and LDH release. Spearman’s rank 

correlation analysis indicates a strong positive correlation between LDH release 

and IL-6 production (r = 0.936), LDH release and IL-8 production (r = 0.945), and 

IL-6 and IL-8 production (r = 0.891) (reporting p values of p = 0.00008, p = 

0.00005 and p = 0.00052, respectively).  An overall trend is observed, indicating 

higher levels of release of all factors on day 1, with a gradual decline up until day 

7. After this point the IL-6, IL-8, and LDH activity does not return to its original 

high level, however, there is an increase seen at day 15 and day 19 by all. 
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Figure 15: The relationship between 3DOMM LDH-release and pro-inflammatory 

cytokine production 

LDH, IL-6 and IL-8 release over the course of 3DOMM production. Three experimental 

repeats with 4 biological replicates (performed in parallel). LDH activity was controlled 

using a maximum LDH control at each time point, by lysing models at the same day of 

growth. IL-6 and IL-8 production were measured via sandwich ELISA. LDH release was 

normalised to the maximum LDH control for the corresponding time point. LDH, IL-6 and 

IL-8 values for each time point are reported on this graph as a percentage of mean day 

1 release. Data normality was assessed using a Shapiro-Wilk test. Correlation analysis 

was performed using the non-parametric Spearman's rank correlation test. Error bars 

represent standard deviation. 

 

3.4.5. PAMP recognition by HaCaT and HGF cells 

After gaining an insight into the constitutive pro-inflammatory cytokine production 

by the 3DOMMs, it was next necessary to determine if the models were capable 

of recognising and responding to infection. This was tested by studying the 

response of the individual HaCaT and HGF cells to the PAMPs LPS and LTA, in 
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order to ascertain whether the models as a whole are likely to be able to respond 

to pathogenic challenge, Figure 16 and Figure 17.  

When HaCaT cells were stimulated with increasing doses of LPS (0.001-1 µg/ml), 

Figure 16, there were no significant differences in IL-6 or IL-8 production between 

cells stimulated with LPS and the unstimulated control, nor between the different 

doses of LPS. When HaCaT cells were stimulated with increasing doses of LTA 

(0.01-10 µg/ml), there was no significant difference in IL-6 production upon 

stimulation, when compared with the HaCaT unstimulated control, nor between 

different doses of LTA. IL-8 production in HaCaT cells was significantly greater 

when stimulated with 10 µg/ml of LTA, when compared with HaCaT cells 

stimulated with 0, 0.01, 0,1 and 1 µg/ml of LTA (p < 0.0001, p < 0.0001, p < 

0.0001, and p= 0.0379, respectively). A significant increase in IL-8 production by 

HaCaT cells was also observed when cells were stimulated with 1 µg/ml of LTA, 

when compared with the unstimulated control (p = 0.0001). There was no 

significant difference in IL-8 production between the unstimulated HaCaT control, 

and doses of LTA between 0.01 and 0.1 µg/ml. 
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Figure 16: Dose response of LPS and LTA on HaCaT pro-inflammatory cytokine 

production 

 IL-6 and IL-8 production by HaCaT in response to K12 LPS (A and C respectively) and 

Staphylococcus aureus LTA (B and D respectively). Three experimental repeats, 

performed in triplicate (B,C,D), one experimental repeat performed in triplicate (A). 

Cytokine production was measured via sandwich ELISA after 18 hours of stimulation. 

Significant differences in cytokine production were compared to the every other group. 

Data normality was assessed using the Shapiro-Wilk test for normality. Data were 

transformed to a percentage of the control. Statistical significance for IL-8 production by 

HaCaT cells in response to LTA was determined using a Kruskal-Wallis test followed by 

a Dunn’s multiple comparisons test.  Statistical significance for IL-6 production by HaCaT 

cells in response to LTA, and IL-6 and IL-8 production by HaCaT cells in response to 

LPS was determined using a one-way ANOVA followed by a Tukey’s multiple 

comparisons test. Statistical significance is indicated on the graph (* p < 0.05, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001). Error bars represent standard deviation. 
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For HGF cells stimulated with increasing doses of LPS (0.001-1 µg/ml), Figure 

17, a significant increase was seen in IL-6 production by HGF cells stimulated 

with 0.1 µg/ml of LPS, compared with the unstimulated control (p = 0.0296). There 

were significant differences observed between other groups, however none were 

significantly greater than the control. For HGF cells stimulated with increasing 

doses of LPS (0.001-1 µg/ml), there were no significant differences in IL-8 

production between unstimulated HGF cells and stimulated groups, nor between 

differing doses of LPS.  

HGF IL-6 production was significantly greater when stimulated with 10 µg/ml of 

LTA, than when unstimulated or stimulated with lower concentrations (p < 0.0001 

for all). There was no significant difference between any other doses. For IL-8 

production by HGF cells in response to increasing doses of LTA, IL-8 production 

by cells stimulated with 10 µg/ml of LTA was significantly greater than 

unstimulated cells, or cells stimulated with 0.01, 0.1 or 1 µg/ml of LTA (p < 0.0001,  

p < 0.0001, p < 0.0001, and p = 0.0433, respectively). There was also a significant 

increase in IL-8 production between HGF cells stimulated with 1 µg/ml of LTA 

compared with 0.01 µg/ml of LTA (p = 0.0018). There were no significant 

differences between other groups. 
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Figure 17: Dose response of LPS and LTA on HGF pro-inflammatory cytokine 
production  
IL-6 and IL-8 production by HGF in response to K12 LPS (A and C respectively) and 
Staphylococcus aureus LTA (B and D respectively). Graphs indicate three experimental 
repeats performed in triplicate. Cytokine production was measured via sandwich ELISA 
after 18 hours of simulation. Significant differences in cytokine production were 
compared to the every other group. Data normality was assessed using the Shapiro-Wilk 
test for normality. Data were transformed to a percentage of the control. Statistical 
significance for IL-6 and IL-8 production by HGF cells in response to LPS was 
determined using a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test.  
Statistical significance IL-6 Production by HGF cells in response to LTA was determined 
using a one-way ANOVA followed by a Tukey’s multiple comparisons test. Statistical 
significance is indicated on the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001). Error bars represent standard deviation. 
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Following this, TLR2 and TLR4 expression were explored within the HaCaT and 

HGF cell lines. Both Western blot and flow cytometry techniques were used to 

determine whether cells were producing the TLR2 and TLR4 proteins, and 

whether they were expressed on the cell surface. Figure 18 indicates the 

presence of the TLR4 protein within HaCaT cells, HGF cells and 3DOMMs.  

 

Figure 18: TLR4 expression of HaCaT, HGF and 3DOMMs. 

A representative Western blot (performed in triplicate) of TLR4 protein expression by 

HaCaT, HGF and 3DOMMs. TLR4 presence was determined via Western blot of 

confluent HaCaT and HGF cells and models at day 19 of culture. 

 

Data for TLR2 was not shown, as all antibodies tested appeared negative for the 

positive test-cell lysate control. Following the positive result of the TLR4 Western 

blot, but inconclusive result for TLR2 expression, flow cytometry was used to 

identify TLR2 and TLR4 localisation at the cell surface, Figure 19. Cells were 

unstimulated (control) and stimulated with 10 µg/ml of LTA for 18 hours, in order 

to compare TLR2 and TLR4 expression in unstimulated and stimulated HaCaT 

and HGF cells.  
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Figure 19: TLR2 and TLR4 expression by HaCaT and HGF cells at the cell surface 

Cell surface expression of TLR2 and TLR4 by unstimulated and LTA stimulated HaCaT 

cells (A and B respectively) and HGF cells (C and D respectively). A representative 

sample of two experimental repeats, with three technical replicates of 10,000 events. 

Expression was assessed via flow cytometry. Cells were stimulated for 24 hours with 10 

µg/ml of LTA. Black peaks depict the isotype controls (IC). Blue peaks depict the 

unstimulated cell type, and red peaks depict the cell types stimulated with LTA. 

 

Both HaCaT and HGF cells were shown to express TLR2 at the cell surface in 

stimulated and unstimulated groups, as the mean fluorescence intensity value 

and hence geometric mean, produced a greater value than that of the isotype 

control. There appeared to be no distinct difference in TLR2 expression between 

stimulated and unstimulated groups. For both cell types, the values of mean 

fluorescence intensity for TLR4 were lower for test groups than that of the isotype 

control. For this reason, the TLR4 data could not be interpreted. 

3.4.6. P3DOMM pro-inflammatory cytokine production 

As with the 3DOMM, the P3DOMM was assessed for pro-inflammatory cytokine 

release during model production up until day 14, Figure 20. On day 4, the highest 
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level of IL-6 production was detected in the model supernatant. On day 8 the 

highest level of IL-8 was detected in the model supernatant.  

 

Figure 20: Pro-inflammatory cytokine production by P3DOMMs during culture 

Constitutive pro-inflammatory cytokine expression IL-6 (A) and IL-8 (B) of P3DOMMs, 

during their production. Graphs indicate three experimental repeats with five biological 

replicates each. Models were created and grown for up to 14 days. Day 2 is the first day 

the models contracted. Media was changed and subsequently supernatant collected 

every 48 hours. Cytokine production was assessed via sandwich ELISA. Error bars 

represent standard deviation. 

 

Next P3DOMMs were studied in a deconstructed manner to ascertain the effect 

of cell contact, soluble factors, and collagen, on each of the P3DOMM-

incorporated cell types (POK and HGF), Figure 21. 
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Figure 21: Pro-inflammatory cytokine production by POK and HGF cells in 

response to the P3DOMM environment 

IL-6 production by POK (A), IL-6 production by HGF (B), IL-8 production by POK (C), 

and IL-8 production by HGF (D), in response to collagen, supernatant (SN), and killed 

cells (K). Data are from three independent experiments performed in triplicate. Cells were 

stimulated for 18 hours and the production of pro-inflammatory cytokines, IL-6 and IL-8, 

were measured via sandwich ELISA. Significant differences in cytokine production were 

compared between the control and each stimulated group. Data is standardised to a 

percentage of the unstimulated control. Data normality was assessed using the Shapiro-

Wilk test for normality. Statistical significance for IL-6 POK response to HGF and 

collagen, and IL-6 and IL-8 HGF response to POK cells and collagen was determined 

using a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test.  Statistical 

significance for IL-8 POK response to HGF and collagen was determined using a one-

way ANOVA followed by a Tukey’s multiple comparisons test. Statistical significance is 

indicated on the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars 

represent standard deviation. 



 

78 

There was a significant increase in IL-6 production by POK cells, when stimulated 

with collagen or killed HGF cells, when compared with the unstimulated control 

(p < 0.0001 and p = 0.0220, respectively). Compared with unstimulated POK cells 

there was also a significant increase in IL-8 production when POK cells were 

stimulated with collagen and HGF supernatant (p < 0.0001 for both).  

HGF cells stimulated with collagen or POK supernatant led to significantly more 

IL-6 production than when unstimulated (p = 0.0011 and p = 0.0012, respectively). 

Furthermore, HGF cells stimulated with POK supernatant or killed POK cells, led 

to significantly more IL-8 production than unstimulated POK cells (p < 0.001 and 

p = 0.0219, respectively). Collagen did not appear to stimulate IL-8 production in 

POK cells. 

3.4.7. PAMP recognition by POK cells 

After studying the response of primary cells to the P3DOMM components, POK 

cells were assessed for their ability to produce the pro-inflammatory cytokines IL-

6 and IL-8, in response to the bacterial components LPS and LTA, Figure 22. 

POK cells stimulated with LPS and LTA showed no clear dose response to either 

PAMP in terms of IL-6 production. Moreover, no significant difference was 

observed between the unstimulated POK control and 0.01, 0.1 or 1 µg/ml of LPS 

or 0.1, 1 or 10 µg/ml of LTA; nor were there any significant differences between 

doses of either LPS and LTA.  

POK cells stimulated with the highest dose of LPS, 1 µg/ml, produced significantly 

more IL-8 than the control (p = 0.0155). There was no significant difference 

between lower doses of LPS and the unstimulated control, nor between different 
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doses of LPS. There was an increase in IL-8 production by POK cells stimulated 

with 0.1, 1 and 10 µg/ml of LTA compared with the unstimulated control (p  = 

0.0220, p < 0.0001, and p <0.0001, respectively). There was no significant 

difference in IL-8 production by POK cells between different doses of LTA. 

 

Figure 22: Dose response of LPS and LTA on POK pro-inflammatory cytokine 

production 

IL-6 and IL-8 production by POK in response to K12 LPS (A and C respectively) and 

Staphylococcus aureus LTA (B and D respectively). Graphs indicate three experimental 

repeats performed in triplicate. Cytokine production was measured via sandwich ELISA 

after 18 hours of stimulation. Significant differences in cytokine production were 

compared to the every other group. Data normality was assessed using the Shapiro-Wilk 

test for normality. Data is standardised to a percentage of the unstimulated POK cell 

control. Statistical significance for IL-8 Production by POK cells in response to LTA, IL-6 

Production by POK cells in response to LPS, and IL-6 production by POK cells in 

response to LTA, was determined by a Kruskal-Wallis test followed by a Dunn’s multiple 

comparisons test. Statistical significance for IL-8 production by POK cells in response to 

LPS was determined using a one-way ANOVA followed by a Tukey’s multiple 

comparisons test. Statistical significance is indicated on the graph (* p < 0.05, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001). Error bars represent standard deviation. 
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3.5.  Discussion 

3.5.1. Considerations for oral infection models 

This chapter explored the structure of the newly developed 3DOMMs to assess 

the morphology of their epithelial barrier at different stages of model growth, for 

both HaCaT- and POK-based models. Furthermore, this chapter considered the 

optimum time point in which to use the models to study infection, through 

balancing optimum model histology, whilst minimising baseline pro-inflammatory 

cytokine production. This chapter also characterised the ability of the HaCaT, 

HGF cells and POK cells to respond to PAMPs, and studied the interaction of the 

individual cell types with the 3DOMM environment.  

3.5.2. Structure of the oral mucosal model 

3DOMMs are structurally similar to the native oral mucosa. Models were 

reproducible in terms of structure, presenting with distinct epithelial and lamina 

propria layers.  There was variability in terms of epithelial thickness between 

models, however for the most part epithelial thickness was consistent across an 

individual model, any variation was most likely to present as a thinner epithelium 

towards the model circumference, with a thicker centre. Models displayed varied 

attachment of the epithelium to the lamina propria, which may have resulted from 

model manipulation prior to embedding and sectioning. All models formed an 

intact multi-layered epithelial barrier consisting of tightly packed keratinocytes.  

There was a lower degree of organisation within the 3DOMM epithelium than the 

native oral mucosa, due to the lack of stratification. Cells were often denser 

towards the basal layers of the epithelium, which may indicate a partially stratified 
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epithelium. Epithelial stratification and differentiation are dependent on the 

keratinocyte cell type and culture methodology used. The lack of stratification 

within HaCaT-based models has been identified elsewhere, and is attributed to 

deficient HaCaT-stromal cross-talk resulting from impaired IL-1 release by 

HaCaT cells, and may be resolved through the addition of either epidermal growth 

factor (EGF) or transforming growth factor alpha (TGFα)(68). The upper epithelial 

layers of the 3DOMM indicated a low degree of keratinisation, exhibiting only one 

to two layers of enucleated flattened squames. Keratinisation of the epithelium 

requires the terminal differentiation of stratified keratinocytes. It is ultimately 

determined by the local microenvironment and hence cell types, however it may 

be promoted by raising the models to the air-liquid interface, encouraging 

stratification of the epithelium, and by local growth factors (42,83). The most 

notable difference between the 3DOMM and the native oral mucosa was the lack 

of rete ridges within the 3DOMM. Rete ridges do not occur spontaneously within 

in vitro models as they are formed by mechanical pressures, and are seen within 

most keratinised oral epithelia. They help to anchor the epithelium to the lamina 

propria layer. It is theoretically possible to induce rete ridges in vitro, however 

these are often only considered to be required in order to create tissue robust 

enough for grafting purposes (59).  

Fibroblasts appear less numerous in the lamina propria of the 3DOMM than within 

the native oral mucosa. Furthermore, fibroblast density appeared to vary between 

models. It is possible that numerically, there are the same number of fibroblasts 

per model, however their distribution may vary, depending on the thickness of the 

lamina propria, and how quickly the model polymerised after adding fibroblasts, 

therefore depending on the area sectioned, fibroblasts may alter in abundance. 
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Another possibility is that fibroblasts are not distributed evenly between models 

derived within the same batch. Therefore, some models may contain more 

fibroblasts than others. This could be resolved by ensuring the fibroblast 

containing gel is adequately mixed prior to introducing to each transwell insert. 

Although there was a relatively low abundance of fibroblasts across all models, 

when compared to the native oral mucosa, fibroblast seeding density was not 

increased. Fibroblasts are in stasis from the point they are embedded into the gel 

matrix. Incorporation of more fibroblasts was found to increase contraction of the 

3DOMM, as indicated in preliminary study (data not shown), so that resulting 

tissue was smaller, stiffer, and hence more difficult to manipulate due to its size; 

therefore, the number of fibroblasts incorporated into the matrix was not 

increased. In future, alternative fibroblast batches should be taken into 

consideration, as fibroblasts from different donors often exhibit different levels of 

contractility, and variation has been indicated between donors of a different age 

(190,191). By selecting a less contractile batch, it may be possible to incorporate 

a higher density of fibroblasts, whilst not compromising the size of the resultant 

tissue. 

A weak basement membrane appears to have formed within some of the 

3DOMMs, but to a lesser extent than the distinct basement membrane seen 

within native tissue. Occurrence of a continuous, yet fragmented, basement 

membrane has been reported previously, with continuous basement membrane 

formation not being observed until the models were taken past 3 weeks of culture, 

longer than that of the models used within in the present study (107). Due to the 

separation of the lamina propria layer and the epithelium, it is difficult to tell within 

some models whether a basement membrane had begun to form and was 
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disrupted during the processing of the 3DOMM for histology. However, basement 

membranes are considered to provide structural support, maintaining the 

attachment of the epithelium to the lamina propria layers, therefore the lack of a 

defined basement membrane in the first place may have permitted this 

detachment (106). As basement membranes result from epithelial mesenchymal 

cross-talk, the lack of a basement membrane may indicate a deficiency in this 

area between the HaCaT and HGF cells. 

The thickness of the 3DOMM epithelium did not consistently differ between day 

16 and day 21. Models at day 19 presented with the best morphology, whereby 

the lamina propria was anchored to the epithelium most frequently, and the 

epithelium remained uniform and intact. Younger models indicated a separated 

epithelium, and older models contained cells breaking away from the epithelium, 

which may compromise the integrity of the epithelial barrier.  

P3DOMMs were cultured for a shorter period than 3DOMMs due to the limited 

lifespan of primary cells within culture. The manufacturer’s certificate of analysis 

provided with the primary oral keratinocytes indicated that the cells were only 

guaranteed to hold their phenotype for 15.87 population doublings. With this in 

mind, subsequent models were cultured for as short a time period as possible. In 

order to expand the cell population enough to permit for multiple repeats during 

experimentation, POK cells were available from passage 3. 

P3DOMMs were less similar to the native oral mucosa that 3DOMMs. The 

disorganisation exhibited within the POK epithelium means the barrier integrity 

would be compromised, and suggests the model may be unsuitable for studying 

infection in its current form. POK cells at passage 5 in monoculture were 
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displaying a loss in keratinocyte phenotype, as indicated by their enlarged and 

dysmorphic appearance and lack of cell-to-cell contact, leading to randomly 

distributed cells that did not appear as discrete islands. It is most likely that the 

resulting enlarged dysregulated epithelium within the P3DOMM occurred due to 

the limited lifespan of the POK cells, which raises the question as to how 

appropriate they are for the production of oral mucosal models. Either the POK 

cells would need to be incorporated at an even lower passage, inhibiting the 

number of repeats in which experimentation may be performed on a single vial of 

cells, or the models may need to be cultured for less time, meaning that the 

thickness of the epithelium is likely to be compromised. Another factor, which may 

alter the epithelial development and organisation is the culture technique. Unlike 

the 3DOMMs which were grown in KGM 3 (a cell culture media previously 

described as suitable for use at the air-liquid interface), P3DOMMs were grown 

in the less well defined proprietary POK media (14). POK cells were found to be 

non-viable when cultured in other media, including DMEM, RPMI, and KGM. They 

failed to proliferate and many cells underwent apoptosis, therefore the 

implementation of other media in an attempt to improve epithelial integrity was 

not possible. 

Morphologically the immortalized HaCaT cell line is more appropriate for creating 

an oral mucosal infection model than primary POK cells, due to the intact 

epithelial barrier formation observed within HaCaT containing models, but not 

POK containing models. The lack of epithelial stratification and consistent 

basement membrane prevents the models being described as analogous to the 

native oral mucosa. Despite this, these models appear to contain the necessary 
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structural components to act as a basic infection model, namely an intact multi-

layered epithelium atop a lamina propria layer containing fibroblasts. 

Due to the uncertain nature of model variability between batches, in terms of 

epithelial thickness, it may be necessary to determine a standardised “acceptable” 

range of epithelial thickness, when implementing the models to study host 

response to infection. As such models may be implemented for studying microbial 

invasion, the number of epithelial layers present will impact upon the 

pathophysiology of infection. By selecting a standardised range, and quantifying 

the epithelial thickness by sacrificing one model per batch, prior to their use for 

infection studies, the models may be applied in a more informative and 

reproducible manner. However this will not account for inter-batch variation. At 

present, it is not clear whether the epithelial variation will impact upon the models 

ability to recognise and respond to infection, if so, it may be necessary to further 

optimise methodology in order to ensure the models are more consistent. 

3.5.3.  Baseline pro-inflammatory cytokine production of the oral mucosal 

model 

Characterising the ability of 3DOMMS and P3DOMMs to respond to infection 

required multiple considerations. Firstly, it was important to consider how the cells 

within the model were responding to their environment, to determine whether it 

would be possible to study upregulation of pro-inflammatory cytokines in 

response to infection, and to predict how incorporated immune cells may respond 

to the local environment due to the existing cytokine milieu  
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Not previously acknowledged is that 3DOMMs are inherently inflammatory, 

producing high levels of pro-inflammatory cytokines. Therefore, oral mucosal 

models at baseline are not modelling a healthy oral mucosa, in terms of the pro-

inflammatory cytokine output they are constitutively expressing. Such pro-

inflammatory cytokine production is unlikely to affect the models ability to study 

colonisation or invasion of infective agents; however the ability of the models to 

produce further pro-inflammatory cytokines in response to pathogen recognition 

may be altered due to the already inflammatory environment. This required 

further elucidation. Furthermore, should the models be further developed to 

contain innate immune cells, these cytokines may alter the activity of these cells, 

tailoring their response. This means using these models to study infection may 

not be representative of the healthy oral mucosa, which should not be inherently 

inflammatory prior to the introduction of a pathogen. This inflammatory 

environment was further investigated in order to determine whether it is possible 

to reduce these high levels of pro-inflammatory cytokines, and therefore create a 

healthy model.  

As the models were initially studied as a whole, it was not possible to speculate 

which of the incorporated cell types were leading to such a pro-inflammatory 

environment; nor was it possible to determine what was leading to the high levels 

of pro-inflammatory cytokine production during the initial and latter stages of 

3DOMM culture. This therefore required further investigation. As the highest 

levels of pro-inflammatory cytokine production were seen upon the formation of 

the model, it was considered that the model components might be stimulatory to 

the individual cell types. For this reason, the model was assessed in a 

deconstructed manner. Individual cell types were stimulated with the collagen 



 

87 

matrix, and supernatants of the other cell types incorporated into the model, in 

order to gain an insight into the cause of the observed inflammatory environment 

at day 1 of model production. Preliminary data (not shown) indicated that the pro-

inflammatory cytokine production could be reduced by reducing the serum 

content of the model upon formation. It is this reduced serum model that is 

discussed. 

The high level of pro-inflammatory cytokine production by the 3DOMM may be at 

least partially attributed to collagen matrix stimulation of HaCaT and HGF cells. 

The type-1 collagen used in the present study is dissolved in acetic acid, and 

therefore sodium hydroxide was used to neutralise the pH prior to the addition of 

cells. As the models are formed in DMEM, a bicarbonate-based medium, the pH 

of the model will be different outside of a 5% CO2 incubator. Once incubated, the 

gel matrices would polymerise and prevent the assessment of pH levels using a 

traditional pH probe. Thus, pH was subjectively observed by eye, by way of the 

phenol red indicator within DMEM. It is possible that pH imbalance may contribute 

to the initial inflammatory environment through the promotion of DAMPs due to 

cellular damage, resultant from a pH that is too acidic or too alkaline. This in turn 

may lead to pro-inflammatory cytokine release (192,193).  The model pH 

appeared to neutralise upon introduction to the CO2 incubator. This effect may 

be minimised in future by equilibrating media in 5% CO2 prior to induction to the 

model. IL-6 production was elevated in both cell types upon the introduction of 

the cells to a collagen matrix. A differential effect was present between both cell 

types in terms of collagen-induced IL-8 production; in HGF cells IL-8 increased, 

whereas in HaCaT cells IL-8 decreased. This increase in IL-6, yet decrease in IL-

8 within HaCaT cells, was unexpected. This pattern of cytokine release by 
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epithelial cells may be a result of TGF-β1 production, which was not screened for 

in the present study. In bronchial epithelial cells, TGF-β1 has been shown to 

induce IL-6 production whilst inhibiting IL-8 release (194).  

The HaCaT and HGF supernatant increased the overall pro-inflammatory 

cytokine production of the target cells. This indicates another mechanism that 

may induce pro-inflammatory cytokine production within the 3DOMM. Cells 

respond to their local microenvironment, including the physical, biological, and 

chemical factors surrounding them (195). The cytokine expression profile by an 

individual cell type is therefore likely to contribute to and modify the cytokine 

expression of another cell type resident in the same environment. It is difficult to 

fully deduce the complex interactions between the model components by 

studying any one potential stimulus at a time; however, these data provide an 

insight as to how the model’s methodology may be modified in future to reduce 

the initial inflammatory state. 

With regards to the current methodology for model production, many epithelial 

cells are added atop the lamina propria layer at one time. In fact, to promote rapid 

epithelial layer formation, more cells than the recommended seeding density are 

seeded atop the matrix. It is reasonable to assume that not all cells adhere to the 

matrix, some of which will subsequently undergo cell death. Furthermore, the 

increase in IL-8 production seen within the later stage of 3DOMM culture (from 

day 13 onwards), raised the question as to what was causing the sudden increase 

after this point. It was possible that this increase in pro-inflammatory cytokine 

production may again be a result of cell death. Cell death resultant from lack of 

oxygen and growth factors available to the cells within the model may rise as the 
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model thickness increases. The static culture of the 3DOMM is reliant upon 

passive diffusion to permit the passing of vital nutrients from below the transwell 

insert all the way to the apical epithelial layers. The lack of a vasculature and 

hence direct delivery of oxygen and growth factors means this model may be 

limited in its capabilities of diffusion, as cell numbers increase leading to necrosis 

from lack of oxygen and growth factors distributed into the more distal areas of 

the tissue (196).  

For this reason, following on from the 3DOMM time-course a LDH assay was 

performed to determine whether pro-inflammatory cytokine production at day 1, 

and after day 13, was partially attributed to cell death. DAMPs mostly consist of 

intracellular components which are released upon cell death, such as DNA, RNA, 

histones, ATP, and uric acid (186). DAMPs, much like PAMPs, are recognisable 

by cellular PRRs such as TLRs, and lead to downstream pro-inflammatory 

cytokine release. The present study revealed a strong correlation between LDH 

release, IL-6, and IL-8 production. This indicates that higher level of pro-

inflammatory cytokines are associated with higher levels of cell death. The 

highest level of cell death was seen at day 1 post-model production. The high 

levels of pro-inflammatory cytokine production may be explained by a number of 

mechanisms, firstly due to intracellular cytokine release upon cell death, and 

secondly due to stimulation of PRRs by DAMPs resulting from cell death.  

The identification of model components and cell death as a cause for the high 

levels of model pro-inflammatory cytokine release, most likely does not 

encompass all causalities. If deemed necessary for future refinement, pro-

inflammatory cytokine production may be minimised based upon these 
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indications. At present, these data suggest that culturing the model for a shorter 

period helps to overcome later occurrence of cell death. Should the model be 

required for longer-term culture, perfusion systems have been designed to 

increase the distribution of nutrients amongst tissue-engineered constructs (197). 

As with the 3DOMMs, P3DOMM-incorporated cell types, namely POK cells and 

HGF cells, were studied individually for their response to the model environment, 

including the other cells incorporated into the 3DOMM, and collagen. An 

additional category was included in this experiment in order to assess how the 

cell-to-cell contact of POK cells and HGF cells was affecting the pro-inflammatory 

cytokine output.  

P3DOMM pro-inflammatory cytokine production was followed for a shorter period 

than 3DOMMs due to the limited lifespan of primary cells within culture. 

Interestingly within P3DOMMs the highest level of pro-inflammatory cytokine 

production was not indicated upon model formation. This may be partially 

attributed to the use of a serum-free medium that contains hydrocortisone. It is 

already known that serum was found to increase pro-inflammatory cytokine 

production; furthermore hydrocortisone is known to have an immunomodulatory 

effect in vivo (198). The reason for the highest levels of pro-inflammatory cytokine 

production occurring at the mid-culture phase is less certain. At this point, no new 

stimulants were added to the model. Considering the histology results, it is 

possible that this may be the phase in which the epithelium begins to break down 

and therefore higher levels of cell death may be occurring leading to the 

increased levels of pro-inflammatory cytokine production through cell lysis and 

DAMP release. Levels may reduce after this point as there are a lower number 
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of cells remaining to release cytokines overall. This was not followed up for the 

P3DOMMs, due to inferior tissue morphology when compared to the 3DOMMs. 

Should the cell death theory be required to be confirmed, an LDH assay could 

provide further insight.  

As with HGF cells, collagen matrix-stimulated POK cells led to an overall increase 

in pro-inflammatory cytokine release. The soluble factors in HGF and POK 

supernatant were able to stimulate the target cell types, which may contribute to 

the overall inflammatory environment of the model. The increase in IL-8 

production observed from HGF cells upon stimulation with killed POK cells 

indicates that cell contact may also contribute to the P3DOMM inflammatory 

environment, however it is unlikely that POK and HGF cells come into contact 

due to their separation by the collagen matrix. Interestingly, the stimulation of 

HGF cells by collagen differed between this experiment and the previous 3DOMM 

experiment. This could be explained by the differing media used between these 

two experiments.  

Not to be ignored, yet not explored in the present study, is the role of matrix 

metalloproteinases (MMPs) in the 3DOMM environment. MMPs are another 

possible cause of the later increase in pro-inflammatory cytokine production of 

3DOMMs, due to their role in ECM remodelling and ability to evoke an immune 

response (199,200). Miller et al., 2002, indicated that MMP activity altered during 

different stages of culture of gingival fibroblasts embedded in a collagen gel 

between days 1 and 21 post seeding. MMP-1 activity was highest between days 

10 to 21, gradually increasing from day 3 onwards. MMP-2 activity was highest 

between days 7 and 15 (201). This increase in MMP activity is likely to be 
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occurring within the 3DOMMs so it is possible that high MMP activity may 

correlate with the later stages of pro-inflammatory cytokine production, and 

contribute to this later inflammatory environment along with the already identified 

increase in cell death. 

As well as creating a pro-inflammatory environment, and holding the potential to 

influence subsequently incorporated immune cells, high levels of the cytokines 

IL-6 and IL-8 are likely to modify the activity of the oral mucosal model itself. 

Keratinocytes may express IL-6R, whereas fibroblasts do not constitutively 

express IL-6R, although IL-6 is able to act on fibroblasts through trans-signalling, 

mediated by soluble IL-6R (161,202–204). Keratinocytes and fibroblasts have 

been shown to express CXCR1 and CXCR2, meaning the cells may respond 

directly to IL-8 secretion (179,180). Despite the pro-inflammatory nature of these 

cytokines, their resultant activity on both keratinocyte and fibroblast cell types 

may also promote tissue regeneration. IL-6 is known to modulate keratinocyte 

differentiation and increase proliferation within keratinocytes, and can therefore 

aid epithelial regeneration during wound healing (203,204). IL-8 enhances 

keratinocyte migration, increasing the rate of epithelial wound healing; low levels 

of IL-8R expression are attributed to slow healing wounds (205). IL-6 is 

recognised by fibroblasts, when in the presence of IL-6SR, which leads to 

expression of the monocyte chemoattractant MCP-1 (206). IL-8 can instigate a 

migratory phenotype within fibroblasts, which is associated with wound healing 

(207). Considering this, the high levels of IL-6 and IL-8 identified during model 

formation could be attributed to proliferation or tissue re-organisation occurring 

during model maturation.  
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In order to study pro-inflammatory cytokine release in response to infection, 

models should be utilised at a time point of lower pro-inflammatory cytokine 

production, enabling a measurable upregulatory response compared to baseline. 

Cells often have an upper limit of pro-inflammatory cytokine production, and 

ELISA assays certainly have an upper limit of detection. Considering this, it was 

decided that the 3DOMMs should be used during a period of lower pro-

inflammatory cytokine production, where it is known that levels above this are 

able to be produced by the cells and detected by ELISA. Results have indicated 

that between day 3 and day 15, IL-8 expression was lower than 5000 pg/ml 

meaning an upregulation would be detectable. Although there was some increase 

seen between days 11 and day 15 in terms of IL-8 production, it was decided that 

day 14 was the optimum time point to attempt to study pro-inflammatory cytokine 

expression in response to pathogenic challenge. This was in order to balance the 

model histology, providing enough time for a multi-layered epithelium to develop, 

and minimal cytokine production.                               

3.5.4. Immunogenicity of the 3DOMM 

An appropriate infection model should be able to recognise and respond to 

pathogenic challenge. For this reason, individual model-incorporated cell types 

were assessed for their ability to respond to PAMPs. As known TLR ligands, the 

PAMPs LTA and LPS are most commonly known for signalling through TLR2 and 

TLR4, respectively. The upregulation in pro-inflammatory cytokine production by 

HaCaT, HGF, and POK cells in response to LTA suggests a functioning TLR2 

signalling pathway, and confirms that the cells incorporated into the 3DOMM are 

able to recognise and respond to this gram-positive bacterial component. This 

also indicates that the models may be able to respond to fungi through TLR2 
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recognition of phospholipomannan (122). This finding is supported within the 

literature, indicating that gingival fibroblasts express functional TLR2 (146,208). 

Furthermore, epithelial keratinocytes including oral and HaCaT cells have been 

shown to express functional TLR2 (137,139,209). Typically, lower levels of LPS 

are capable of elucidating a response within host cells (in the ng/ml range) than 

LTA, whereby higher doses are required to produce a downstream effect 

(between 1 and 10 μg/ml) (210).  

The lack of response to K12 LPS by HaCaT cells disagreed with the finding by 

Olaru et al., 2010, which indicated an upregulation in IL-8 secretion upon HaCaT 

stimulation with LPS, but was supported by a study conducted by Kollisch et al., 

2005 which indicated no upregulation in IL-8 expression upon HaCaT cell 

stimulation with LPS (137,139). It is not clear as to exactly why this differential 

effect is seen within HaCaT cells; however, it may be dependent upon the type 

of LPS employed as a stimulus. The present study used E.coli K12 LPS, the 

responsive study did not state their LPS source, and the unresponsive study used 

E.coli K235 LPS (137,139). It may be the case that the unstated LPS was an un-

purified form of PgLPS, which has been reported to signal through both TLR2 

and TLR4, this would lead to the observed downstream IL-8 production upon 

stimulation of HaCaT cells (128,208). Unlike the HaCaT cell line, POK cells 

responded to K12 LPS, indicated by an increase in IL-8 production. Primary oral 

keratinocytes have been shown to be responsive to LPS stimulation previously 

(211). Interestingly neither keratinocyte cell type upregulated IL-6 production in 

response to PAMPs. 
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Within the present study, an unusual effect was exhibited when HGF cells were 

stimulated with K12 LPS. Although a weak statistical significance was shown in 

IL-6 production by HGF cells, between unstimulated cells and cells stimulated 

with an intermediary dose of 0.1 μg/ml of K12 LPS, this did not occur at higher 

doses, nor was there a significant increase in IL-8 production for any doses. Other 

HGF stimulants such as LTA and the collagen matrix led to IL-6 and IL-8 

production rising simultaneously. This differential effect cannot be explained at 

this point, however it should be noted that other studies have indicated functional 

TLR4 within human gingival fibroblast cells, therefore it is unlikely that the 

perceived response to K12 LPS by HGF cells is a statistical anomaly, and may 

be dose dependent (142,146). 

To further characterise the PAMP responsivity of HaCaT and HGF cells, TLR2 

and TLR4 protein expression and localisation was assessed within the 3DOMM-

incorporated cell types. Western blotting for TLR2 and TLR4 revealed that TLR4 

is expressed within HaCaT cells, HGF cells, and the 3DOMM. It was not possible 

to assess the presence of TLR2 due to issues with identifying functional 

antibodies; multiple antibodies were attempted, and revealed either no binding or 

binding at the incorrect molecular weight. These inconclusive results were 

mirrored in assays of positive test cell lysate provided by the manufacturer. The 

presence of TLR4 within the Western blot and the lack of LPS responsiveness 

from the cells warranted further exploration. It is possible that, as reported in the 

literature, there are a lack of adaptor proteins within the keratinocytes; however 

this was unlikely the case within the fibroblasts, which also displayed very limited 

response to LPS stimulation (137,145,212).  
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In order to determine why there was little response in the HaCaT and HGF cell 

lines to LPS, the cell surface expression of TLR4 was studied in unstimulated, 

and stimulated, HaCaT and HGF cells; TLR2 expression was also characterised. 

TLR2 expression occurred within HaCaT and HGF cells, as expected (due to their 

responsivity to LTA). TLR4 expression was less than that of the isotype control, 

which was deemed to be due to an issue with the antibody or isotype control 

utilised, as LPS-responsive macrophages used as a control, also followed this 

trend. It was therefore not fully possible to characterise the TLR expression by 

HaCaT and HGF cells, however it would appear that functional TLR2 receptors 

were expressed at the cell surface of both HaCaT and HGF cells due to their 

responsivity to LTA and the identification of TLR2 at the cell surface.  

HaCaT cells do not appear to possess a functional TLR4 receptor complex, as 

they do not respond to LPS, despite possessing the TLR4 protein as indicated by 

Western blot. The expression of functional TLR4 is less certain within HGF cells. 

The literature indicates that a range of fibroblasts do express functional TLR4 

(142,145–148). However only a limited response to the concentration of 0.1 μg/ml 

LPS was observed within HGF cells. Western blot confirmed the presence of 

TLR4 within HGF cells, however as with HaCaT cells, expression of TLR4 at the 

cell surface could not be confirmed. Considering the available information, it 

would appear that HGF cells do express TLR4 at the cell surface, however in this 

case, only displayed a limited response to LPS. 

Differences are often exhibited between primary and immortalised cells (at 

baseline and when stimulated) (13,20,213). Donor variability has also been 

shown in cytokine production and was also evident between primary 
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keratinocytes obtained from biopsy (13). Despite the fact donor variability may 

hinder reproducibility, and the limited access to primary cells, it still may be 

possible that primary cells are a more suitable alternative, or a worthy opponent 

of the immortalised 3DOMM should the issue of the disorganised epithelium be 

resolvable. Primary cells have been used for creating full-thickness oral mucosal 

models, and may be a closer representation of the healthy oral mucosa (20). It is 

for these reasons that despite the epithelial morphology, a comparison was made 

between the HaCaT and primary cell types. 

The effect that the high levels of pro-inflammatory cytokines within the 3DOMM 

environment will have on the 3DOMMs ability to model host response to infection 

is so far unknown. It is predicted that an inflammatory environment may also 

affect the response of any further incorporated immune cells. The local cytokine 

milieu is likely to have an effect on any innate immune cells subsequently 

incorporated. The present study later intends to develop a three-dimensional oral 

mucosal model that incorporates macrophages into the matrix, an 

immunocompetent 3DOMM (IC3DOMM). In order to minimise the pro-

inflammatory environment, serum content should be kept to a minimum, the pH 

should be ensured to be physiologically correct, and models may need to be used 

for subsequent study by day 14. It would appear that the 3DOMM is likely to be 

more suitable for development as an immune competent model compared to the 

P3DOMM, as generally, lower levels of pro-inflammatory cytokines were 

produced during the time-course. Later incorporated immune cells will most likely 

be responsive to the pro-inflammatory cytokine milieu, which will not be limited to 

the IL-6 and IL-8 identified within the present study. For example, MCP-1, a 

chemokine responsible for the taxis of monocytes and macrophages, was also 
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identified within the 3DOMM environment, however unreported in the present 

study (214). IL-6 receptors are expressed on monocytes, and to a lesser extent, 

in subsequent macrophages. IL-6 contributes to the differentiation of monocytes 

into macrophages as opposed to dendritic cells, and influences the polarisation 

of macrophages (168,215,216). IL-8 receptors are also expressed upon 

monocytes and macrophages, meaning they may respond to IL-8 (175). However, 

as the anti-inflammatory cytokine milieu was not assessed, it is not possible to 

predict the overall effect the 3DOMM environment will have on any incorporated 

macrophages. Additionally, it is not the levels of cytokines alone that determine 

responsivity. Many regulatory mechanisms exist to prevent the overstimulation of 

cells and tissues by cytokines, including: regulation of receptor expression, 

receptor antagonists, decoy receptors, contact dependant negative regulators, 

disruption of downstream signalling pathways, and contrasting anti-inflammatory 

cytokines (217–222). For these reasons, the effect of the overall model 

environment on subsequently incorporated macrophages should be taken into 

account, and their incorporation should not be ruled out based on the 

identification of high levels of pro-inflammatory cytokines alone. 
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3.6.  “Bridge” 

As 3DOMMs and P3DOMMs were shown to be responsive to PAMPs, with the 

confirmation that all cell types could recognise and hence respond to the TLR2 

ligand LTA, it is inferred that they may appropriate for the study of gram-positive-

bacterial and fungal infections. Prior to any further model development, 

P/3DOMMs should be characterised for their suitability for modelling live 

infection; in terms of tissue colonisation and invasion, and pro-inflammatory 

cytokine response to infective agents. Only once the suitability of the current 

P3DOMMs and 3DOMMs have been compared, can the most promising model 

be selected to take forward to further develop into an immunocompetent oral 

mucosal infection model.  
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4. Infection modelling 

4.1.  Introduction 

4.1.1. Candida albicans as a pathogen 

Candida albicans is a eukaryotic dimorphic yeast. Candida spp. are the most 

common human fungal pathogens. C. albicans is typically classified as a 

commensal organism; however, in times of weakened host defence, or disrupted 

microbial balance, the organism can shift into a pathogenic role (223). Candida 

most frequently colonises the oral and vaginal mucous membranes. Of all 

Candida spp., C. albicans is the most frequent cause of mycosis (224). The 

relationship between C. albicans and the human innate immune system is 

complex. C. albicans is capable of switching between its yeast and hyphal 

isoforms with ease. Depending on environmental factors, it possesses a myriad 

of virulence factors which aid its invasion, colonisation and persistence, making 

it an effective commensal and opportunistic pathogen. This switching ability 

between its yeast and hyphal form is an important virulence factor, and appears 

necessary for C. albicans to change from being a commensal to a pathogenic 

organism (41,225). The yeast to hyphal transition of C. albicans is often indicative 

of its pathogenic status, with the hyphal form being most frequently associated 

with tissue invasion, and may determine the necessity of the host to respond 

(226).  

4.1.2. Recognition of Candida albicans by PRRs 

C. albicans contains multiple cell wall components that possess conserved 

structural motifs including chitin, glucans, and mannans, which are exposed to 
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the extracellular environment, as well as internal nucleic acid sequences, all of 

which act as PAMPs and hence are able to be detected by PRRs (121,227–229).   

TLRs are associated with the recognition of C. albicans PAMPs. Cell membrane 

associated TLR2, TLR6, and TLR4 have been shown to recognise C. albicans 

phospholipomannan and O-linked mannan cell wall components (122). Whereas 

the intracellular TLR7 and TLR9 have been shown to recognise C. albicans RNA 

and DNA, respectively (230,231). TLR2/6 as well as the C-type lectin receptor 

(CLR) dectin-1 recognise C. albicans β-glucan cell wall components such as 

zymosan (229,232). There are further PRRs which are capable of recognising 

components from C. albicans (110,233,234), however the focus of this research, 

in keeping with the rest of this thesis, will focus upon TLR-mediated recognition. 

4.1.3. Staphylococcus aureus as a pathogen 

S. aureus is a gram-negative bacterium. It is a commensal within approximately 

30% of the general population, most commonly residing in the nasal cavity; it is 

also a frequent human pathogen (235,236). S. aureus is the causative agent of 

localised and systemic infections as diversely ranging as impetigo, pneumonia, 

and sepsis (235). Both the ability of S. aureus to cause such a wide range of 

infections, and its high level of antimicrobial resistance, means S. aureus is of 

significant research interest (237). S. aureus has also more recently been 

recognised as a coloniser of the oral cavity (36,37,236,238,239). 

4.1.4. Recognition of Staphylococcus aureus by PRRs 

S. aureus bacteria contain multiple PAMPs such as lipotechoic acid (LTA) and 

peptidoglycan (PGN), which are capable of being recognised by TLRs (210). 
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TLR2 mediates the host response to S. aureus and can form heterodimers with 

TLR1 and TLR6 to mediate response to pathogenic challenge (112,120). 

4.1.5. Denture stomatitis 

Denture stomatitis (DS) (also known as denture sore mouth, denture related 

stomatitis, and chronic atrophic candidiasis), is a disease specific to denture 

wearers that can cause erythema, oedema, and discomfort of the areas of the 

oral cavity in contact with the denture. The Newton classification defines DS in 

three stages ranging from localised inflammation and pinpoint erythema (Type 1), 

to inflammatory nodular or papillary hyperplasia (Type 3). Type 2 DS is the most 

common form identified, and is characterised by erythema and oedema, often 

spanning the entire area under a maxillary denture (240). Often patients are 

asymptomatic, particularly with the earlier stages. DS is believed to be triggered 

by a combination of factors, however Candida spp. colonisation, in conjunction 

with epithelial damage, is likely to be enough to induce stomatitis, particularly as 

the host defence is compromised due to denture wear (38,240). The ability of C. 

albicans to cause DS is thought to be attributed to lack of shedding of the acrylic 

denture surface, permitting colonisation and biofilm formation on the denture and 

lack of salivary flow. Absence of salivary flow leads to reduced sloughing of cells, 

and lack of anti-microbial factors between the denture surface and the hard palate 

(35). This effect is enhanced in the case of a poor denture cleansing routine (34). 

The DS associated biofilms, which reside on both the oral mucosa and the 

denture prosthesis, are thought to be potential reservoirs for disseminated 

infection. Therefore  all DS cases are of importance irrespective of pain (33,241–

243). Multiple risk factors are known to influence the likelihood of DS 



 

103 

development including improper cleaning, immunosuppression, antibiotic use, 

salivary flow, diabetes mellitus, high carbohydrate diet, C. albicans carriage, 

microflora composition, age, gender, denture material, and denture age 

(33,34,36–38). The focus of the present study centres on the carriage of the yeast 

C. albicans, and the bacterium S. aureus, which has been isolated in conjunction 

with  C. albicans in the oral cavity (36,37,236). It has been shown that their 

viability, virulence and antimicrobial resistance is altered in dual infections, in 

comparison to single infections (41,244,245).  

4.1.6. C. albicans and S. aureus synergy in oral and systemic disease 

C albicans and S. aureus infection in the oral cavity is of key interest in the present 

study for two reasons. Firstly, because of their potential role in DS; secondly, due 

to their synergistic relationship which may lead to highly virulent, difficult to 

resolve, systemic infections (41). In murine studies, dual infection of C. albicans 

and S. aureus results in 100% mortality when both organisms are injected 

intraperitoneally, compared with no mortality when treated with the same dose of 

either organism alone. This occurred within different strains of S. aureus 

regardless of its attributed virulence (246,247). Subsequent studies of the 

localisation of the organisms within co-infection indicated that C. albicans was 

somewhat protective of S. aureus, which after intraperitoneal injection were 

exclusively located within the fungal growth (245). Subsequently, confocal 

microscopy was used to identify that in vitro S. aureus was commonly found 

amongst the hyphal elements of C. albicans (238).  Conversely when co-cultured 

in a higher serum content media, S. aureus appeared as distinct micro-colonies 

on the biofilm surface (244).  
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The dimorphic nature of C. albicans and subsequent hyphal invasion of tissue 

means in an environment where other microorganisms are associated with C. 

albicans, it may also provide a route of invasion for the associated organisms, 

such as S. aureus (41,248). C. albicans and S. aureus have been co-isolated 

from blood.  Approximately 27% of all Candida blood stream infections are poly-

microbial, and S. aureus is the third most common organism isolated in 

conjunction with C. albicans. This equates to approximately 11% of all poly-

microbial blood stream infections (249). A breach in barrier integrity is required 

for S. aureus to gain entry beyond the epithelium, into lower layers of soft tissue, 

and the blood stream (41,241). However a number of patients with staphylococcal 

bloodstream infections have no documented obvious portal of entry such as a 

wound (250). This led Peters et al., 2012, to study the mechanisms by which S. 

aureus may gain C. albicans-mediated entry to the tissue. C. albicans cell wall 

adhesion molecule Als3p was shown to bind with staphylococcal adhesins 

(41,248). This details the mechanism of binding and suggests that upon hyphal 

tissue invasion, S. aureus may access the tissue by proxy, providing a route of 

entry for further dissemination. In addition, recent murine studies have implicated 

C. albicans in the induction of bacterial dysbiosis within the oral cavity, which 

leads to the promotion of invasive infection by disrupting oral epithelial tight 

junctions (251).  

Aside from increased virulence, and aiding the entry of S. aureus into the tissue, 

another form of synergy that occurs between S. aureus and C. albicans is an 

increased antimicrobial resistance during co-infection. S. aureus displayed an 

increased resistance to vancomycin when co-cultured compared to single culture 

(244). In fact it has been shown that 27 proteins were differentially expressed 
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upon co-culture with C. albicans and S. aureus than when either organism was 

cultured alone, some proteins of which aid the evasion of host defence (238). 

4.1.7. C. albicans and S. aureus isolated from the oral cavity of patients 

Candida spp. and Staphylococcus spp. have been identified as oral colonisers 

within a healthy, non-denture wearing population. Within a sample size of 68 

individuals, C. albicans was identified as the most common Candida species, 

present in 30 (44.12%) of the patients. Of the same cohort 9 (13.23%) patients 

possessed S. aureus (252). Few studies have investigated the co-isolation of C. 

albicans and S. aureus within the oral cavity in the context of the disease DS. 

Table 9 describes the outcomes of three fundamental studies, which have been 

undertaken to identify C. albicans and S. aureus within the oral cavity of denture 

wearers. Monroy et al., 2005, Chopde et al., 2012, and Pereira at al., 2013, 

conducted studies which compared the colonisation of C. albicans and S. aureus 

in DS patients with a healthy denture wearing control group. Swabs were taken 

from the denture surface and the underlying oral mucosa. The results displayed 

are of C. albicans and S. aureus colonisation of the groups studied. Selective 

patient health and lifestyle information was also recorded in order identify risk 

factors for DS manifestation. Data shows C. albicans and S. aureus were isolated 

from the oral mucosa more frequently in patients suffering with DS, compared to 

healthy denture wearing controls, Table 9. Furthermore, Table 10, which focuses 

upon Monroy’s study, indicates that C. albicans and S. aureus were more 

frequently co-isolated from the oral mucosa compared the prosthesis within DS 

patients, however this was reversed within healthy control participants. Dual 
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isolation of C. albicans and S. aureus from the mucosa of DS participants was 

more frequent than that of healthy denture wearers (36).
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Table 9: C. albicans and S. aureus identification from the prosthesis and mucosa within the existing literature. 

The outcomes of three fundamental studies which determined C. albicans and S. aureus carriage within healthy denture wearers and DS patients on 

the prosthesis and mucosa. The displayed results were determined by swabbing the hard palate and prosthesis of the examined cohorts in the Monroy 

et al., 2005, Chopde et al., 2012 and Pereira et al., 2013 studies. The columns to the right are descriptive of their inclusion, exclusion, and sample 

criteria. Some data has been reconfigured for display, to aid comparison with other studies. * Article displayed a discrepancy with reported data for the 

prosthesis carriage of C. albicans within the healthy control group, it was therefore excluded. 

 

Study Healthy control patients DS sufferers Inclusion 

criteria 

Exclusion 

Criteria 

Sample 

collection  C. albicans 

carriage 

S. aureus 

carriage 

C. albicans 

carriage 

S. aureus 

carriage 

Monroy 

2005 

Prosthesis 

*discrepancy 

Mucosa 20% 

Prosthesis 62% 

 

Mucosa 24% 

Prosthesis 26% 

 

Mucosa 86% 

 

Prosthesis 36%  

 

Mucosa 84% 

 

Edentulous 

 

Denture 

wearers 

Recent 

antimicrobial 

therapy and 

oral hygiene 

procedures 

Swabs 

 

Questionnaire 

 

Saliva samples 

Chopde 

2012 

Prosthesis 68% 

 

Mucosa 51% 

Prosthesis 52% 

 

Mucosa 53% 

Prosthesis 28% 

 

Mucosa 86% 

Prosthesis 40% 

 

Mucosa 84% 

Denture 

wearers 

Recent 

antimicrobial 

therapy 

Swabs  

 

Questionnaire 

Pereira 

2013 

Prosthesis 28% 

 

Mucosa 6% 

Prosthesis  26% 

 

Mucosa 22% 

Prosthesis 42% 

 

Mucosa 58% 

Prosthesis 26% 

 

Mucosa 22% 

Denture 

wearers 

Recent 

antimicrobial 

therapy, 

diabetes and 

pregnancy 

Swabs  

Oral rinse 
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Table 10: Single and dual isolation of C. albicans and S. aureus from the oral 

mucosa and denture prosthesis. 

C. albicans and S. aureus isolated individually and co-isolated from the entire cohort’s 

dentures and oral mucosa from Monroy et al., (2005). Both refers to C. albicans and S. 

aureus. Data was reconfigured to provide the percentage carriage for both denture 

stomatitis and the healthy control population. 

 

Pereira et al., 2013, conducted a study, which examined the opportunistic 

microorganisms in 50 participants with DS, and 50 participants without. Samples 

were collected by means of oral rinses and swabs of the maxillary prosthesis and 

hard palate (239). Microbial counts were significantly higher in individuals who 

were suffering with DS. C. albicans was the most frequently discovered yeast 

across both sample populations. It was isolated in 94% of individuals with DS, 

and 34% of individuals in the healthy control group. Interestingly S. aureus 

alongside S. epidermidis were the most frequent bacterial species identified in 

both groups. S. aureus was found in equal amounts with the prosthesis and hard 

palate of DS patients, whereas more S. aureus was found in the oral rinses of 

healthy patients. Overall S. aureus was found within 42% of individuals with DS 

and 62% of individuals in the control group. Data were provided regarding 

Candida spp. and Staphylococcal spp. co-isolation. They identified 40% of the 

individuals with DS presented with both C. albicans and S. aureus, whereas only 

20% of the healthy control group presented with both at any one time. The study 

suggests that C. albicans, in the presence of S. aureus, may increase the 

 Denture-wearing control DS participants 

Organism Oral mucosa Prosthesis Oral mucosa Prosthesis 

C. albicans  7.3% 18.2% 8% 14% 

S. aureus  12.7% 40% 6% 24% 

Both 10.9% 23.6% 78% 12%  

Neither 69.1% 18.2% 8% 50% 
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likelihood of DS development and persistence. Sampling method was found to 

alter the identification of the microbes. Oral rinses allow samples to be collected 

from the entire oral cavity, which may disrupt the sample population if the 

organisms of interest reside in the DS lesion and contacting prosthesis areas only 

(239).  

The aforementioned studies excluded participants who had recently undergone 

any form of antimicrobial therapy. Excluding participants who have recently 

received antifungals is counterintuitive; DS is often treated by antifungal therapy, 

so by excluding those who have received the treatment is to exclude patients with 

recurrent DS, and therefore to potentially ignore the more antimicrobial resistant 

strains. These studies also fail to compare C. albicans and S. aureus carriage 

between healthy non-denture wearers, healthy denture wearers, and DS patients, 

in any one individual study (36,37,239,252). Investigating the frequency of C. 

albicans and S. aureus carriage in denture wearers and non-denture control 

participants will identify whether denture wear alone influences C. albicans and 

S. aureus colonisation within healthy individuals. Incorporating DS patients into 

the same cohort will permit further exploration of the association between these 

microbes and DS prevalence. Assessing whether carriage differs significantly 

between control participants, healthy denture wearers, and symptomatic denture 

wearers within a single standardised study, with the same inclusion and exclusion 

criteria and data collection methods is therefore of significant interest. The above 

studies did not further utilise any obtained C. albicans and S. aureus isolates, 

such isolates hold the potential to act as clinically relevant strains to further study 

oral infection. The present study therefore aims to build upon the aforementioned 

studies, with the novel aspects of: including participants that have recently 



 

110 

received antimicrobial therapy; incorporating a non-denture control group, a 

denture wearing control group, and a DS group within the same cohort; and 

utilising positive isolates of C. albicans and S. aureus to study oral infection. 

4.1.8. C. albicans and S. aureus infection of 3DOMMs. 

Full-thickness tissue engineered models, including 3DOMMs and three-

dimensional skin models, have been implemented as infection models, to study 

single and dual infections of C. albicans and S. aureus (14,20,42,53,54,57). They 

have been utilised to study tissue colonisation and invasion, strain virulence, 

tissue damage, host inflammatory response, antimicrobial efficacy, infection of 

biofilm colonised acrylic discs, and microbial virulence factor gene expression 

(14,20,42,53,54,57). The present study aims to use monolayer epithelial culture 

and 3DOMMs in a similar manner, with the novel addition focusing on the host 

inflammatory response to clinically relevant oral isolates. Furthermore, the 

present study aims to provide an insight into the proposed synergy of C. albicans 

and S. aureus, in an in vitro setting. 
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4.2.  Aims 

1. To obtain clinically relevant oral isolates of C. albicans and S. aureus. 

2. To identify the frequency of colonisation of denture wearers, and factors 

associated with C. albicans and S. aureus carriage. 

3. To assess the efficacy of P/3DOMMs to model single and dual infections 

of C. albicans and S. aureus in terms of studying tissue colonisation and 

invasion, and pro-inflammatory cytokine production in response to 

infection. 

4. To explore the proposed synergistic relationship between C. albicans and 

S. aureus. 
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4.3.  Methodology 

4.3.1. Culture of C. albicans 

C. albicans was maintained on Sabouraud-dextrose agar (SDA), Sigma Aldrich 

s3306 and Sigma Aldrich 05040, and subcultured monthly. Prior to use, an 

overnight culture was created by resuspending a single colony of C. albicans in 

Sabouraud-dextrose broth (SDB), and grown in a 37°C shaking incubator.  

4.3.2. Culture of S. aureus 

S. aureus was maintained on tryptic-soy agar, Sigma Aldrich 22092 and Sigma 

Aldrich 05040, and subcultured monthly. Prior to use, an overnight culture was 

created by resuspending a single colony of S. aureus in tryptic-soy broth (TSB), 

and grown in a 37°C shaking incubator.  

4.3.3. Quantification of C. albicans 

Prior to use, C. albicans was washed 3 times via centrifugation at 3000 x g for 5 

minutes in PBS. Cultures were diluted 1 in 10 and counted using a 

haemocytometer. Cultures were then set to the desired density (experiment 

dependent) in cell culture media (experiment dependent). Cultures were stored 

at 4˚C to prevent growth prior to use. 

4.3.4. Quantification of S. aureus 

Prior to use, S. aureus was washed 3 times via centrifugation at 10,000 × g in 

PBS. S. aureus were quantified spectrophotometrically, and an OD of 0.2 at 595 

nm was taken to equate to 2 × 107 cfu/ml, as revealed by preliminary 

experimentation. Cultures were then set to the desired density (experiment 
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dependent) in cell-culture media (experiment dependent). Cultures were stored 

at 4˚C to prevent growth prior to use. 

 

4.3.5. Acquisition of patient samples 

A statistician was consulted and power calculation was performed in order to 

predict the number of participants required in order to compare statistical 

significance of risk factors and microbial carriage between: denture wearing 

controls, non-denture wearing controls, and denture stomatitis participants. It was 

determined that a minimum of 20 participants should be recruited per group in 

order to make an accurate statistical comparison at 95% confidence limits. It was 

proposed that it would be feasible to collect 30 participant samples per group and 

therefore 90 participants in total, in order to increase statistical power and permit 

the possibility of performing a logistic regression analyses. For a smaller sample 

of data it was proposed that a Chi squared analyses should be used, which only 

requires at least one positive sample per category. For example, at least one 

participant from denture wearing controls, non-denture wearing controls, and 

denture stomatitis participants, would be required to carry S. aureus in order to 

compare the distribution of colonisation across each population. It was predicted 

that in a sample size of 30 at least one participant would carry each combination 

of organism, S. aureus, C. albicans, and both, due to their reported abundance 

in the general population and denture wearers (36,37,252). With thanks to Daniel 

Zahara from the University of Plymouth for statistical assistance. 

Ethical approval was obtained from IRAS (ref. 208291) and the University of 

Plymouth prior to the commencement of the study. Participants were recruited 

using posters and patient information leaflets, and consent was obtained by 
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clinicians prior to participation, appendices 1, 2, 3, 4, 5 and 6. Participants and 

clinicians completed a questionnaire each, regarding the participants’ oral health, 

denture wear, and health and lifestyle factors, appendices 7 and 8. Swabs, MWE 

Transwab-Amies MW170, were obtained from participants’ hard palates and 

dentures. Three participants wearing a complete maxillary denture had a swab 

collected from denture surface and underlying hard palate. Seven participants 

wearing a partial denture had one swab collected from the denture surface, one 

swab taken from an area of the hard palate underlying the denture, and one swab 

taken from an area of the hard palate that does not underlie the denture. Twenty 

two non-denture wearers had one swab taken from their hard palate, as indicated 

in appendix 9. Exclusion criteria included those under 50 years of age, and those 

known to be immunosuppressed. Swabs were streaked across the desired area 

of the oral cavity for 10 seconds and rotated to ensure full coverage of the swab. 

Swabs were returned to their transport media and processed within 24 hours of 

collection. 

4.3.6. Identification of C. albicans from patient samples 

Streak plates were performed, using one side of the patient swab, on SDA 

containing 100 µg/ml chloramphenicol, in order to reduce isolation of undesired 

organisms. Plates were incubated at 37˚C for 48 hours. Colonies were assessed 

morphologically, and those indicative of Candida spp. were counted and their 

abundance recorded. Positive isolates were then struck onto chromogenic agar, 

OXOID CM1002, for further identification. Chromogenic agar plates were 

incubated for 48 hours at 37˚C and examined by eye. Green colonies were 

indicative of C. albicans or C.dubliniensis. C. albicans is the most likely organism 

due to its higher prevalence in the oral cavity, however in order to confirm, 
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samples were further identified through PCR using forward 5’ “TTT ATC AAC 

TTG TCA CAC CAG A” 3’ and reverse 5’ “ATC CCG CCT TAC CAC TAC CG” 3’ 

primers as detailed in section 2.10. 

4.3.7. Identification of S. aureus from patient samples 

Streak plates were performed using the reverse side of the swab used in section 

4.3.6 on mannitol salt agar (MSA), OXOID CM0085, which is selective for 

bacteria that can grow within high salt concentrations. Subsequent plates were 

incubated at 37˚C for 24 hours. Visual identification of colonies was used to 

determine potential S. aureus isolates, and were counted and their abundance 

recorded. Colony morphology was observed; a golden appearance, and the 

fermentation of the MSA revealing a yellow colour, were taken to be indicative of 

an S. aureus isolate. Suspected isolates were confirmed to be S. aureus through 

subsequent coagulase and catalase biochemical tests. 

4.3.8. Sample recording and data analysis 

Patients were anonymised with a participant identification number. Upon receipt 

of samples and patient questionnaires, all data from the same participant was 

ensured to be catalogued by their participant information number, for further data 

analysis. Of interest was the frequency of single and dual isolation of C. albicans 

and S. aureus from the entire cohort, denture wearers, control patients, and DS 

sufferers. Of the entire cohort, only one diagnosed DS sufferer was encountered, 

therefore data were separated into either denture wearing or non-denture 

wearing control groups. Subsequent patient samples were used for infection of 

HaCaT monolayers and P/3DOMMs. 
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4.3.9. Single and dual infections of HaCaT monolayers with C. albicans and 

S. aureus  

HaCaT cells were seeded in a T25 flask and grown until confluent. Overnight 

cultures of the type strains C. albicans SC5314, and S. aureus SA5025 were 

washed 3 times in PBS and set at an MOI of 0.1. Flasks were then incubated at 

37°C in a humidified 5% CO2 incubator. The co-cultures and uninfected control 

wells were imaged at 0, 1, 2, 4, 7, 12, 18 and 24 hours.  

4.3.10. HaCaT cell dose response of single and dual infections of C. 

albicans and S. aureus 

HaCaT cells were seeded at a density of 2.5 × 105 and grown until confluent at 

37°C in a humidified 5% CO2 incubator. C. albicans CASC5314 and S. aureus 

116 were cultured in SDB, and TSB, respectively. Prior to use, C. albicans and 

S. aureus were washed 3 times via centrifugation in PBS. C. albicans was 

quantified using a haemocytometer. S. aureus was quantified 

spectrophotometrically. Both organisms were then set to a count of 5 × 105 

CFU/ml (MOI 1), and 5 × 104 CFU/ml (MOI 0.1) in DMEM + 10% FBS. Control 

wells contained media only, 1 ml of each organism in DMEM + 10% FBS was 

added to each single infection well, for dual infection 0.5 ml of each organism was 

added to the same well, at the desired MOI. Organisms were co-cultured with 

HaCaT cells for 24 hours, and supernatant collected for subsequent ELISA 

analyses. 
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4.3.11. Infection of 3DOMMs and P3DOMMs 

3DOMMs were grown until day 19, and P3DOMMs until day 14 (as previously 

described), and then infected with C. albicans SC5314 MOI 0.1 (1 × 105 CFU/ml), 

S. aureus P116 MOI 1 (1 × 106 CFU/ml), and both C. albicans and S. aureus MOI 

0.05 and MOI 0.5, respectively. For 3DOMMs organisms were introduced in 

DMEM + 10%FBS, whereas for P3DOMMs organisms were introduced in POKM. 

Models were co-cultured with the infective agents for 24 hours prior to fixation. 

Models were fixed in 2.5% glutaraldehyde, and cut into quarters, two of which 

were processed for histology, and two of which were processed for electron 

microscopy. Histology and electron microscopy methodology are detailed in 

section 2.5 and section 2.7.3, respectively. Supernatants were also collected for 

analysis of pro-inflammatory cytokine production by ELISA and stored at -20˚C 

until required. Data were standardised to a percentage of the control for each 

repeat. 

4.3.12. Histology time-course of S. aureus infection 

3DOMMs were grown for 19 days and infected with MOI 1 (1 × 106 CFU/ml) of S. 

aureus 116 in DMEM + 10%FBS. Models were fixed at 24, 48, and 72 hours and 

processed for histology and subsequent imaging. 

4.3.13. Single and dual infections of HaCaT monolayers with clinical 

isolates 

Different combinations of patient samples, and type strains, were added to 

HaCaT cells to compare isolates obtained from patients with single and dual 

colonisation of S. aureus and C. albicans. S. aureus was added at an MOI of 1, 
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whereas C. albicans was added at an MOI of 0.1. Microbes were cultured atop a 

confluent HaCaT monolayer for 24 hours and supernatant analysed by ELISA. 

Data were standardised to a percentage of the control for each repeat. 

4.3.14. Data analysis and statistics 

Statistical analyses are indicated in the results section, in the figure legend for 

each experiment, including which statistical tests were performed, and the 

number of experimental repeats. For all ELISA data, as standard a minimum of 

three independent experimental repeats, containing three biological replicates 

were performed, unless stated otherwise. For each biological replicate, a 

minimum of 2 technical replicates were performed. Also indicated in the figure 

legend is which groups were compared, if this is not stated then a comparison 

was made between all groups in a given graph. To select the appropriate 

statistical test, using GraphPad, a Shapiro-wilk test for normality was performed 

to determine data normality of all groups intended to be statistically compared. 

Parametric data was assessed with the use of a one-way ANOVA, followed by a 

Tukey’s multiple comparisons test. Non-parametric data was assessed using a 

Kruskal-Wallis test followed by a Dunn’s multiple comparisons test. For all, p-

values lower than 0.05 were taken to indicate statistical significance.
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4.4. Results 

4.4.1. Confirmation of C. albicans and S. aureus within patient samples 

A total of 32 participants were recruited, with a mean age of 67, 47% were female, 

and 53% male. Ten participants wore maxillary dentures, 7 of which wore a partial 

prosthesis and 3 of which wore a complete prosthesis. The remaining 22 

participants were non-denture wearing controls. Acrylic dentures were the most 

common, 2 patients wore chrome-cobalt-containing dentures. As the cohort was 

small, the data collected was insufficient to statistically identify potential risk 

factors associated with DS, and C. albicans and S. aureus carriage. 

Participant swabs were screened for C. albicans and S. aureus, through the use 

of selective media and visual identification of phenotypic traits that are 

characteristic of the colonies for each species. Following this, suspected C. 

albicans isolates were confirmed using chromogenic agar, and subsequent PCR, 

Figure 23. S. aureus isolates were confirmed by their ability to ferment mannitol, 

forming yellow colonies on MSA, as well as coagulase positive and catalase 

positive biochemical tests.  

 

Figure 23: PCR confirmation of C. albicans isolation from patient samples 

Confirmation of patient samples of C. albicans through PCR. D = denture, PUD = palate 

under denture, PNUD = palate not under denture, C = control patient.  A: No template 

control, B: Positive control (SC5314), C: 120PUD, D: 301D, E: 5018, F: 301PUD, G: 

116D, H: 217C, I: 202C, J: 120D, K: 216C, L: 204C, M: 120PNUD, N: 301PNUD. 
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All patient samples that indicated green colonies on chromogenic agar were 

confirmed to be C. albicans by PCR, with the exception of 301PUD. Therefore, 

10 isolates of C. albicans were obtained from patient samples, 7 of which were 

from different participants. Of all suspected Staphylococcus isolates, only one 

was confirmed to be S. aureus, 116 PUD, the remaining 7 were found to be 

coagulase negative Staphylococci. 

Table 11: Single C. albicans and S. aureus carriage, and dual carriage of both 

organisms within non-denture wearers and denture wearers.  

Swabs were taken from the palate of control participants (n = 22) and both the palate 

and denture surface of denture wearers (n = 10). For participants with a partial denture, 

swabs were taken from the prosthesis, an area of the hard palate under the denture 

(PUD), and an area of the hard palate not covered by the denture (PNUD). Percentage 

(%) and number (#) refers to the carriage of each individual group. 

              

Of the entire cohort, only 1 participant was found to be carrying S. aureus, of 

which the same participant was also found to be carrying C. albicans (isolated 

from different sites, the palate and denture, respectively). This accounts for 

3.13% of the total cohort, and 10% of the denture-wearing cohort. Seven 

participants in total were found to be carrying C. albicans, accounting for 21.88% 

of the total cohort. The percentage of single and dual carriage within non-denture 

Organism Non-denture 

wearers 

n = 22 

Denture-wearers 

n = 10 

Oral mucosa Oral 

mucosa 

PUD 

n=10 

PNUD 

n=7 

Prosthesis 

C. albicans # 4 2 1 2 3 

% 18.2% 20% 10% 28.6 30% 

S. aureus # 0 1 1 0 0 

% 0% 10% 10% 0% 0% 

Both # 0 0 0 0 0 

% 0% 0% 0% 0% 0% 

Neither # 18 7 8 5 7 

% 81.8% 70% 80% 71.4% 70% 
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wearing and denture wearing participants is indicated in Table 11. Some 

participants indicated carriage of C. albicans in more than one area, for example 

on the denture, hard palate under the denture, and on an area of their hard palate 

that was not covered by a partial denture plate. The isolation of C. albicans and 

S. aureus from each area is also indicated in Table 11. As well as identifying the 

proportion of carriage within denture wearing and non-denture wearing 

participants, the isolation of oral samples of C. albicans and S. aureus provided 

clinically relevant patient samples, for which to implement in further study. 

4.4.2. The effect of single and dual infections of C. albicans and S. aureus 

on an epithelial monolayer 

Initially, C. albicans and S. aureus were added to monolayers of HaCaT cells, in 

order to study the morphology of the microbes and the response of underlying 

cells, during single and dual infections, Figure 24.  The control cells experienced 

no change in morphology of the monolayer over the 24 hour time course. C. 

albicans alone presented at 0 hours as few singular yeast cells. By 1 hour, small 

islands of C. albicans hyphae had formed. These hyphal elements continued to 

multiply, and covered the majority of the field of view from 12 hours onwards; up 

until the 24-hour time point an intact epithelium could be observed below the 

hyphal structures. S. aureus initially could not be observed due to its relatively 

small size in relation to the HaCaT monolayer. At 4 hours, clusters of S. aureus 

could be observed, and from 7 hours onwards, the monolayer displayed signs of 

damage through lifting of the HaCaT cells. At 12 hours, the cellular boundaries 

became unclear. From 18 hours onwards, the HaCaT monolayer had lifted from 

the surface of the culture flask and cells were no longer intact. Dual infection with 

C. albicans and S. aureus began with only a few singular yeast cells visible. At 
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the 2 and 4 hour time-points, C. albicans appeared as clusters of both its yeast 

and hyphal forms, with S. aureus appearing amongst this. From this point 

onwards C. albicans presence was less obvious. At 18 hours, few elongated 

hyphae were observable over a hazy monolayer of epithelial cells with unclear 

boundaries. At 24 hours the HaCaT monolayer had lifted, and appeared entwined 

with C. albicans hyphae and S. aureus. 
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Figure 24: HaCaT monolayer time-course with single and dual infections of C. 

albicans and S. aureus.  

From previous page: a representative sample of an infection time-course (0-24 hours) of 

a HaCaT monolayer cultured with single and dual infections C. albicans SC5314 and S. 

aureus 116, as well as a non-infected control. Images were taken at 200× magnification 

over a 24 hour period. 

 

4.4.3. The effect of single and dual infections of C. albicans and S. aureus 

on P/3DOMM morphology 

After studying the effect of single and dual infections on a HaCaT monolayer, 

3DOMMs were employed for the same purpose. The same models were used to 

produce histology and electron microscopy sections; subsequently, tissue 

morphology and microbial invasion were observed, Figure 25 and Figure 26 . A 

control model was produced that displayed a multi-layered intact epithelium, 

which upon visualisation did not appear keratinised. Fibroblasts appeared 

abundant within the lamina propria, and the epithelium and lamina propria were 

anchored together, with no observed separation. Models infected with C. albicans 

alone presented as a layer of hyphae atop the epithelial layer, Figure 25. There 

was no clear evidence of C. albicans hyphal invasion into the epithelium as a 

result of single C. albicans infection, in this case. S. aureus was present within 

the lamina propria layer, and appeared to line the cavities present within the 

tissue structure. For dual infections, C. albicans and S. aureus were present atop 

the epithelium and within the lamina propria layer. C. albicans formed a layer at 

the upper most of the section, above the epithelium. S. aureus appeared 

throughout the Candida layer, in clusters. Upon dual infection, C. albicans hyphae 

was observed within the epithelium. Electron-micrograph images, Figure 26, 

indicated S. aureus within the lamina propria area of the tissue.  C. albicans 
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hyphae were shown to be penetrating the tissue of a disorganised epithelium. C. 

albicans was present in both its yeast and hyphal forms. Figure 27 displays a 

length of 3DOMM infected with both C. albicans and S. aureus. C. albicans 

appeared to span the entire epithelium, with S. aureus entrapped underneath. S. 

aureus is only visible when in clusters due to its size. The layer of C. albicans 

hyphae varied in thickness. C. albicans hyphae appeared to penetrate the 

epithelium, as indicated.  

 
Figure 25: Histology of 3DOMMs single and dual infections with C. albicans and S. 

aureus 

A representative sample of paraffin embedded, 4 μm sectioned, haematoxylin and eosin 

stained 3DOMMs infected with C. albicans (MOI 0.1), S. aureus (MOI 1) and both (MOI 

0.05 and 0.5, respectively). Models imaged are the same models as used for TEM. 

Image A displays a control model (100 X magnification), in absence of any infection. 

Image B displays a model infected with C. albicans (200 X magnification). Image C 

displays a model infected with S. aureus (200 X magnification). Image D displays a 

model infected with both C. albicans and S. aureus (400 X magnification). Magnifications 

between A, B, C and D vary in order to display the microbial interactions with the tissue. 
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Figure 26: Transmission electron microscopy images of C. albicans and S. aureus.  

Both were directly seeded onto the 3DOMM at day 19 of culture and co-cultured for 24 

hours prior to fixation and processing for TEM. Image A displays a collection of S. aureus 

bacteria including a dividing bacterium. Image B displays both the yeast and hyphal form 

of C. albicans situated within the 3DOMM towards the epithelial surface. Image C 

displays C. albicans in yeast and hyphal form, including a budding cell, situated above 

the epithelium (not in field of view). Image D displays S. aureus bacteria situated above 

the lamina propria layer of the 3DOMM. With thanks to Glenn Harper of the University of 

Plymouth’s electron microscopy suite for his technical support in retrieving these images.
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Figure 27: Histology of 3DOMM dual species infection with C. albicans and S. 

aureus 

From previous page: a haematoxylin and eosin stained, paraffin embedded, 4 μm 

sectioned, 3DOMM infected with C. albicans (MOI 0.05) and S. aureus (MOI 0.5) (100 X 

magnification). The model was infected at day 19 for a duration of 24 hours.  

 

There was no apparent epithelial damage caused to any of the infected 3DOMMs 

observed so far. These models were co-cultured with the corresponding microbes 

for 24 hours. Considering the destruction of the monolayer of epithelial cells by 

S. aureus observed within Figure 24, it was proposed that upon longer co-culture 

with S. aureus, epithelial damage was likely to occur. Figure 28 indicates the 

effect of culturing S. aureus with 3DOMMs for 24, 28 and 72 hours. The 3DOMMs 

created for this n = 1 study did not appear to have an intact epithelium in any of 

the models (wherever possible, a representative sample of the epithelium was 

selected for display in Figure 28). For this reason, it is not possible to deduce 

whether the lack of an epithelium within the 48 and 72 hour time points are due 

to S.aureus invasion and destruction, or due to the tissue morphology itself prior 

to introducing the infective agent. Nevertheless, at 72 hours there appears to be 

evidence of large globules of nuclear material that may be indicative of cell death. 
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Figure 28: Histology of 3DOMMs infected with S. aureus for 24, 48 and 72 hours  

Haematoxylin and eosin stained, paraffin embedded, 4 μm sectioned, 3DOMM infected 

with S. aureus (MOI 1) (200 X magnification). Bacteria were added to the models at day 

19 of model growth and co-cultured for 24, 48, or 72 hours prior to fixation. Images 

displayed are representative samples of one experimental repeat performed in duplicate, 

Control (A and E), 24 hours of infection (B and F), 48 hours of infection (C and G) and 

72 hours of infection (D and H). 

 

Finally, to compare the HaCaT-based 3DOMMs with the use of primary oral 

keratinocytes for modelling infection, P3DOMMs were infected with single and 

dual infections of C. albicans and S. aureus Figure 29. As observed within 

Chapter 3, Figure 29 indicated the presence of a broken epithelium, presenting 

within enlarged epithelial cells, with gaps between. Fibroblasts appeared 

throughout the lamina propria layer. C. albicans alone appeared to form a hyphal 

layer above an intact epithelium. Infection with S. aureus alone indicated a broken 

epithelium containing clusters of S. aureus, and fragments of epithelial cells 

amongst intact yet dysmorphic cells. Amongst the disjointed epithelial cells of the 

dual-species infected P3DOMM, a mix of C. albicans and S. aureus were 

abundant. S. aureus appeared in clusters alone, and associated with C. albicans 
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hyphae. Both organisms appeared closely associated with each other and the 

epithelial cells. 

 

Figure 29: Histology of P3DOMM infection with single and dual species infection 

with C. albicans and S. aureus  

A representative sample of paraffin embedded, 4 μm sectioned, Haematoxylin and eosin 

stained P3DOMMs infected at day 14 of model culture for 24 hours with C. albicans (MOI 

0.1), S. aureus (MOI 1) and both (MOI 0.05 and 0.5, respectively). Image A displays a 

control model, in absence of any infection (200 X magnification). Image B displays a 

model infected with C. albicans (200 X magnification). Image C displays a model infected 

with S. aureus (100 X magnification). Image D displays a model infected with both C. 

albicans and S. aureus (400 X magnification).  
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4.4.4. Pro-inflammatory cytokine production by HaCaT monolayers in 

response to single and dual species infection 

The capability of C. albicans and S. aureus to induce the production of pro-

inflammatory cytokines IL-6 and IL-8 within HaCaT cells and P/3DOMMs were 

assessed. Firstly, a dose response was performed to determine an appropriate 

infective dose of C. albicans and S. aureus to introduce to HaCaT monolayers, in 

terms of MOI, Figure 30. 

S. aureus at an MOI of 1 and 0.1 led to significantly more IL-6 production in 

HaCaT cells when compared to the unstimulated control, (p = 0.0021 and p < 

0.0001, respectively for each MOI). C. albicans at an MOI of 1 and 0.01 also led 

to significantly more IL-6 production than the unstimulated control (p < 0.0001 for 

both MOIs). Dual infections of C. albicans and S. aureus at an MOI of 1 and 0.1 

also led to an increase in IL-6 production when compared with the control (p < 

0.0001 and p = 0.0249, respectively for each MOI). 

S. aureus at an MOI of 1 and 0.1 led to a significant increase in IL-8 secretion by 

HaCaT cells, when compared to the unstimulated control (p < 0.0001 for both 

MOIs). C. albicans at an MOI of 1 and 0.1 also led to a significant increase in IL-

8 production when compared to the unstimulated control (p < 0.0001 and p = 

0.0010, respectively for each MOI). Furthermore, a significant increase in IL-8 

production was observed when cells were stimulated with dual infections of both 

organisms, at either MOI, when compared to the unstimulated control (p < 0.0001 

for both). 
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Statistical significance was also assessed between HaCaT cells introduced to S. 

aureus at an MOI of 0.1 and 1, C. albicans of an MOI of 0.1 and 1, and each 

individual organism with dual infections of both organisms at all concentrations. 

S. aureus at an MOI of 0.1 led to significantly more IL-8 production by HaCaT 

cells than when cells were stimulated with both organisms at an MOI of 1 or 0.1 

(p = 0.0002 and p < 0.0001, respectively).  

These data revealed the potential for a highly significant upregulation in both IL-

6 and IL-8 pro-inflammatory cytokine production, upon infection of HaCaT cells 

with single and dual infections of C. albicans and S. aureus at either MOI. The 

lower dose of MOI 0.1 was carried forward for subsequent monolayer interaction 

studies. 
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Figure 30: Pro-inflammatory cytokine production by HaCaT cells in response to 

different doses of C. albicans and S. aureus  

IL-6 (A) and IL-8 (B) pro-inflammatory cytokine production by HaCaT cells infected with 

C. albicans (CA), S. aureus (SA), and both C. albicans and S. aureus (B). Graphs 

indicate three experimental repeats performed in triplicate. HaCaT cells were co-cultured 

with the infective organism for 24 hours, and cytokine production assessed via Sandwich 

ELISA. X-axis labels indicate the infective organism/s followed by the infective dose. 

Significant differences in cytokine production were compared between the control group 

and all test groups, between differing doses of the same organism, and between each 

individual organism and dual infections of both organisms. Data normality was assessed 

using the Shapiro-Wilk test for normality. Data is standardised to a percentage of the 

control. Statistical significance was determined using a Kruskal-Wallis test followed by a 

Dunn’s multiple comparisons test. Statistical significance is indicated on the graph (* p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars represent standard deviation. 

 

 

Next, HaCaT cells were infected with single and dual infections of C. albicans 

and S. aureus at an MOI of 0.1, Figure 31. IL-6 data is not displayed as all data 
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were below the ELISA detection range. There was a significant increase in IL-8 

production by HaCaT cells stimulated with C. albicans, S. aureus, and both when 

compared to the unstimulated control (p < 0.0001 for all). However, there was no 

significant difference in IL-8 production between the different infective agents. 

 

 

Figure 31: HaCaT response to single and dual infections of C. albicans and 

S. aureus 

HaCaT IL-8 pro-inflammatory cytokine production infected with single and dual infections 

of C. albicans SC5314 and S. aureus 116. Graphs indicate seven experimental repeats, 

performed in triplicate. HaCaT cells were co-cultured with the infective organisms for 24 

hours, and cytokine production assessed via Sandwich ELISA. Significant differences in 

cytokine production were compared to every other group. Data normality was assessed 

using the Shapiro-Wilk test for normality. Statistical significance was determined using a 

one-way ANOVA followed by a Tukey’s multiple comparison’s test. Statistical 

significance is indicated on the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001). Error bars represent standard deviation. IL-6 data was omitted as all data were 

found to be below range of the ELISA standard curve. Error bars represent standard 

deviation. 

 



 

135 

4.4.5. Pro-inflammatory cytokine production by P/3DOMMs in response 

single and dual species infection 

 As HaCaT cells were proven able to produce pro-inflammatory cytokines in 

response to live infective agents, it was hypothesised that 3DOMMs would also 

be responsive. Chapter 3 indicated the constitutively high level of pro-

inflammatory cytokine production by the 3DOMM. This section therefore aimed 

to determine whether the 3DOMM was able to upregulate pro-inflammatory 

cytokine production in response to infective agents, or whether the high level of 

constitutive expression rendered the model ineffective to study upregulation of 

pro-inflammatory cytokine (IL-6 and IL-8) release.  

For 3DOMMs, infection of C. albicans was performed at an MOI of 0.1, and S. 

aureus at an MOI of 1, to more accurately represent the proportion of organisms 

that would be identified in active infection in vivo. For infection with both 

organisms, half of each dose was added to the models.  

Compared with the unstimulated control, 3DOMM infection with C. albicans, or S. 

aureus, or dual infections of both microbes led to a significant increase in IL-6 

and IL-8 production (p = 0.0013, p = 0.0071 and p = 0.0015 for IL-6, and p < 

0.0001, p = 0.0001 and p = 0.0314 for IL-8, respectively). There was no significant 

difference in 3DOMM IL-6 and IL-8 production, between single infections with C. 

albicans, or S. aureus, or dual infections with both organisms, Figure 32. 
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Figure 32: 3DOMM response to single and dual infections of C. albicans and S. 

aureus 

IL-6 (A) and IL-8 (B) pro-inflammatory cytokine production by 3DOMMs infected with 

single and dual infections (Both) of C. albicans SC5314 MOI 0.1 and S. aureus P116 

MOI 1. Graphs indicate three experimental repeats performed in triplicate. 3DOMMs 

were co-cultured with the infective organisms for 24 hours, and cytokine production 

assessed via Sandwich ELISA. Significant differences in cytokine production were 

compared to the every other group. Data normality was assessed using the Shapiro-Wilk 

test for normality. Statistical significance was determined using a Kruskal-Wallis test 

followed by a Dunn’s multiple comparisons test. Statistical significance is indicated on 

the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars represent 

standard deviation.  

 

P3DOMMs were also infected with single and dual infections of C. albicans and 

S. aureus in the same manner as the 3DOMM. Infection of P3DOMMs with C. 

albicans, or S. aureus, or dual infections of both, led to significantly more IL-6 

production by 3DOMMs than when unstimulated (p < 0.0001, p = 0.0011 and p = 

0.452, respectively). P3DOMMs infected with C. albicans, or S. aureus, or both, 

indicated no significant difference in IL-8 production between the unstimulated 

control and P3DOMMs infected with any combination of microbes. Interestingly, 

despite the lack of significant difference in IL-8 production between the 

unstimulated control and infected groups, infection with C. albicans alone led to  
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significantly more IL-8 production by P3DOMMs than infection with S. aureus or 

both (p = 0.0002, and p = 0.0234, respectively), Figure 33. 

 

Figure 33: P3DOMM response to single and dual infections of C. albicans and S. 

aureus 

Pro-inflammatory cytokine production, IL-6 (A) and IL-8 (B) , by P3DOMMs infected with 

single and dual infections (Both) of C. albicans SC5314 MOI 0.1 and S. aureus P116 

MOI 1. Graphs indicate three experimental repeats performed in triplicate. P3DOMMs 

were co-cultured with the infective organisms for 24 hours, and cytokine production 

assessed via Sandwich ELISA. Significant differences in cytokine production were 

compared to the every other group. Data normality was assessed using the Shapiro-Wilk 

test for normality. Statistical significance was determined using a Kruskal-Wallis test, 

followed by a Dunn’s multiple comparisons test. Statistical significance is indicated on 

the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars represent 

standard deviation.  

 

 

4.4.6. Single and dual species infection of HaCaT monolayers with C. 

albicans and S. aureus patient samples 

Patient isolates of C. albicans and S. aureus were utilised by co-culture with 

HaCaT cells, in order to determine whether the lack of significant difference 

observed in pro-inflammatory cytokine production, between single and dual 
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infection of both organisms, was observed across multiple isolates. The type 

strains C. albicans SC5314 and S. aureus 1555 were used as control strains due 

to their well characterised virulence. Isolates obtained from patients were also 

utilised. Two isolates were selected because they were obtained from a patient 

with dual species colonisation (C. albicans 116 and S. aureus 116). Strains were 

co-cultured in isolation, and in combination with strains of the other species. This 

was to test the hypothesis that there would be a variation in pro-inflammatory 

cytokine production between single and dual species infection.  

Single and dual infections of CASC5314 and SA1555, CASC5314 and SA116, 

CA116 and SA1555, and CA116 and SA116, indicated no significant difference 

in IL-6 production by HaCaT cells, between single and dual infections of any 

combination, nor between infection with any of the organisms and the 

unstimulated control, Figure 34. 

Similarly, single and dual infections of CASC5314 and SA1555, CA116 and 

SA1555, and CA116 and SA116, caused no significant difference in IL-8 

production by HaCaT cells, between single and dual infections of any 

combination, nor between infection with any of the organisms and the 

unstimulated control. However, there was a significant difference in IL-8 

production between single infection of HaCaT cells with CASC5314, and dual 

infection with CASC5314 and SA116, whereby a significant decrease in IL-8 

production was observed upon dual infection, compared with single infection of 

CASC5314. Despite this significance, there was still no significant difference in 

IL-8 production between the unstimulated control, and HaCaT cells infected with 

CASC5314 and/or SA116, Figure 35. 
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Figure 34: IL-6 production by HaCaT cells in response to single and dual infections 

of C. albicans and S. aureus 

IL-6 pro-inflammatory cytokine production by HaCaT cells when stimulated with different 

isolates of C. albicans (CA)  and S. aureus (SA), CASC5314 and SA1555 (A), 

CASC5314 and SA116 (B), CA116 and SA1555 (C), and CA116 and SA116 (D). Graphs 

indicate two experiments performed in triplicate. Data was standardised to a percentage 

of the control (unstimulated HaCaT) for each repeat. C. albicans SC5314 and S. aureus 

SA1555 strains are type strains. Strains dual isolated from the same patient are C. 

albicans 116 and S. aureus 116. C. albicans and S. aureus were co-cultured with a 

HaCaT monolayer for 24 hours at an MOI of 0.1 and 1, respectively. Cytokine production 

was measured via sandwich ELISA, and significant differences in cytokine production 

were compared between each individual graph. Data normality was assessed using the 

Shapiro-Wilk test for normality. All data was analysed using a one-way ANOVA followed 

by a Tukey’s multiple comparisons test. Statistical significance is indicated on the graph 

(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars represent standard 

deviation. 
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Figure 35: IL-8 production by HaCaT cells in response to single and dual infections 

of C. albicans and S. aureus 

IL-6 pro-inflammatory cytokine production by HaCaT cells when stimulated with different 

isolates of C. albicans (CA)  and S. aureus (SA), CASC5314 and SA1555 (A), 

CASC5314 and SA116 (B), CA116 and SA1555 (C), and CA116 and SA116 (D). Graphs 

indicate two experiments performed in triplicate.  Data was standardised to a percentage 

of the control (unstimulated HaCaT) for each repeat. C. albicans SC5314 and S. aureus 

SA1555 strains are type strains. Strains dual isolated from the same patient are C. 

albicans 116 and S. aureus 116. C. albicans and S. aureus were co-cultured with a 

HaCaT monolayer for 24 hours at an MOI of 0.1 and 1, respectively. Cytokine production 

was measured via sandwich ELISA, and significant differences in cytokine production 

were compared between each individual graph. Data normality was assessed using the 

Shapiro-Wilk test for normality. All data was analysed using a Kruskal-Wallis test 

followed by a Dunn’s multiple comparisons test. Statistical significance is indicated on 

the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars represent 

standard deviation. 
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4.5.  Discussion 

4.5.1. Considerations for oral infection models 

Oral isolates of C. albicans and S. aureus were obtained from participants, some 

of which were employed for subsequent monolayer and 3DOMM infection studies. 

The proportion of single and dual species colonisation within denture wearing and 

non-denture wearing participants, and the area of the oral cavity from which the 

organisms were isolated, were taken into consideration. This chapter explored 

the suitability of P/3DOMMs to study tissue colonisation and invasion upon live 

infection with single and dual species of C. albicans and S. aureus, whilst 

considering the ability of HaCaT monolayers and P/3DOMMs to produce pro-

inflammatory cytokines in response to live infective agents.  Further to this, this 

chapter employed the use of HaCaT monolayers and P/3DOMMs to explore the 

proposed synergistic relationship between C. albicans and S. aureus.  

4.5.2. Oral isolates of C. albicans and S. aureus 

There were several initial aims for the patient study; not all could be achieved due 

to the lower than desired number of participants recruited onto the study. Aims 

therefore were adapted based upon the number and proportion of participants. It 

was not possible to make a comparison between the isolation of C. albicans and 

S. aureus, between participants presenting with DS, healthy denture wearers, 

and non-denture wearing controls, as only one participant was found to present 

with DS. Furthermore, due to the low sample size it was not possible to determine 

associations between C. albicans and S. aureus carriage, and health and lifestyle 

factors of the participant, due to the lack of statistical power. 
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The acquisition of clinically relevant isolates of C. albicans and S. aureus from 

the oral cavity of patients was achieved, and these samples were later 

implemented for infection studies. Typically, type strains are employed in order 

to study oral infection, however type strains are rarely oral isolates, and therefore 

may exhibit different virulence factors than those typical of an oral resident. The 

novel isolation and implementation of oral strains provides the advantage of 

studying the oral mucosal response to microbes of the same biological niche. 

SA116, an oral mucosal isolate, was used frequently in the subsequent 

experimentation in order to test the efficacy of P/3DOMMs, and to study the 

interactions of P/3DOMMs and HaCaT monolayers, with single and dual 

infections of S. aureus and C. albicans. CA116 was also implemented for the 

study of dual infections alongside SA116.  

Within the present study, it was also possible to indicate whether microbial 

carriage is more prevalent on the prosthesis or on the hard palate within the 

denture wearing population, with C. albicans being most frequently isolated on 

the denture, and S. aureus most frequently isolated on the palate under the 

denture. Uniquely, within the present study it was possible to compare the 

prevalence of C. albicans and S. aureus within denture wearers and non-denture 

wearers from the same demographic, whereas previous studies have focused 

upon DS denture-wearers compared with healthy denture-wearers (36,37,239). 

In the present study, 18.18% of participants in the non-denture wearing control 

group tested positive for C. albicans carriage, compared with 30% of the denture 

wearing population. No participants in the non-denture wearing control group 

presented with S. aureus carriage, compared to 10% of the denture wearing 

population. 
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 Also unique to the present study is the swabbing of different areas of the hard 

palate for participants who wear a partial maxillary prosthesis, in order to explore 

the impact of denture wear upon the microbial composition within a single 

individual. Of the two participants who both tested positive for C. albicans, and 

wore partial maxillary denture, both exhibited denture and palate colonisation 

from an area not residing under the denture plate, whereas, unexpectedly, only 

one of the two participants exhibited colonisation of the area under the denture. 

This data cannot be extrapolated beyond the context of the present study, due to 

participation numbers, nor may it can be compared with existing literature, as 

other studies either only included patients with a complete maxillary prosthesis, 

or did not discriminate between the area of the hard palate sampled within their 

reported results (36,37). 

Within the cohort of 32 patients, 3.13% carried both C. albicans and S. aureus, 

21.88% carried C. albicans, and none carried S. aureus alone, however 21.88% 

were found to be carrying a species of coagulase negative staphylococci. In the 

general population it is commonly reported that anywhere between 30% and 50% 

of people are oral carriers of C. albicans (253). S. aureus is less frequently 

reported, and is thought to be present in the oral cavity of approximately 18% of 

people (236).  Martins et al., 2002, identified oral Candida and Staphylococcal 

species using oral rinses on healthy participants who did not wear dentures. It 

was identified that 95.59% of participants carried Staphylococcus spp.,13.9% of 

which were S. aureus, which equates to 13.23% total S. aureus carriage of the 

entire cohort (252). Furthermore 61.66% of patients carried Candida spp., of 

which 61.22% were C. albicans, which equates to 44.12% total C. albicans 

carriage of the entire cohort (252). These results are slightly higher, but at a 
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similar proportion, to those identified in the present study. Majima et al., 2014 

studied C. albicans carriage within healthy control participants, and indicated that 

14.7% of their cohort presented with C. albicans carriage, close to that of the 

18.2% carriage observed within healthy control participants in the present study 

(254). The lower percentage of  C. albicans carriage observed by Majima et al., 

may be attributed to the lower mean participant age, 34.67 years as opposed to 

67 years in the present study, as Candida carriage is thought to increase with 

age; however, in the study performed by Martins et al., mean participant age was 

34.45 years, lower than that of Majima’s cohort, and C. albicans carriage was 

substantially higher (252,254,255).  

Within denture wearers, the proportion of reported C. albicans and S. aureus 

carriage shifts. Monroy et al., 2005, identified the mucosal carriage of these 

microbes within denture wearers to be 51.4% and 52.4%, respectively (36). 

Chopde et al., 2012, indicated a similar proportion of carriage within denture 

wearers, 55.4% and 56.4%, respectively. These studies recruited larger cohorts 

of patients, 105 and 200 patients, respectively, compared with the 32 

incorporated into the present study. Furthermore approximately half of the 

participants in both of these studies presented with DS, compared with 1 

participant in the present study (36,37). It should be noted that as the 

aforementioned cohorts consisted of denture-wearers only, including both 

healthy participants and those with DS, and the reported percentages take into 

account both populations, it is not unexpected that the overall total proportion of 

C. albicans and S. aureus carriage differ from the present study, which also took 

into account non-denture wearing control participants. Monroy et al., 2005, and 

Pereira et al., 2013,  demonstrated that dual carriage of C. albicans and S. aureus 
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in DS patients was greater than that of the healthy denture wearing population, 

due to the lack of DS participants recruited onto the present study, it is not 

possible to make this comparison (36,239).  

The use of a single sampling methodology may explain the reduced isolation of 

C. albicans and S. aureus within the present study, compared to the overall 

reported prevalence in denture wearers. Pereira et al., 2013, implemented the 

use of oral and prosthesis swabs, as well as an oral rinse, to discover that within 

healthy denture wearing patients 34% carried C. albicans, 62% carried S. aureus, 

and 20% carried both, substantially more than indicated in the present study (239). 

Although, Chopde et al., 2012 used a similar sampling method to the present 

study, implementing the use of swabs, and a higher overall isolation of C. albicans 

and S. aureus was obtained (37). Lewis et al., 2015, studied denture wearer’s by 

means of a denture swab, and found that of a total of 200 participants, an average 

of 30% of participants tested positive for S. aureus (239,256). Al-Dossary et al., 

2018, identified that 61.5% of denture wearing participants carried C. albicans, 

as identified by an oral rinse (257). It is clear from the aforementioned studies 

that variation within sampling methodologies, cohort size, and study aims are 

present, meaning a direct comparison between each study and the present study 

is difficult. It is also apparent that even between similar studies, there is 

substantial variation in reported percentage carriage for C. albicans and S. 

aureus, as detailed in Table 12. Whether such differences are as a result of study 

design or the demographic of participants, is difficult to deduce, therefore it is not 

possible to confidently state the average percentage carriage of either organism 

within control participants, healthy denture wearers, nor participants with denture 

stomatitis. 
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With regards to the present study, the recruitment of more participants would 

have provided a more representative sample, with a higher statistical power, 

enabling more robust conclusions to be drawn. Also, the implementation of 

multiple sampling mechanisms would be likely increase the yield of C. albicans 

and S. aureus isolation due to the increased surface area sampled, and the 

inclusion of different biological niches within the oral cavity through the use of an 

oral rinse, however this should be used in combination with swab techniques, in 

order to not negate the ability to determine the localisation and association of 

microbial carriage within the oral cavity of denture wearers. 
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Table 12: Reported percentage carriage of C. albicans and S. aureus in the oral cavity                                                                                                              

A comparison of the present study and relevant literature. Blank cells indicate that data was not reported in the associated study. C.a indicates C. 

albicans, S.a indicates S. aureus, and B indicates both. Some data has been reconfigured for display, to aid comparison with other studies.* Article 

displayed a discrepancy with reported data for the prosthesis carriage of C. albicans within the healthy control group, it was therefore excluded. 

 

Study 
 

Sample 
 

Combination Control Denture control Denture Stomatitis Ref 

C.a S.a B C.a S.a B C.a S.a B C.a S.a B  

Present study Oral (all) 21.9% 3.1% 3.1% 18.2% 0.0% 0.0% 30.0% 10.0% 10.0%     

 Mucosa 18.8% 3.1% 0.0% 18.2% 0.0% 0.0% 20.0% 10.0% 0.0%     

 Prosthesis 9.4% 0.0% 0.0%    30.0% 0.0% 0.0%     

Alrayyes 2019 Oral rinse    24.0%         (258) 

Al-Dossary 2018 Oral rinse    33.6%   61.5%      (257) 

Lewis 2015 Prosthesis        30.0%     (256) 

McCormack 2015 Oral (all)  18.0%           (236) 

Majima 2014 Oral (all)    14.7%         (254) 

Pereira 2013 Oral (all)       34.0% 62.0% 20.0% 94.0% 42.0% 40.0% (239) 

 Mucosa       6.0% 22.0%  58.0% 22.0%   

 Prosthesis       28.0% 26.0%  42.0% 26.0%   

 Oral rinse       20.0% 20.0%  52.0% 40.0%   

Chopde 2012 Mucosa 55.4% 56.4%     51.0% 53.0%  86.0% 84.0%  (37) 

 Prosthesis 69.7% 45.3%     68.0% 52.0%  28.0% 40.0%   

Zomorodian 2011 Oral (all) 41.5%            (259) 

Monroy 2005 Mucosa 51.4% 52.4% 42.9%    20.0% 23.6% 10.9% 86.0% 84.0% 78.0% (36) 

 Prosthesis 66.7% 49.5% 18.1%    * 61.8% 23.6% 26.0% 36.0% 12.0%  

Martins 2002 Oral rinse    44.1% 13.2%        (252) 

Abu-Elteen 1998 Oral (all)    36.8%   78.3%      (260) 
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4.5.3. Tissue damage and invasion 

HaCaT monolayers infected with C. albicans appeared to remain intact for the 

duration of 24 hours. C. albicans colonisation increased over time and 

transitioned from yeast to hyphal form. S. aureus disrupted the HaCaT monolayer 

by 12 hours, following this the epithelium began to lift and cells appeared non-

viable due to the lack of cellular boundaries. It is well known that S. aureus can 

cause skin infections and disruption to the epithelium, which occurred rapidly in 

this case, most likely as it consisted of a single layer. S. aureus possesses 

virulence factors such as protein-A, alpha toxin, and exogenous proteases, that 

may cause disruption to the epithelial barrier, enabling it to pass into deeper 

tissues (261–263). Interestingly, dual infections with C. albicans and S. aureus 

presented with less damage to the HaCaT monolayer than S. aureus alone. This 

does not correlate with the reports of increased virulence indicated within the 

literature for dual infections, however the majority of these studies have focused 

on animal study mortality rates upon intraperitoneal injections (246,247,264). It is 

possible that the presence of C. albicans helped to protect the epithelium in this 

case, however it is more likely that incubating both organisms at any one time, 

even with half of the infective dose for each, may lead to a competition for 

nutrients, resulting in reduced numbers and inhibited growth of Staphylococci. 

Control 3DOMMs had an intact epithelial barrier that adhered to the lamina 

propria. Models infected with C. albicans presented with a Candida biofilm atop 

the epithelium, irrespective of whether S. aureus was present. In some areas, C. 

albicans hyphae appeared to be penetrating the epithelium, however this was not 

a frequent occurrence, nor did it appear to damage the epithelial barrier. Other 

studies have reported C. albicans to cause disruption to the full-thickness oral 
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model epithelium, with frequent penetration of Candida hyphae (14,42,265). The 

present study used C. albicans SC5314, as did another study that contrastingly 

reported epithelial damage upon infection. Dongari-bagtzoglou et al., 2006, 

indicated that 24 hour infection with C. albicans SC5314 caused significant 

disruption to the tight junctions of the epithelium and subsequent invasion,  

however C. albicans was initially seeded at an MOI of 1, 10 times greater than 

that of the present study (265).  Morse et al., 2018, demonstrated that C. albicans 

remained in yeast form, and caused less damage to the epithelial barrier within 

epithelium only RHOE models, compared to full-thickness Epi-Oral models. As C. 

albicans SC5314 has been demonstrated to cause epithelial damage within a 24 

hour period previously, it is plausible to consider that the epithelia of the newly 

developed 3DOMMs, may be more robust than those discussed above;  resulting 

in these lower levels of tissue invasion and visual damage, upon infection. 

Particularly, as preliminary data from the present study revealed no epithelial 

damage upon infection with higher doses of C. albicans SC5314, Figure 36.  

 

Figure 36: Infected 3DOMM with C. albicans at an MOI of 1 

Histology of 3DOMMs infected at day 19 with C. albicans at 5 × 106 CFU/ml (MOI 1), for 

24 hours (200 X magnification).  
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Histology and electron micrograph images revealed the presence of S. aureus 

within the lamina propria layer, despite the lack of an obvious route of entry. 

Infection with S. aureus alone did not cause disruption to the epithelial barrier of 

the 3DOMM, as supported by Carvalho Dias et al., 2018 (14). However it has 

been shown by Reddersen et al., 2019, that upon infection with the higher dose 

of 1 × 109 CFU/ml, S. aureus may cause epithelial damage within a full-thickness 

epidermal model, as identified through histological analysis and LDH release (54). 

Dual infection with C. albicans and S. aureus in the present study revealed no 

obvious epithelial damage, also absent with isolates alone. S. aureus appeared 

in clusters amongst the hyphal elements.  C. albicans hyphae were demonstrated 

to be penetrating the epithelium, as confirmed through TEM, however this was 

an infrequent occurrence. From observing the histology, C. albicans single and 

dual infections appeared to present in the same manner, with some penetrating 

hyphae, but an overall intact epithelium. Carvalho Dias et al., 2018, reported the 

extent and depth of infection with dual species of C. albicans and S. aureus, were 

greater than when alone; this was not observed in the present study (14). 

P3DOMMs infected with single or dual species of C. albicans and S. aureus 

exhibited infective agents throughout the epithelium. This was likely due to the 

fact the epithelium of the model was not intact upon infection, as opposed to a 

result of the microbes’ ability to invade. This was supported by the disrupted 

control epithelium. Observations indicated more invasion of the P3DOMM within 

the dual species infection than infection with S. aureus alone, however for both, 

microbes were observed amongst the epithelial cells. The least invasion was 

observed within the C. albicans single infection, with few hyphae penetrating the 
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epithelium. Whilst the concept that dual species infection leads to increased 

virulence and invasion supports the observed literature, the already disrupted 

epithelium did not provide a sufficient epithelial barrier to comment on true tissue 

invasion. P3DOMMs were therefore deemed not suitable to be used to study the 

colonisation, invasion and virulence of live infective agents. 

4.5.4. Pro-inflammatory cytokine production by P/3DOMMs in response to 

single and dual infections of C. albicans and S. aureus  

HaCaT cells, 3DOMMs, and P3DOMMs have demonstrated their ability to 

produce pro-inflammatory cytokines in response to infection, supporting their use 

as infection models. For HaCaT cells, 3DOMMs, and P3DOMMs, a significant 

increase in pro-inflammatory cytokine production (IL-8; IL-6 and IL-8; and IL-6, 

respectively) was observed between the unstimulated control and cells/models 

stimulated with C. albicans, S. aureus, and dual infection of both organisms. 

3DOMMs were the only models capable of increasing both IL-6 and IL-8 in 

response to live infective stimuli. This means that despite the high levels of 

constitutive pro-inflammatory cytokine production identified within chapter 3, it is 

still possible to measure upregulation in response to live infection. It was decided 

that due to variability seen within pro-inflammatory cytokine production between 

different batches of models, that data should be standardised to a percentage of 

the control for each repeat.  

Within cells/models that displayed increased cytokine production upon infection, 

no significant differences in pro-inflammatory cytokine production were observed 

between single and dual infections of C. albicans and S. aureus. The effect of C. 

albicans and S. aureus single and dual infections on pro-inflammatory cytokine 
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production has not been frequently reported in vitro. In a murine intra-abdominal 

infection model, and a murine peritonitis model, it was identified that pro-

inflammatory cytokine levels were elevated in co-infection compared with single 

infections of C. albicans and S. aureus (266,267). This does not agree with the 

results from the present study, however in a live murine model, other cytokine 

producing cells will be at play, such as macrophages and neutrophils. Within the 

present study, microbes were only exposed to epithelial and fibroblast cells. It 

may be the case that upon the further development of the 3DOMM into an 

immunocompetent model, the pro-inflammatory cytokine balance is shifted upon 

response to these different combinations of infective agents, due to the ability of 

multiple cell types to collectively respond. It may also be possible that this 

synergistic action is strain dependant, as for the studies discussed so far, only 

one strain of C. albicans, SC5314, and one patient isolate of S. aureus, P116, 

were implemented. 

4.5.5. Immunogenicity of single and dual infections of C. albicans and S. 

aureus 

To determine whether the lack of difference exhibited between single and dual 

infections of C. albicans and S. aureus was strain dependent, HaCaT cells were 

implemented to study different combinations of strains including the type strains 

C. albicans SC5314 and S. aureus 1555, and strains isolated from a participant 

with dual colonisation of C. albicans and S. aureus,116. To maintain proportions 

of C. albicans and S. aureus that would be isolated in vivo, and to seed with a 

low enough dose that the HaCaT monolayer will not be instantly destroyed, 

organisms were seeded at an MOI of 0.1 and 1, respectively. In this case, there 
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was no significant difference in pro-inflammatory cytokine production between the 

unstimulated HaCaT control, and any combination of patient samples.  

Considering the fact that in other experiments, a significant increase in pro-

inflammatory cytokine production between infected HaCaT and the unstimulated 

control was observed, the question was raised as to why an increase in pro-

inflammatory cytokine production did not occur on this occasion. Experimental 

variation is common, however this should be accounted for through the 

implementation of multiple experimental repeats. The differences exhibited may 

possibly be a result of differing experimental repeats. For the initial study of pro-

inflammatory cytokine production in HaCaT infected monolayers, the experiment 

was repeated 7 times providing additional statistical power to look for significant 

differences, compared with twice for the previously discussed experiment.  
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4.6. “Bridge” 

This chapter demonstrated the ability of the 3DOMM to produce IL-6 and IL-8 

pro-inflammatory cytokines in response to single and dual infections of C. 

albicans and S. aureus, as well as indicating its suitability to model microbial 

colonisation in a robust, reproducible, manner. For these reasons it was decided 

that the 3DOMM over the P3DOMM, was most suitable for further development 

into an immunocompetent three-dimensional oral mucosal infection model 

(IC3DOMM). 
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5. Development of an immunocompetent 3DOMM 

5.1.  Introduction 

5.1.1. The oral immune system 

The oral immune system is complex and specialised. It simultaneously works to 

prevent pathogenic invasion, whilst maintaining health and homeostasis, which 

is achieved by a careful balance between tolerance and response. The oral cavity 

encounters a diverse range of antigens on a daily basis, from the food that we 

eat, to the rich range of commensal microbes including bacteria, fungi, and 

archaea, which play a fundamental role within health (268). It is the innate 

immune system’s role to prevent the entry and spread of pathogens to the tissues 

beneath, to recognise and respond to potential pathogens leading to pathogenic 

clearance, and to tailor the downstream response through the secretion of 

cytokines and presentation of subsequent antigens to the adaptive immune 

system (269). It is important that the immune system is able to differentiate 

between members of the microflora and pathogens. The oral immune system 

possesses stringent regulatory and tolerance processes that are able to 

differentiate between the safe resident microflora and food antigens, and 

pathogenic microbes. Compared with areas such as the gut, the understanding 

of the oral immune system is under-developed, however there appear to be 

parallels with the gut mucosal immune system (29,270–272). 

5.1.2. Antigen-presenting cells of the oral mucosa 

The two fundamental antigen-presenting cells of the oral mucosa are 

macrophages and dendritic cells. Oral tolerance relies upon the actions of 

dendritic cells, which sample antigens by extending their dendrites through the 
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epithelium, in order to present antigens to T-cells which reside in the associated 

lymphoid tissue (271,273). This process is vital to regulate homeostasis, maintain 

epithelial barrier function, respond to infection, and mediate adaptive immune 

responses, including the induction of inflammation and prevention of response, 

namely tolerance (274). 

 

Figure 37: Monocyte-derived antigen-presenting cells.  

Peripheral blood monocytes are precursors to macrophages and dendritic cells. 

 

Tissue-resident macrophages reside within healthy oral mucosal tissue and play 

a role in the maintenance of tissue health and homeostasis. Peripheral blood 

monocytes may be differentiated into macrophages or dendritic cells, Figure 37  

(275). During disease, a substantial increase in the number of macrophages 

within the oral tissue is observed. Macrophages are phagocytes, and are 
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therefore able to engulf pathogens and present their antigens. They partake in a 

diverse range of activities as detailed in Figure 38, that are determined by the 

local microenvironment (276). Langerhans cells are specialised epidermal 

dendritic cells. Within epithelial tissues they sample exogenous antigens, once 

an antigen has been captured the Langerhans cells migrate to the local lymph 

and present to naive T-cells (277). Langerhans cells vary from dendritic cells in 

that they are considered a self-sustaining population within the tissue when in a 

homeostatic state, but may lead to the recruitment of monocyte-derived dendritic 

cells in the case of disease (278,279). 

  

Figure 38: The diverse functions of macrophages.  

Macrophages respond to their local microenvironment, bridge the gap between the 

innate and adaptive immune system through antigen presentation, and may act in an 

inflammatory or regulatory manner. Adapted from Merry et al., 2012 
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5.1.3. 3DOMMs incorporating Langerhans cells 

To date, 3DOMMs have incorporated innate immune cells. A commercial 

3DOMM containing Langerhans cells exists, however there are no significant 

resulting publications from implementing these models for infection research. 

Early research identified that it was difficult to work with mature Langerhans cells 

due to their lack of proliferative capacity. To overcome this, precursor Langerhans 

cells were implemented for the purpose of epidermal modelling, using CD34+ 

progenitor cells isolated from either peripheral blood or human cord blood, and 

incorporated into the model in the presence of growth factors, leading to 

differentiation of the CD34+ progenitor cells into Langerhans cells (65,66). In 2003, 

Sivard et.al, created a mucosal epithelial model that recruited these precursor 

Langerhans cells into the tissue structure consisting of a multi-layered epithelium 

cultured on a dermis, resulting in a full-thickness model. Langerhans precursor 

cells were cultured separately whilst the model epithelium developed, and then 

introduced after 6-8 days to the top of the epithelium. Models now containing 

Langerhans cells were cultured for a further week, allowing enough time for the 

Langerhans precursor cells to mature. After this, histology indicated that 

Langerhans cells had migrated towards the basal and suprabasal epithelial layers. 

The model appeared structurally analogous to the native oral mucosa, with the 

correct expression of cytokeratin markers to indicate differentiation of the tissue. 

This study used primary keratinocytes obtained from donor biopsies and 

Langerhans precursor cells from cord blood (61). The proposed application of 

these models was the study of immunological response to viral and bacterial 

infection. 
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5.1.4. 3DOMMs incorporating macrophages 

Macrophages are entwined in the role of maintaining health and homeostasis, 

due to their multi-functional ability and responsivity to the local microenvironment. 

Depending on their activity, macrophages are often described as having either a 

pro-inflammatory (M1) or regulatory (M2) phenotype (280). In reality, the diversity 

of macrophage phenotypes is more complex than this, dependent upon a 

multitude of signals in which they encounter from their neighbours. However M1 

and M2 phenotypes have been well characterised, and are a good indicator as to 

how a responding macrophage will orchestrate other surrounding cells, tailoring 

either an inflammatory or regulatory response (281). Macrophages have a large 

influence on the downstream response to a recognised pathogenic stimuli, they 

may induce pathogenic clearing, recruit further immune cells to respond to 

infection, activate T-cells through antigen presentation, remove apoptotic cells, 

and trigger wound healing and tissue repair, as per Figure 38, (282–284). Tissue-

resident macrophages vary depending on the area in which they reside, they are 

ever present and are able to rapidly respond to infection. Macrophages can also 

be recruited from the blood stream in the case of active infection, in their 

precursor form of monocytes, this occurs when called upon by other immune cells 

or tissue-resident macrophages (285).  

Because of their ability to switch the immune response between inflammation and 

regulation, and due to their ability to directly respond to pathogenic stimuli, the 

present study focused upon the incorporation of macrophages into the 3DOMM. 

Several independent research groups have managed to successfully incorporate 

macrophage cells into a three-dimensional tissue-engineered matrix, however 

their reported use since this initial development has been limited (62,63,286). 
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Linde et al., 2012, developed a tumour model, whereby peripheral blood 

mononuclear cell (PBMC)-derived macrophages were incorporated into a 

collagen gel matrix containing primary dermal fibroblasts, in order to study the 

matrix interactions with oral squamous carcinoma cell lines. Macrophages were 

polarised towards M1-like and M2-like macrophages using IFNγ and IL-4, 

respectively. The model was then employed to study tumour cell migration. 

Macrophages that were incorporated into the squamous cell carcinoma model, 

but not introduced to either IFNγ or IL-4, spontaneously polarised towards the 

M2-like macrophage phenotype after 2 weeks (62). Furthermore, the 

macrophages were indicated as viable, through immunostaining, three weeks 

after they were incorporated into the model environment, which surpasses the 

time point in which PBMC-derived macrophages are typically used in 

monoculture. It is, however, known that within native tissue macrophages can 

survive for months depending on the local tissue microenvironment (287–290). 

Bechetoille et al., 2011, also produced an organotypic dermal model containing 

monocyte-derived macrophages and human dermal fibroblasts. Unlike Linde et 

al., 2012, this group used a solid, collagen, chitosan, and chondroitin 4-6 sulphate 

scaffold, as opposed to type-1 collagen alone (62,63). Dermal macrophages 

introduced into this environment, already containing dermal fibroblasts, and 

cultured for 8 days, maintained their anti-inflammatory phenotype. They took an 

active part in phagocytosis, expressed high levels of IL-10 and low levels of TNFα 

when stimulated with LPS, and maintained expression of M2-associated surface 

marker CD163. There was no evidence of reversion of the macrophages to a 

monocytic phenotype. There was no mention of an epithelial layer within this 

model (63). 



 

161 

5.1.5. THP-1 differentiation and polarisation 

THP-1 cells are a frequently used macrophage model, which require 

differentiation and polarisation prior to their use. Within monoculture, THP-1 cells 

have been used as an alternative to PBMCs as a means of overcoming the 

expense and scarcity of primary cells. THP-1 cells were derived from a patient 

with monocytic leukaemia, and were shown to express Fc and C3b receptors, as 

well as undertake phagocytosis, and restore T-cell responses. They are mostly 

regarded as pro-monocytes due to their phenotypic differences when compared 

to primary monocytes, resulting from their leukaemic origin (291,292). 

Undifferentiated THP-1 cells are typically considered to be unresponsive to 

PAMP stimulation when cultured in the correct conditions. THP-1 pro-monocytes 

will only differentiate into subsequent macrophages upon introduction to 

appropriate cytokines and stimuli. In vivo, cytokines noted to lead to the 

differentiation of monocytes and further polarisation of macrophages into a pro-

inflammatory M1 phenotype include GM-CSF and IFNγ (293,294). Cytokines 

noted to lead to an anti-inflammatory M2 phenotype include M-CSF, IL-4, and IL-

13 (293,295,296). These results can be replicated in vitro with primary monocytes 

and monocytic cell lines.  

THP-1 cells have been differentiated in vitro, and polarised into M1-like and M2-

like macrophages with the aid of phorbol 12-myristate-13-acetate (PMA) and 

1,25-dihydroxy-vitamin D3 (VD3), respectively. PMA is a diacyl glycerol (DAG) 

analogue, hence protein kinase C activator, which leads to the differentiation of 

monocytes into macrophages. VD3 has been shown to alter the polarisation of 

macrophages through the upregulation of T-cell-IG-mucin-3 (TIM-3), which leads 

to inhibition of TNFα and IL-6 production and the upregulation of IL-10 and TGF-
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β production (297). Research groups have implemented a variety of different 

concentrations and durations of exposure to differentiate and/or polarise THP-1 

cells into such macrophages as detailed in Table 13. Both PMA and VD3 have 

been reported to differentiate THP-1 cells into macrophages, with PMA being 

reported as having a phenotype closer to a native macrophage in terms of 

morphology and adherence (298,299). Longer exposure to PMA, or higher 

concentrations, appear to further polarise the differentiated macrophages in to a 

pro-inflammatory M1-like phenotype (300,301). VD3 has been shown to polarise 

monocyte-derived macrophages away from an inflammatory phenotype, and 

increase the production of regulatory cytokines (299,302). The use of PMA, and 

to a lesser extent VD3, is accepted within the literature as a successful means of 

differentiating THP-1 cells into macrophages. Literature indicating their stand-

alone use for further polarisation is less well reported. PMA and VD3 alone have 

been applied to differentiate and polarise THP-1 cells  into M1-like and M2-like 

macrophages, to model the differing response of subsequent pro-inflammatory 

and regulatory macrophages, respectively (303,304).  

There is controversy as to whether it is appropriate to refer to macrophages in 

such a simplistic manner as M1 and M2 phenotypes; as knowledge progresses, 

the description of macrophages in such a way is diminishing. Such description 

was derived as a result of the pro-inflammatory T-helper 1 cells, and the 

regulatory T-helper 2 cells, which are able to produce IFNγ and IL-4, respectively, 

both of which are able to lead to a different response in the macrophage (296). 

Traditionally, the M1 macrophage was reported to express high levels of the pro-

inflammatory cytokines IL-6 and TNFα, whereas the M2 macrophage was 

described as producing IL-10 and TGFβ, both of which are regulatory cytokines, 
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promoting tissue repair and clearance of debris. Further study led to the 

description of additional subsets of macrophages, which expressed a different 

balance of pro- and anti-inflammatory cytokines, and cell surface markers, and 

were activated by different cytokines to those typically defined by the M1 and M2 

subsets. These macrophages were termed M2a, M2b, M2c and M2d (280,305). 

In reality, it would appear that this approach to characterising macrophages is 

somewhat simplistic and reductive, and therefore redundant (306,307). 

Macrophages dynamically respond to their local environment. Although high 

levels of IFNγ are more likely to lead to an inflammatory macrophage phenotype, 

the true activity of the macrophage depends upon the collective cytokine 

environment. As a result of this, macrophages are not limited to either extreme of 

the polarisation spectrum (296).  Although this is useful knowledge to have in 

regards to studying disease in vivo, due to the lack of other responsive tissue and 

immune cells when studying macrophages in vitro, it is still common to polarise 

the macrophages into a desired phenotype. The introduction of macrophages into 

a tissue-engineered construct may provide the unique ability to study 

macrophage response to infection in vitro in the absence of artificial polarisation, 

providing that the other cell types incorporated into the model are able to produce 

cytokines that lead to the activation and determination of macrophage activity. 

The purpose of this chapter was to incorporate THP-1 pro-monocyte cells into the 

already developed 3DOMM, and to assess the ability of THP-1 cells to survive, 

differentiate, and polarise in the presence of the 3DOMM through either 

exogenous or endogenous stimuli. PMA and VD3 were used to differentiate THP-

1 cells into macrophages, PMA-derived macrophages from this point onwards will 

be termed M1-like and VD3-derived macrophages M2-like. These terms are used 
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with caution, but as a result of careful consideration of the current literature, Table 

13. This study aims to clarify whether the reported inflammatory and regulatory 

phenotypes of PMA and VD3 treated THP-1-derived macrophages are suitable 

for use within a 3DOMM environment. This methodology was chosen over the 

better characterised IFNγ- and IL-4-derived M1-like and M2-like macrophages, 

as a means of investigating the success of this practical and accessible protocol. 

Furthermore, this study poses the unique possibility that the other cell types 

incorporated into the model may negate the need for induced polarisation of 

differentiated macrophages in vitro. 
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Table 13: PMA and VD3 induction of differentiation and polarisation of THP-1 cells  

Several studies took an all-in-one approach, and induced differentiation and polarisation within one step; others either differentiated and then polarised, 

or just differentiated. Note the variation in reported methodologies and certainty of outcomes. n.d. = no data available. 

Methodology Differentiation Polarisation Reasoning and outcomes Ref 

Conc Time Conc Time 

PMA differentiation of 
THP-1 cells into 
macrophages 

5 ng/ml 48 h n.d. n.d. PMA induced stable differentiation of THP-1 cells into 
macrophages responsive to weak stimuli. 

(300) 

PMA differentiation 
and polarisation of 
THP-1 cells into M1-like 
macrophages 

100 
ng/ml 

48 h 100 ng/ml 
 

48 h Cells were washed after 48 hours, and then incubated for 48 
hours further in PMA. THP-1 cells cultured were determined 
unresponsive to IL-10 and to express CCR7 and therefore M1-
like. 

(301) 

PMA differentiation of 
THP-1 cells into 
macrophages 

10 
ng/ml 
2.5 
ng/ml 

48 h 
48 h 

n.d. n.d. Using this concentration derived activated but not polarised 
macrophages. 

(301) 

PMA or VD3 
differentiation of THP-
1 cells into 
macrophages 

100 nM 
Vd3  
or 
200nM 
PMA 

72 h 
(VD3) 
or 
72 h 
120 h 
rest 
(PMA) 
 

n.d. n.d. PMA and VD3 differentiated THP-1 cells into macrophages. PMA 
treatment increased adherence, 5 days rest further increased 
adherence and cytoplasmic volume. THP-1 cells stimulated with 
PMA and then rested displayed a higher degree of classical 
activation. 
 

(298) 

PMA differentiation of 
THP-1 cells into 
macrophages 

25 nM 
PMA 

48 h 
24 h 
(rest) 

n.d. n.d. A consistent phenotype of THP-1 differentiated macrophages was 
observed. An upregulation in TNFα was seen in response to LPS. 

(308) 

PMA or VD3 
differentiation and 
polarisation of THP-1 

n.d. n.d. 25 ng/ml 
(PMA) 
OR 
10nM (VD3) 

72 h 
 
168 
h 

THP-1 cells stimulated with PMA were considered M1-like 
macrophages and with VD3 M2-like macrophages. 

(303,304) 
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cells into M1 or M2-like 
macrophages. 

PMA or VD3 
differentiation of THP-
1 cells into 
macrophages 

10 nM 
(PMA) 
OR 
100 nM 
(VD3) 

72 h 
 
72 h 

n.d. n.d. THP-1 cells stimulated with PMA and VD3 increased 
phagocytosis, O2-, CD14 and CD11b expression. PMA stimulated 
THP-1s became adherent, VD3 did not. PMA stimulated THP-1s 
halted proliferation, whereas VD3’s proliferated at a reduced rate. 
VD3 induced a more monocytic cell type in terms of morphology 
and expression. Different signalling pathways are proposed to be 
involved in PMA and VD3 differentiation of THP-1 cells. 

(299) 

VD3 polarisation, of 
INF-Y differentiated 
THP-1 cells. 

IFNγ 
500 
U/ml 

n.d. VD3 10 
nM/ml 

24H VD3 was found to downregulate aromatase and IL-6, TNFα and 
IL-1β, within human macrophages. IFNγ-derived macrophages 
exhibited a significant reduction in their inflammatory phenotype 
when stimulated with VD3. 

(302) 

VD3 Differentiation 
and polarisation using 
RAW 

n.d. n.d. 10 nM and 
100 nM 

72H Upregulation of the protein TIM-3, and a decrease in IL-6 and 
TNFα production, with an increase in IL-10 and TGF-β production. 

(297) 



 

167 

5.1.6. TLR expression 

Macrophages express PRRs, enabling them to respond to pathogenic challenge. 

Peripheral monocytes and tissue-resident macrophages have been shown to 

express a variety of TLRs including TLR2 and TLR4 (309–311). The degree of 

TLR expression may depend upon the local cytokine milieu, the presence of a 

stimulus, the activity and polarisation of the macrophage, and the location in 

which the macrophage resides (312,313). 

5.1.7. Tumour necrosis factor alpha (TNFα) 

TNFα is a pleiotropic cytokine that is capable of inducing apoptotic and necrotic 

cell death. It is secreted by a variety of cell types, but most predominantly by cells 

of the monocytic lineage, including macrophages. TNFα signals through two 

notable TNF receptors, TNFR1 and TNFR2. TNFR1 is expressed constitutively 

throughout mammalian tissue, and TNFR2 expression is restricted to particular 

cell types, including myeloid cells, T-regulatory cells (T-regs), glial cells, and 

endothelial cells. TNF receptor expression has also been shown to be inducible 

within epithelial cells, fibroblasts, T-cells, and B-cells (314). High levels of TNFα 

can lead to irreversible tissue damage due to its ability to induce apoptosis and 

necrosis. TNFα plays a crucial role within the immune system and is associated 

with a plethora of inflammatory diseases. TNFα can carry out a range of functions 

due to its ability to signal through multiple pathways (315). Within normal 

physiological function, TNFα conveys resistance to infection and immune 

stimulation, tumour resistance, sleep regulation, and embryonic development. It 

may also exacerbate the body’s response to infection, sometimes leading to 

subsequent tissue damage. TNFα is also capable of inducing the production of 
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other inflammatory cytokines, including: IL-1α, IL-6, IL-8, IFNβ, and more TNFα 

(316). 

5.1.8. Interleukin 1 beta (IL-1β) 

IL-1β is a pro-protein produced by monocytes and macrophages, and activated 

through proteolytic cleavage via caspase-1 (317,318). Keratinocytes can produce 

the inactive form of IL-1β, but do not possess the ability to cleave it into its active 

form (319). IL-1β plays an important role in host defence to infection. As with 

TNFα, IL-1β is also implicated in many inflammatory diseases (320). IL-1β is 

recognised by IL-1R and IL-1R2 both in conjunction with IL-1R3, these elicit pro- 

and anti-inflammatory responses, respectively (321). IL-1β leads to the further 

activation of macrophages and neutrophils to phagocytose and produce reactive 

oxygen and nitrogen species in response to an invading pathogen (318). 

5.1.9.  Macrophage cell surface marker expression 

CD68, a marker of cells of monocytic lineage, is a valuable marker for the 

immunostaining of monocytes and macrophages. It is initially expressed 

intracellularly, and predominantly resides in endosomes and lysosomes, but is 

known to be shuttled to the cell surface. The murine CD68 orthologue, macrosalin, 

is present at the cell surface of macrophages (322). The role of CD68 has not 

been fully elucidated, however it has been proposed as a scavenger receptor, 

and possibly plays a role in antigen presentation (323). CD206, also known as C-

type mannose receptor-1, is a cell surface marker commonly reported to be 

expressed on M2 macrophages (305). Furthermore, resident dermal 

macrophages are reported to constitutively express CD206 (324). CD163, also 

known as haemoglobin-haptoglobin scavenger receptor, is a cell surface marker 
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reported most frequently within M2-like macrophages, and is associated with high 

levels of IL-4, M-CSF, IL-6, and IL-10 (305,306). Macrophages co-expressing 

CD206 and CD163 express traits typical of the regulatory M2-like macrophage, 

including high levels of IL-10 and IL-1 receptor antagonist expression, and a high 

level of apoptotic cell uptake (325). CD163 alone has been reported insufficient 

as a M2-like macrophage marker, therefore in the present study it has been used 

in conjunction with CD206 (326).  
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5.2.  Aims 

1. To determine whether THP-1-derived M1-like and M2-like macrophages 

are suitable to be employed for the formation of an immunocompetent 

3DOMM. 

2. To determine the most suitable way to incorporate THP-1 cells into the 

model matrix. 

3. To determine whether differentiation and polarisation of THP-1 cells is 

required in the 3DOMM environment.                                                
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5.3.  Materials and Methods 

5.3.1. Differentiation/polarisation of THP-1 cells 

To form M1-like and M2-like macrophages, THP-1 cells were exposed to PMA, 

Sigma Aldrich P1585, or VD3, Sigma Aldrich D1530, at final concentrations of 25 

ng/ml and 10 ng/ml, respectively. THP-1 cells (1 × 106  cells/ml) were cultured in 

the presence of 25 ng/ml of PMA for 72 hours, washed, and allowed to rest for a 

further 24 hours, prior to use for experimentation. THP-1 cells (1 × 106 cells/ml) 

were cultured in the presence of 10 ng/ml VD3 for 96 hours, then VD3 was 

refreshed at the same concentration and cultured for a further 96 hours. Prior to 

use, cells were washed in DPBS. 

5.3.2. Production of IC3DOMMS 

IC3DOMMs are three-dimensional oral mucosal models that incorporate THP-1 

cells into the model matrix. All reagents were held on ice, for each model: 250 µl 

of collagen was mixed with 375 µl RPMI + 10% FBS, 156 µl of HGF-cells (2.4 × 

105 cells/ml), 156 µl of THP-1 cells (2.4 × 105 cells/ml), and approximately 37 µl 

of 1 M NaOH. The model mixture was inverted to mix the reagents, and 800 µl 

was transferred to the well of a 12 well 0.4 µm polycarbonate mesh transwell 

insert. The model matrices were incubated at 37°C in a humidified 5% CO2 

incubator until polymerised. Once polymerised the gel matrix was overlaid with 

0.4 ml of HaCaT cells (5.4 × 105 cells/ml)  suspended in RPMI + 10% FBS. Models 

were raised to the air-liquid interface after 48 hours, thereafter the PMA/VD3 

differentiation and polarisation protocol was followed, and the models were 

subsequently used for experimentation at day 12. 
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5.3.3. THP-1 differentiation and polarisation within IC3DOMMS 

PMA and VD3 were added to the bottom of the transwell after IC3DOMMs were 

raised to the air-liquid interface, to form M1-like and M2-like macrophages, 

respectively. The average volume of the IC3DOMM after contraction was 

calculated by deducting the volume of any expelled media from the starting 

volume of 1200 µl, and was taken into account alongside the 500 µl of media 

added below the transwell. PMA and VD3 were added as per the THP-1 

polarisation and differentiation protocol, and set to a final concentration of 25 nM 

and 10 nM, respectively, Figure 39. As it is necessary to maintain the 

concentration of PMA and VD3 during use, media was only changed upon the 

necessary wash steps indicated in the differentiation and polarisation protocol. 

Models were cultured for 12 days prior to use. 

 

Figure 39: In situ differentiation and polarisation of THP-1 cells incorporated into 

IC3DOMMs using PMA and VD3. 
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5.3.4. Cell trace far red (CTFR) staining and imaging 

For all CTFR-based experiments, THP-1 cells were washed in DPBS, counted 

and resuspended at a density of 2.5 × 105 cells/ml in 2 ml of PBS, along with 2 

µl/ml of CTFR, FisherSci- 15531783, and gently resuspended. The cell 

suspension was incubated in the dark at 37°C for 20 minutes, and the reaction 

halted through the addition of serum containing medium. Cells were pelleted and 

resuspended at the desired seeding density. For THP-1 cells embedded into the 

model matrix, models were formed using CTFR-stained THP-1 cells as per the 

IC3DOMM protocol. Models were cryostat sectioned and viewed using confocal 

microscopy. For THP-1 cell recruitment, 1 × 105 THP-1 cells were added below 

a free-floating 3DOMM (formed as detailed in chapter 2), that was cultured until 

day 14, for either 24 or 72 hours in the presence or absence of stimuli (10,000 

pg/ml MCP-1, R&D systems DY479, 20 ng/ml PMA, or 10 µg/ml LTA). Models 

were imaged intact, from the apical surface, using confocal microscopy, as 

detailed in section 2.7.2. 

5.3.5. Cryostat sectioning 

IC3DOMMs were cultured for 12 days and cryofixed in OCT mounting media, 

Agar Scientific AGR1180, using dry ice. Tissues were then mounted upon a 

sectioning chuck using OCT mounting media, and 4 μm sections cut using a Leica 

CM1100 cryostat, and mounted onto glass slides. Sections were cover-slipped 

and sealed to prevent drying. Cryostat sections were observed using confocal 

microscopy, as detailed in section 2.7.2. 

 



 

174 

5.3.6. ELISA 

ELISAs were performed as detailed in section 2.8.  

5.3.7. Response to the IC3DOMM environment 

Each cell type (THP-1, HGF, and HaCaT) was stimulated with collagen, 

supernatant of the other cell types, and killed cells of the other cell types, Figure 

40. Cells were studied at the same density they occur within the IC3DOMM. THP-

1 and HGF cells were therefore seeded at a density of 3.07 × 104  cells/ml, and 

HaCaT cells at 2.16 × 105 cells/ml. 

The 3DOMM protocol was followed, using RPMI in place of DMEM, in the 

absence of transwell inserts, and in the absence of a HaCaT overlay, in order to 

introduce the cells to the collagen matrix. After 24 hours, supernatant was 

collected by aspiration after centrifugation at 200 x g, and stored at -20˚C for 

subsequent analysis by sandwich ELISA. This was conducted to determine 

whether the collagen matrix stimulated pro-inflammatory cytokine production by 

each individual cell type.  

To challenge cells with the supernatant of the other cell types contained within 

the IC3DOMM, supernatant was collected from the wells of cells set at the same 

seeding density they occur within a singular IC3DOMM, and used to stimulate the 

other cell types contained within the model. This was achieved in a pulse-chased 

manner, whereby the supernatant was added to the cell line for 4 hours, at a 1:1 

ratio with RPMI + 10%FBS, and then removed via centrifugation (THP-1 cells), 

or aspiration (HGF and HaCaT cells). Cells were cultured for a further 18 hours 

prior to supernatant collection and storage at -20˚C for subsequent analysis by 
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sandwich ELISA. This was to determine whether soluble factors secreted by one 

cell type stimulated pro-inflammatory cytokine production another cell type. 

Killed cells were fixed using 4% paraformaldehyde through incubation at 4˚C for 

30 minutes, killed cells were then washed 5 times in PBS, and examined 

microscopically to ensure no viable cells were remaining. Killed cells were added 

to the model at the same density as indicated above for each cell type, cultured 

with the live cells for 24 hours prior to supernatant being collected and stored at 

-20˚C for ELISA. This was to determine whether contact with other cells 

stimulated pro-inflammatory cytokine production by model-incorporated cell types. 

 

Figure 40: The effect of IC3DOMM components on HaCaT, HGF, and THP-1 cells 

A diagram to demonstrate which model components (collagen, killed cells, and 

supernatant) were introduced to which model-incorporated cell types (HaCaT, HGF, and 

THP-1), in order to assess whether the model environment was inherently stimulatory at 

day 1 of model production.  
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5.3.8. LPS / LTA stimulation of cell lines 

M1-like and M2-like macrophages were derived as per the differentiation and 

polarisation protocol, and seeded at a density of 1 × 106 cells/ml. Macrophages 

were then stimulated with 0.01, 0.1, and 1 μg/ml of PgLPS and K12 LPS; and 

0.1,1, and 10 μg/ml of LTA. Supernatants were collected 18 hours post 

stimulation, stored at -20˚C, and subsequently analysed via sandwich ELISA, for 

the cytokines TNFα and IL-6. 

5.3.9. HaCaT and HGF response to PMA and VD3 

HaCaT and HGF were seeded at a density of 2.16 × 105 cells/ml and 3.07 × 104 

cells/ml, respectively, equating to the quantity of cells seeded within a single 

3DOMM, and allowed to adhere overnight. PMA and VD3 were added to HaCaT 

and HGF cells in the same manner as per the macrophage differentiation and 

polarisation protocol. Supernatants were collected 24 hours after the final wash 

step, and analysed for IL-6 and IL-8 cytokine production via sandwich ELISA. 

5.3.10. Flow cytometry of macrophage polarisation markers 

3DOMMs were created in transwell inserts using RPMI in place of DMEM, and 

THP-1 cells were seeded in the well below. Control wells, containing THP-1 cells 

only, were also seeded. The M1/M2 differentiation and polarisation protocols 

were followed, beginning on day 3 post-model production. At day 12, half of the 

test wells, including 3DOMM cultured and signally cultured THP-1s, were 

stimulated with 1 µg/ml of PgLPS, thereby creating 4 test groups: THP-1 control, 

THP-1 + LPS, THP-1 3DOMM, and THP-1 3DOMM + LPS. Eighteen hours post-

stimulation cells were collected by gentle cell scraping (to maintain surface 
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antigens), and pooled for each test group, then washed 3 times in DPBS. Once 

washed each group of cells were divided into 3, and stained with PerCP-Cy5.5-

labelled CD68, BioLegend 333814, and FITC-labelled CD206, BioLegend 

321104, CD68 and FITC-labelled CD163, BioLegend 333618, and the respective 

isotype controls, BioLegend 400337 and BioLegend 400108. For each antibody, 

5 μl was added to a maximum of 1 × 106 cells, and incubated on ice, in the dark 

for 20 minutes.  Once stained, cells were washed 3 x in DPBS and their mean 

fluorescence intensity assessed flow cytometrically as detailed in section 2.9. All 

data were standardised to the mean isotype control value of the respective cell 

type. 

5.3.11. Flow cytometry of macrophage TLR expression 

THP-1 cells (control), M1-like, and M2-like macrophages were derived as per the 

macrophage differentiation and polarisation protocol. THP-1 cells, M1-like 

macrophages and M2-like macrophages were assessed unstimulated, and also 

assessed after pulse-chasing with 3DOMM supernatant. Supernatant from 

3DOMMs at day 9 was used to stimulate 1 × 106 THP-1, M1-like and M2-like 

macrophages. 3DOMM supernatant was added to the macrophages at a 1:1 ratio 

with RMPI + 10% FBS, control wells contained RPMI + 10% FBS without stimulus. 

Model supernatant was cultured with the macrophages for 4 hours. Model 

supernatant was removed from the macrophages either via centrifugation (THP-

1 and M2-like macrophages, due to their non-adherent nature) or direct aspiration 

(for the adherent M1-like macrophages), and replaced with RPMI + 10% FBS. 

Cells were cultured for a further 18 hours, prior to final supernatant collection. 

Supernatant was assessed via sandwich ELISA, for the pro-inflammatory 

cytokines TNFα, IL-6 and IL-1β. Post-stimulation, cells were collected, washed 3 
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times in DPBS, and stained with either TLR2 antibody, TLR4 antibody or the 

appropriate isotype control, and assessed flow cytometrically, as detailed in 

section 3.3.10.  

5.3.12. Data analysis and statistics 

Statistical analyses are indicated in the figure legend for each experiment, 

including which statistical tests were performed, and the number of experimental 

repeats. For all ELISA data, as standard a minimum of three independent 

experimental repeats, containing three biological replicates were performed, 

unless stated otherwise. For each biological replicate, a minimum of 2 technical 

replicates were performed. For flow cytometry data, experiments were performed 

at a minimum of two independent experimental replicates, with at least three 

biological replicates, which were pooled prior to analysis. Unless stated otherwise, 

three technical replicates of 10,000 events were analysed. Data was 

standardised to a percentage of the isotype control in order to make statistical 

comparisons, due to the well reported variation in flow cytometry data between 

each experimental repeat. Also indicated in the figure legend is which groups 

were compared, if unstated, a comparison was made between all groups. To 

select the appropriate statistical test, using GraphPad, a Shapiro-wilk test for 

normality was performed to determine data normality of all groups intended to be 

statistically compared. Parametric data was assessed with the use of a one-way 

ANOVA, followed by a Tukey’s multiple comparisons test. Non-parametric data 

was determined using a Kruskal-Wallis test followed by a Dunn’s multiple 

comparisons test. For all, p-values lower than 0.05 were taken to indicate 

statistical significance.  
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5.4.  Results 

5.4.1. Serum batch testing 

Prior to the implementation of THP-1 cells within this study, a batch test was 

performed to identify a serum batch that did not lead to the stimulation of the cells. 

Five serum batches were tested and Sigma Aldrich 3204 was selected as overall 

it led to the lowest levels of pro-inflammatory cytokine production within THP-1, 

M1-like, M2-like, HaCaT and HGF cells (data not shown). 

5.4.2. THP-1 cell morphology 

The morphology of THP-1 cells and both M1-like and M2-like macrophages was 

observed after following the differentiation and polarisation protocol, Figure 41. 

THP-1 cells appeared mostly rounded, with clear intact cell membranes, and few 

apoptotic cells within the field of view. M1-like macrophages appeared elongated, 

with some cells exhibiting numerous pseudopodia; in general M1-like 

macrophages had lost their rounded morphology. M2-like macrophages 

presented similar in morphology and size to the THP-1 cells, with three notable 

differences: semi-adherence, irregular borders, and increased granulation. 
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Figure 41: Images of THP-1, M1-like and M2-like macrophages in active culture.  

From previous page: cells were cultured in RPMI + 10% FBS. M1-like and M2-like 

macrophages were differentiated and polarised using PMA and VD3, respectively. 

Images were taken at 200 X magnification. 

 

5.4.3. Pro-inflammatory cytokine production in response to PAMPs 

The overall purpose of developing an IC3DOMM was to produce a model that is 

representative of the in vivo response to pathogens, hence able to recognise and 

respond to pathogenic stimuli. Therefore, prior to commencing model 

development, M1-like and M2-like macrophages were stimulated with PgLPS, 

K12 LPS, and LTA in order to ensure they were able to respond to PAMPs and 

hence pathogens, Figure 42. Furthermore, a dose response was performed for 

each PAMP so that any subsequent experimentation could be performed at a 

responsive yet quantifiable dose. 

TNFα production by M1-like and M2-like macrophages stimulated by 1 μg/ml of 

PgLPS was significantly greater than the unstimulated control and lower dosages 

of PgLPS. M1-like macrophages stimulated with all concentrations of K12 LPS 

produced significantly more TNFα than when unstimulated, however there were 

no significant differences between concentrations. The only K12 LPS 

concentration which produced a significantly different TNFα response in M2-like 

macrophages when compared to the unstimulated control was 1 µg/ml. For both 

M1-like and M2-like macrophages, stimulation with 10 µg/ml of LTA caused a 

significant increase in TNFα expression when compared with the unstimulated 

control, yet lower concentrations did not produce a significant response for either 

cell type. From these data, it was possible to see that THP-derived M1-like and 
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M2-like macrophages were responsive to PAMPs. Concentrations of 1 µg/ml of 

PgLPS and K12 LPS were selected as a suitable concentration for subsequent 

M1-like and M2-like macrophage experimentation, as well as 10 µg/ml of LTA. 

These concentrations were able to evoke a significantly different level of pro-

inflammatory cytokine production within all cell types when compared to their 

respective unstimulated controls. 
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Figure 42: TNFα production by M1-like and M2-like macrophages in response to 

differing doses of PgLPS, K12 LPS and LTA. 

M1-like and M2-like TNFα pro-inflammatory cytokine production in response to 18 hours 

of stimulation with increasing doses PgLPS (A and B respectively), K12 LPS (C and D 

respectively), and LTA (E and F respectively). Graphs indicate one experimental repeat, 

performed in triplicate, as a preliminary experiment to select dose and confirm response. 

Cytokine expression was determined via sandwich ELISA. Significant differences were 
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determined between all groups. Data normality was assessed using the Shapiro-Wilk 

test for normality. Statistical significance for M2-like production of TNFα in response to 

PgLPS and K12 LPS a Kruskal-Wallis test, followed by a Dunn’s multiple comparisons 

test. Statistical significance for all other experiments was determined using a one-way 

ANOVA followed by a Tukey’s multiple comparison’s test. Statistical significance is 

indicated on the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars 

represent standard deviation. This data was collected in collaboration with Hélène Stern. 

 

5.4.4. Incorporation of THP-1 cells into the model 

Following the confirmation that the THP-1-derived M1-like and M2-like 

macrophages were able to respond to pathogenic stimuli, IC3DOMM 

development was continued. In order to determine the best way to incorporate 

THP-1 cells, and subsequent M1-like and M2-like macrophages into the model, 

many considerations had to be made. Firstly the question was raised as to 

whether it is more appropriate to embed or to recruit THP-1 cells into the 3DOMM 

matrix.  

THP-1 cells are immortalised and continue proliferating, observations within 

preliminary studies have indicated that M1-like macrophages have a limited 

lifespan once terminally differentiated, and the lifespan of M2-like macrophages 

is even shorter. It is unknown as to whether this limited lifespan is also seen when 

incorporating the M1-like and M2-like macrophages into the model. Furthermore, 

the viability and proliferation status of THP-1 cells in a collagen matrix is yet to be 

determined. Therefore, prior to commencing further research, a preliminary 

experiment was performed at n = 1; THP-1 cells and the short-lived M2-like 

macrophages were embedded into the matrix and followed for 4 days, Figure 43. 

It was shown that THP-1 cells appeared viable with clear illuminated boundaries, 

and when embedded alongside fibroblasts, appeared in relative stasis with no 
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obvious evidence of population doublings occurring once embedded into the 

matrix. After only four days, there were no remaining viable M2-like 

macrophages; they had no clear boundary, and appeared to have undergone 

lysis. 

 

Figure 43: Images of THP-1, THP-1 and HGF, and M2-like macrophages embedded 

in a collagen matrix.  

Cells were cultured in RPMI + 10% FBS. M2-like macrophages were differentiated and 

polarised using VD3. THP-1 cells and M2 like macrophages were embedded in a 

collagen matrix, formed as per the IC3DOMM protocol, in the absence of keratinocytes. 

Cells were cultured in the matrix for 4 days and then imaged at 200 X magnification.  

 

With the knowledge that M2-like macrophages do not survive in the matrix for 

long, the incorporation of pre-differentiated macrophages at day 1 of 3DOMM 

production was ruled out. Next, it was determined whether it would be more 

suitable to recruit THP-1 cells into the model towards the end of the model growth 

period, or to embed THP-1 cells into the matrix upon model production.  

First, THP-1 cells were embedded into the model matrix at day 1 of model 

production, and subsequently differentiated/polarised in situ. At day 14 of model 

production the morphology and viability of THP-1 and THP-1-derived cells were 

observed using confocal microscopy, Figure 44. THP-1 cells added to the model 
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matrix appeared viable, with distinct areas of fluorescence regardless of 

differentiation protocol. THP-1 cells from all groups appeared larger than usual, 

and a further enlarged image of THP-1 cells introduced to the PMA differentiation 

protocol displayed a non-rounded morphology suggestive of a macrophage.  

 

Figure 44. THP-1-derived macrophages differentiated in situ 

Confocal microscopy images of a cryostat sectioned IC3DOMMs at day 14 of culture. 

THP-1 cells were stained with cell-trace far red (CTFR) and incorporated into the model 

matrix at day 1. IC3DOMMs were cultured in RPMI+10%FBS (A), with the addition of 

VD3 (B) or PMA (C), following the IC3DOMM differentiation and polarisation protocol. 

Tissue cross-sections are displayed with the epithelium at the top. Labels indicate THP-

1 cells in the lamina propria layer. An enlarged area of a PMA stimulated THP-1 cell, 

contained within the IC3DOMM is indicated by the white box. Green = auto-fluorescence, 

red = CTFR staining of THP-1 cells. Images were taken at 50 X magnification.  
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In parallel to this THP-1 cells were introduced to the periphery of 3DOMMs in 

order to determine whether cells migrate into the model matrix unaided or with 

the aid of exogenous factors. The following were added to the epithelium of the 

3DOMM: MCP-1 a chemoattractant for monocytes; PMA a differentiation 

promotor; and LTA a TLR2 agonist. Models were cultured for 24 and 72 hours 

with CTFR stained THP-1 cells, and viewed and imaged using a confocal 

microscope in the presence and absence of such stimuli.  

Figure 45 indicates THP-1 cells associated with the periphery of the 3DOMM. 

The exact localisation of THP-1 cells was difficult to determine as the models 

were imaged live in their full-thickness state. However, with the aid of Z-stack 

technology it was possible to view the entirety of 3DOMMs layer by layer, which 

suggested that THP-1 cells were associated with the periphery and not 

necessarily distributed throughout the model epithelium or matrix. Images 

displayed are a representative sample of one plain of view.   

THP-1 cells are present in all images, except for the negative control and 

3DOMMs imaged after 72 hours of co-culture with THP-1 cells. THP-1 cells are 

indicated in red, and appeared to be circular, with clear boundaries. Cells 

incubated in the presence of LTA, MCP-1 and PMA stimuli appeared to be more 

numerous in models co-cultured with the stimulated THP-1 cells for 72 hours as 

opposed to 24 hours. For unstimulated THP-1 cells incubated with the 3DOMM, 

cells appeared more numerous at 24 hours and were absent at 72 hours. Due to 

the success of THP-1 cells embedded into the model, this study was not repeated, 

despite producing inconclusive results in terms of the localisation of THP-1 cells. 
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Figure 45: THP-1 cells added to the periphery of 3DOMMs 
From previous page: confocal microscopy images of THP-1 cells added to the periphery 

of 3DOMMS at day 14 of culture. THP-1s were co-cultured with the 3DOMMs for either 

72 or 24 hours. MCP-1 was added to the apical surface of the 3DOMMs.  PMA and LTA 

were added to the supernatant alongside the THP-1 cells. 3DOMMs were oriented 

laterally for imaging. Images A and B represent control models which did not contain 

THP-1 cells for 24 and 72 hours respectively. Images C and D represent models 

introduced to THP-1 cells in the absence of stimulus for 24 hours and 72 hours 

respectively. Images E and F indicate models incubated with THP-1 cells with PMA for 

24 and 72 hours respectively. Images G and H indicate models incubated with THP-1 

cells and MCP-1 for 24 and 72 hours respectively. Images I and J indicate models 

incubated with THP-1 cells and LTA for 24 and 72 hours respectively. All images were 

taken at 50 X magnification.   

 

5.4.5. The effect of the IC3DOMM environment on HaCaT, HGF and THP-1 

cells 

The most suitable means of incorporating THP-1 cells into the IC3DOMM was to 

embed the THP-1 cells into the model matrix upon model production and 

differentiate them in situ. It was decided to determine the effect of the IC3DOMM 

components on THP-1 cells, and the effect of the THP-1 cells on HaCaT and 

HGF cells, as all of these components make up the IC3DOMM environment and 

may affect the activity of the incorporated cell types. As within chapter 3, each 

cell type was stimulated with killed cells to determine the effect of cellular contact. 

Cells were also stimulated with cellular supernatant, to determine the effect of 

soluble factors secreted from the other cell types that constitute the IC3DOMM, 

and the collagen matrix itself. Cellular response to these 3DOMM components 

was determined by pro-inflammatory cytokine production, IL-6 and IL-8 for all cell 

types, with the addition of TNFα for THP-1 cells, Figure 46, Figure 47 and Figure 

48. 
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Figure 46: HaCaT pro-inflammatory cytokine production (IL-6 and IL-8) when 

stimulated with IC3DOMM components. 

Pro-inflammatory cytokine production, IL-6 (A) and IL-8 (B), by HaCaT cells stimulated 

with: paraformaldehyde-killed cells (HaCaT +  K HGF), (HaCaT + K THP-1), supernatant 

(HaCaT + HGF SN), (HaCaT + THP-1 SN), and collagen (HaCaT + collagen), was 

determined. Killed cells and collagen were added for 24 hours prior to supernatant 

collection. Supernatant was added to the cells for 4 hours and then removed; cells were 

incubated for a further 18 hours prior to supernatant collection. Cytokine expression was 

determined via sandwich ELISA. Graphs indicate three experiments, performed in 

triplicate. Significant differences were determined between the unstimulated HaCaT 

control and all test groups. Data normality was assessed using the Shapiro-Wilk test for 

normality. Statistical significance for IL-8 production by HaCaT cells in response to 

IC3DOMM soluble/contact factors was determined using a Kruskal-Wallis test, followed 

by a Dunn’s multiple comparisons test. Statistical significance for IL-6 production by 

HaCaT cells in response to IC3DOMM soluble/contact factors was determined using a 

one-way ANOVA followed by a Tukey’s multiple comparison’s test. Statistical 

significance is indicated on the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001). Error bars represent standard deviation. 

 

 

HaCaT cells stimulated with pulse-chased HGF supernatant produced 

significantly more IL-6 and IL-8 than when unstimulated (p = 0.0174 and p = 

0.0008, respectively). A significant increase in IL-8 production was also observed 

when HaCaT cells were stimulated with killed fibroblasts or when pulse chased 

with THP-1 supernatant, when compared with the unstimulated control (p = 0.093 

and p = 0.00161, respectively), Figure 46. 
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Figure 47: HGF pro-inflammatory cytokine production (IL-6 and IL-8) when 

stimulated with IC3DOMM components.   

Pro-inflammatory cytokine production, IL-6 (A) and IL-8 (B), by HGF cells stimulated with: 

paraformaldehyde-killed cells (HGF +  K HaCaT), (HGF +  K THP-1), Supernatant (HGF 

+ HaCaT SN), (HGF + THP-1 SN), and collagen (HGF + collagen). Killed cells and 

collagen were added for 24 hours prior to supernatant collection. Supernatant was added 

to the cells for 4 hours and then removed; cells were incubated for a further 18 hours 

prior to supernatant collection. Cytokine expression was determined via sandwich ELISA. 

Graphs indicate three experiments, performed in triplicate. Significant differences were 

determined between the unstimulated control and all test groups. Data normality was 

assessed using the Shapiro-Wilk test for normality. Statistical significance for all groups 

was determined using a Kruskal-Wallis test, followed by a Dunn’s multiple comparisons 

test. Statistical significance is indicated on the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001). Error bars represent standard deviation. 

 

 

IC3DOMM components did not cause a significant increase in IL-6 production by 

HGF cells, in comparison to the unstimulated control, Figure 47. However, HGF 

cells pulse-chased with HaCaT supernatant led to a significant increase in IL-8 

production when compared to the unstimulated control (p < 0.0001). 
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Figure 48: THP-1 pro-inflammatory cytokine production (IL-6, IL-8 and TNFα) when 

stimulated with IC3DOMM components.  

Pro-inflammatory cytokine production, IL-6 (A), IL-8 (B), and TNFα (C) by THP-1 cells 

stimulated with: paraformaldehyde killed cells (THP-1 + K HaCaT), (THP-1 + K HGF), 

supernatant (THP-1 + HaCaT SN), (THP-1 + HGF SN), and collagen (THP-1 + collagen). 

Killed cells and collagen were added for 24 hours prior to supernatant collection. 

Supernatant was added to the cells for 4 hours and then removed; cells were incubated 

for a further 18 hours prior to supernatant collection. Cytokine expression was 

determined via sandwich ELISA. Graphs indicate three experiments, performed in 

triplicate. Significant differences were determined between the unstimulated control and 

all test groups. Data normality was assessed using the Shapiro-Wilk test for normality. 

Statistical significance for TNFα production was determined using a Kruskal-Wallis test, 

followed by a Dunn’s multiple comparisons test. Statistical significance for IL-6 and IL-8 

production was determined by one-way ANOVA followed by a Tukey’s multiple 

comparisons test. Statistical significance is indicated on the graph (* p < 0.05, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001). Error bars represent standard deviation. 
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THP-1 cells produced significantly less IL-6 when introduced to killed fibroblast 

cells than when unstimulated (p = 0.0042), Figure 48. Other IC3DOMM 

components did not lead to a significant alteration in IL-6 production by THP-1 

cells when compared to the unstimulated control. THP-1 cells produced 

significantly more IL-8 when they were unstimulated compared to when they were 

introduced to killed HaCaT cells, killed HGF cells, collagen, and HGF supernatant 

(p = 0.0429, p = 0.0014, p < 0.0001 and p = 0.0012, respectively). Collagen 

caused a highly significant increase in TNFα production when compared to the 

unstimulated control (p < 0.0001). Killed HaCaT cells also led to a significant 

increase in TNFα production by THP-1 cells when compared to the unstimulated 

control (p = 0.0361). 

From this point onwards, THP-1 cells were to be incorporated into the matrix at 

the point of IC3DOMM production, meaning it may have been necessary 

differentiate and polarise THP-1 cells into macrophages in situ. For this reason, 

it was essential to determine the effect of PMA and VD3 on HaCaT and HGF cells. 

Figure 49 indicates the baseline pro-inflammatory cytokine production by HaCaT 

and HGF cells upon following the differentiation and polarisation protocol as 

applied to THP-1 cells. 
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Figure 49: HaCaT and HGF cells pro-inflammatory cytokine production (IL-6 and 

IL-8) when grown in the presence of PMA and VD3.   

IL-6 and IL-8 pro-inflammatory cytokine production was assessed after HaCaT (A and B, 

respectively) and HGF (C and D, respectively) cells were cultured in the presence of 

PMA and the VD3 for the duration of the THP-1 polarisation and differentiation protocol. 

Cytokine production was determined via sandwich ELISA. Graphs indicate three 

experiments performed in triplicate. Significant differences were determined between the 

test groups and respective control. Data normality was assessed using the Shapiro-Wilk 

test for normality. Statistical significance for HGF production of IL-8 in response to PMA 

and VD3 was determined using a Kruskal-Wallis test, followed by a Dunn’s multiple 

comparisons test. Statistical significance for IL-6 production by HGF in response to PMA 

and VD3, and IL-6 and IL-8 production by HaCaT cells in response to PMA/VD3, was 

determined using a one-way ANOVA followed by a Tukey’s multiple comparison’s test. 

Statistical significance is indicated on the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001). Error bars represent standard deviation. 
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When HaCaT cells were treated with PMA or VD3, there was no significant 

increase in either IL-6 or IL-8 production when compared to the unstimulated 

HaCaT control. IL-6 production by HGF cells was significantly greater when 

treated with VD3, compared with when unstimulated (p < 0.0001). Both IL-6 and 

IL-8 production were significantly upregulated when PMA was introduced to the 

HGF cells (p < 0.0001 for both).  

5.4.6. The effect of PMA and VD3 on model morphology 

The effects of PMA and VD3 on 3DOMMs and IC3DOMMs were assessed via 

histology to determine how the differentiation and polarisation protocol affects 

model morphology. Figure 50 indicates an intact epithelium atop a lamina propria 

layer for all models, with the exception of PMA stimulated IC3DOMMs.  

Towards the basal layers, small condensed nuclei/nuclear fragments, which 

appear densely stained with haematoxylin, were present in 3DOMMs treated with 

PMA and VD3, and IC3DOMMs treated with PMA. This occurrence appeared 

more frequently within the THP-1 absent 3DOMMs, when treated with PMA. 

Within models that contain THP-1 cells (IC3DOMMs), epithelial islands were 

observed within the lamina propria layer. An example of this can be seen within 

the PMA stimulated IC3DOMM, which displays a keratinocyte island, rather than 

the epithelium. This was coupled with a thinner overall epithelium. This 

phenomenon did not occur within the 3DOMMs. 
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Figure 50: The effect of PMA and VD3 on 3DOMM and IC3DOMM morphology  

A representative sample of haematoxylin and eosin stained, paraffin embedded, 4 μm 

sectioned, 3DOMMs and IC3DOMMs at day 14 (400 X magnification). Unstimulated 

3DOMMs and IC3DOMMs (A and D respectively), 3DOMMs and IC3DOMMs cultured 

as per the PMA differentiation and polarisation protocol (B and E respectively), and 

3DOMMs and IC3DOMMs cultured as per the VD3 differentiation and polarisation 

protocol (C and F respectively). 

 

5.4.7. TLR expression by THP-1 derived macrophages 

Seeing as M1-like macrophages and M2-like macrophages were shown to be 

responsive to PAMPs that are traditionally reported to signal through TLR2 and 

TLR4 (LTA and LPS), it was proposed that both of these receptors are expressed 

at the cell surface of the M1-like and M2-like macrophages. This was assessed 

flow cytometrically, with the additional aim of determining whether the 3DOMM 

environment alters the expression of such receptors. 
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THP-1, M1-like, and M2-like macrophages were assessed for the presence of 

TLR2 and TLR4 at the cell surface. Each cell type was also stimulated with 

supernatant from the 3DOMM in a pulse-chased manner, for 4 hours, and then 

cultured for a further 18 hours after the supernatant had been removed. This was 

performed in order to determine whether 3DOMM supernatant altered TLR 

expression at the cell surface, Figure 51. Data for TLR4 is not shown, as the 

mean fluorescence intensity value for all TLR4 groups was less than that of the 

isotype control, as also observed within Chapter 3.  

THP-1 cells displayed two cell populations, identifiable by two peaks on the THP-

1 histogram in Figure 51. Both unstimulated and 3DOMM stimulated THP-1 cells 

expressed TLR2, indicated by the higher mean value for TLR2 groups, than the 

value for the isotype control. This is represented in the histogram, due to the 

increase in mean fluorescence intensity (MFI) value for FITC by THP-1 cells 

stained with the TLR2 antibody, when compared to cells stained with the isotype 

control. Across the multi-population THP-1 cells, overall it would appear that 

unstimulated THP-1 cells expressed more TLR2 than cells treated with 3DOMM 

supernatant. 

M1-like macrophages presented as a single cell population, with a clear distinct 

peak on the histogram. The MFI and hence histogram peak for TLR2 expression 

by unstimulated M1-like macrophages was greater than that of the isotype control, 

indicating TLR2 expression. Furthermore, the MFI and the histogram peak for 

3DOMM-stimulated TLR2 expression by M1-like macrophages indicates that 

cells stimulated with 3DOMM supernatant appeared to express more TLR2 at the 

cell surface than unstimulated cells.  
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Two populations of M2-like macrophages are indicated in Figure 51 with two 

peaks displayed on the histogram for both the isotype control and unstimulated 

TLR2 expression.  3DOMM stimulated M2-like macrophages presented with a 

more uniform cell population than their unstimulated counterparts, as indicated 

by only one peak on the histogram. For both unstimulated and 3DOMM 

stimulated M2-like macrophages, the mean fluorescence intensity value for TLR2 

staining within both groups is less than that of the isotype control, suggesting that 

there is no TLR2 expression at the cell surface. 

 

Figure 51: Cell surface expression of Toll-like receptor 2 within THP-1, M1-like and 

M2-like macrophages 

TLR2 expression was assessed by flow cytometry. Three experimental repeats, each 

with three biological replicates were pooled for each condition, data displayed is an 

average of three technical replicates at 10,000 events. Isotype control (black) is 

displayed for each cell type. TLR2 expression was assessed for unstimulated (blue) 

(THP-1 (A), M1-like (B) and M2-like (c)) cells, and cells stimulated with 3DOMM 

supernatant (red), obtained from 3DOMMs at day 9, and used to pulse chase THP-1, 

M1-like or M2-like cells. A table of the mean fluorescence intensity is included for each 

cell type under each condition (D). 
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5.4.8. Macrophage marker expression within THP-1-derived macrophages 

Macrophage markers have been reported to differ from monocyte markers, and 

between macrophage subsets. The pan-monocyte marker CD68, and the M2 

macrophage markers CD163 and CD206, were assessed via flow cytometry, in 

order to determine whether differentiation and polarisation could be determined 

by differential expression of cell surface markers Figure 52. It was found that for 

unstimulated THP-1 cells, M1-like, and M2-like macrophages, there was no 

significant difference between surface expression of CD68, CD163, or CD206. 

Cell surface marker expression was further studied to determine whether 

expression of CD68, CD163, and CD206 by THP-1, M1-like, and M2-like 

macrophages, altered upon stimulation with LPS. Surface marker expression was 

compared between unstimulated cells and cells after 18 hours of stimulation with 

LPS, Figure 53. 

No significant upregulation was found in surface marker expression, (CD68, 

CD163, or CD206) in response to stimulation with LPS, in any of the cell types, 

when compared to their respective unstimulated controls. Significant differences 

were assessed between all groups, including between differing unstimulated and 

LPS-stimulated cell types. There was significantly greater CD163 expression by  

THP-1 cells stimulated with LPS, compared with M2 cells stimulated with LPS (p 

= 0.0324). No significant differences were found between other groups, for all 

markers. 
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Figure 52: THP-1, M1-like and M2-like, cell surface expression of CD68, CD163 and 

CD206  

Cell surface expression of macrophage markers CD68 (A), CD163 (B) and CD206 (C) 

on THP-1, M1-like and M2-like macrophages. For CD68 graphs indicate four 

experimental repeats, for which three biological repeats were pooled prior to analysis. 

For CD163 and CD206 graphs indicate two experimental repeats, for which three 

biological repeats were pooled prior to analysis. Three technical replicates of 10,000 

events were performed for THP-1 and M2 cells and three technical replicates of at least 

5,000 events were performed for M1 cells. Surface expression was determined using 

flow cytometry and read via mean fluorescence intensity (MFI). MFI for each group was 

standardised to the respective isotype control. Significance was assessed across each 

surface marker (CD68, CD163, and CD206) to look for significant difference between 

THP-1, M1 -like and M2-like macrophages. No significant difference was found between 

CD68, CD163 and CD206 groups. Normality was assessed using a Shapiro Wilk's test 

and significance assessed using a Kruskal-Wallis, followed with a Dunn's multiple 

comparisons test. Error bars represent standard deviation. 



 

200 

 

Figure 53: THP-1, M1-like and M2-like, cell surface expression of CD68, CD163 and 

CD206 in response to LPS 

Cell surface expression of macrophage markers CD68 (A), CD163 (B) and CD206 (C) 

on THP-1, M1-like and M2-like macrophages in response to 1 μg/ml of PgLPS. For CD68 

graphs indicate four experimental repeats, for which three biological repeats were pooled 

prior to analysis. For CD163 and CD206 graphs indicate two experimental repeats, for 

which three biological repeats were pooled prior to analysis. Three technical replicates 

of 10,000 events were performed for THP-1 and M2 cells and three technical replicates 

of at least 5,000 events were performed for M1 cells. Surface expression was determined 

using flow cytometry and read via mean fluorescence intensity (MFI). MFI for each group 

was standardised to the respective isotype control. Significance was assessed across 

each surface marker (CD68, CD163, or CD206) between all groups. Normality was 

assessed using a Shapiro Wilk's test and significance assessed using a Kruskal-Wallis, 

followed with a Dunn's multiple comparisons test. Error bars represent standard 

deviation. 
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Following this, the CD68, CD163 and CD206 surface marker expression was 

assessed for THP-1, M1-like, and M2-like macrophages grown in the presence 

of a 3DOMM Figure 54. THP-1 cells were cultured, and the differentiation and 

polarisation protocol followed in the presence of the 3DOMM, to determine 

whether macrophage surface marker expression differed between cells cultured 

alone, and those cultured in the 3DOMM environment. The pan-monocyte marker 

CD68 was significantly higher in THP-1 cells and M2-like macrophages grown in 

the presence of 3DOMMs, when compared with the M1-like control (p = 0.0032 

and p = 0.0377, respectively). There was no significant difference in expression 

between each cell type (THP-1, M1-like, and M2-like) and their respective 

3DOMM cultured counterparts. Furthermore, there was found to be no significant 

difference between CD163 or CD206 expression between all groups, including 

comparisons between control, and 3DOMM cultured macrophages. 
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Figure 54: THP-1, M1-like and M2-like, cell surface expression of CD68, CD163 and 

CD206 in response to 3DOMM co-culture. 

Cell surface expression of macrophage markers CD68 (A), CD163 (B) and CD206 (C) 

on THP-1, M1-like and M2-like macrophages when grown in the presence of a 3DOMM. 

For CD68 graphs indicate four experimental repeats, for which three biological repeats 

were pooled prior to analysis. For CD163 and CD206 graphs indicate two experimental 

repeats, for which three biological repeats were pooled prior to analysis. Three technical 

replicates of 10,000 events were performed for THP-1 and M2 cells and three technical 

replicates of at least 5,000 events were performed for M1 cells. Surface expression was 

determined using flow cytometry and read via mean fluorescence intensity (MFI). MFI 

for each group was standardised to the respective isotype control. Significance was 

assessed across each surface marker (CD68, CD163, or CD206) between all groups. 

Normality was assessed using a Shapiro Wilk's test and significance assessed using a 

Kruskal-Wallis, followed with a Dunn's multiple comparisons test. Significance is 

indicated on the graph (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars 

represent standard deviation.  
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5.4.9. Macrophage polarisation and response to the 3DOMM environment 

Following the evaluation of the cell surface expression of macrophage markers 

on THP-1 cells, M1-like macrophages, and M2-like macrophages, the pro-

inflammatory cytokine profile of each cell type was assessed when unstimulated, 

and stimulated with 3DOMM supernatant. Firstly, this was performed to gain an 

indication as to whether there was any difference perceived in pro-inflammatory 

cytokine production between the proposed pro-inflammatory M1-like, and anti-

inflammatory M2-like macrophage cell types. Furthermore, this was aimed to 

further elucidate the effect, if any, of the 3DOMM on any macrophages 

incorporated into the model. THP-1 cells, M1-like macrophages, and M2-like 

macrophages were therefore pulse-chased with 3DOMM supernatant, and their 

subsequent production of TNFα and IL-1β was determined, Figure 55.  

Statistical significance was first assessed between the unstimulated cell types. 

M1-like macrophages produced significantly more TNFα and IL-1β than THP-1 

cells, when unstimulated (p < 0.0001 and p = 0.0001, respectively). M1-like 

macrophages at baseline also expressed significantly higher levels of TNFα than 

M2-like macrophages (p < 0.0001).  

Following this, statistical significance was assessed between each unstimulated 

cell type, and their respective stimulation with 3DOMM supernatant. There were 

no significant difference seen between TNFα or IL-β production between 

stimulated and unstimulated THP-1 cells and M2-like macrophages, nor was 

there a significant difference in IL-1β production between stimulated and 

unstimulated M1-like macrophages. There was however a significant difference 

in TNFα production between stimulated and unstimulated M1-like macrophages 
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(p = 0.0333), whereby TNFα production was lower upon stimulation with 3DOMM 

supernatant.  

 

Figure 55: TNFα and IL-1β production by THP-1, M1-like and M2-like macrophages, 

constitutively and in response to 3DOMM supernatant.  

Cells were pulse-chased with 3DOMM supernatant or a media control for 4 hours, and 

incubated for a further 18 hours before analysis by ELISA for TNFα (A) and IL-1β (B). 

Graphs indicate three experimental repeats performed in triplicate at minimum. 

Statistical significance was tested between THP-1, M1-like and M2-like unstimulated 

control. Statistical significance was also tested between each stimulated cell type and 

their respective negative control. Data normality was assessed using the Shapiro-Wilk 

test for normality. For TNFα, a one-way ANOVA was performed, followed by a Tukey’s 

multiple comparisons test. For IL-1β a Kruskal-Wallis test was performed, followed by a 

Dunn’s multiple comparisons test. Statistical significance is indicated on the graph (* p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars represent standard deviation. 
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5.5.  Discussion 

5.5.1. Considerations for immunocompetent oral mucosal models  

Only a few previous studies have incorporated immune cells into 3DOMMs, none 

of which have incorporated the THP-1 pro-monocyte cell line. For this reason, 

firstly the suitability of THP-1 cells as a macrophage model was considered. It is 

necessary to derive a methodology of introducing immune cells to the 3DOMM 

matrix that promotes the viability of the THP-1 cells and that is reproducible. A 

novel consideration for the implementation of THP-1 cells into 3DOMMs is the 

possibility that the model environment itself may lead to the activation and 

polarisation of the cells, meaning this may negate the need for the in vitro artificial 

induction of macrophage polarisation. Throughout this chapter, these concepts 

were explored, with the special consideration as to how the newly developed 

IC3DOMM environment impacts upon the cell types incorporated within. 

5.5.2. THP-1 cells as a macrophage model 

The differential morphology observed between THP-1 cells and PMA-derived M1-

like macrophages is a good indicator of the differentiation of monocytes into 

macrophages through their adherence, increased cytoplasmic volume, and 

formation of pseudopodia that aid mobility and phagocytosis (298,308,327). M1-

like macrophages appeared as a single population within flow cytometry, 

indicated by the single peak on the histogram. These data support the notion that 

PMA derives macrophages from THP-1 cells. Despite the increasing confidence 

that PMA induces the differentiation of THP-1 cells into macrophages, it was 

shown that there was no significant increase in CD68 expression, the pan-

monocyte marker, between THP-1 monocytes, and M1-like macrophages. It has 
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been shown that macrophages typically express higher levels of CD68 than their 

monocyte precursors (328). However, due to the flow cytometry methodology 

used, only CD68 at the cell surface would have been observable; as a 

predominantly intracellular protein, permeabilisation of the cells before future 

analysis may prove more informative (322). 

VD3 differentiated M2-like macrophages, were closer in morphology to THP-1 

pro-monocytes than they were to M1-like macrophages, and for the most part 

remained in suspension, with some adherent cells observed. VD3 cells contained 

multiple populations, as indicated by multiple peaks on the flow cytometry 

histogram. Some cells appeared more granular, supported by imaging. 

Granularity occurs more within macrophages than monocytes, suggesting that 

some level of differentiation had taken place (298,329). VD3 differentiated M2-

like macrophages exhibited no pseudopodia, nor were they particularly adherent, 

which differs from reports of M2-like macrophages derived from PBMCs and 

THP-1 cells using IL-4, but supports previous findings regarding VD3 

differentiation of THP-1 cells (299,330). The differences observed between the 

VD3 differentiated M2-like macrophages and traditionally reported macrophages 

may be indicative of an insufficient differentiation and polarisation protocol. It has 

been suggested previously that VD3 does alter THP-1 cells from their monocytic 

state, however does not appear to lead to the formation of a fully differentiated 

macrophage as PMA does, due to the resultant cells’ lack of adherence, 

continued proliferation, and lower phagocytic activity (298,299). At the time of this 

discovery it had been suggested that VD3 leads to an alternative differentiated 

state than PMA induced macrophages, which were reported to be inflammatory 

(299). Over time, this interpretation of an alternative differentiated state took on 
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the description of an M2-macrophage. However, although evidence does support 

the idea that VD3 differentiated THP-1 cells are not inflammatory, and hence not 

M1-like macrophages, it does not support the idea that VD3 differentiated 

macrophages are mature anti-inflammatory macrophages either; rather, some 

form of intermediary monocyte/macrophage phenotype, that has not undergone 

the full differentiation process. The results from this study strongly support the 

idea that the VD3-derived M2-like macrophages differ from the PMA-derived M1-

like macrophages, and also support the idea that VD3-derived cells are not 

phenotypically a macrophage, due to their lack of adherence, low cytoplasmic 

volume, and lack of distinct markers attributed to their reported phenotype (M2-

macrophage markers CD163 and CD206). To back this up, in future the anti-

inflammatory cytokine production by VD3-derived M2-like macrophages may be 

assessed. All things considered, future experimentation may require the 

implementation of alternative methodologies. Other groups have successfully 

used THP-1 cells and PBMCs to derive M2-like macrophages through the use of 

various combinations of M-CSF, IL-4, IL-13, and PMA (293,295,296,331–333). 

Therefore, should macrophage polarisation be required, there are other means 

to achieve this.  

A final note: despite the differing morphology of the VD3-derived M2-like 

macrophage from the traditionally reported macrophage, this does not 

necessarily mean they are completely unsuitable for all applications within the in 

vitro situation. Nor does it mean that the more successfully derived PMA-derived 

M1-like macrophages are suitable for all applications. Although other 

methodologies are more suitable for the formation of M2-like macrophages, no 

one model is perfect. This is due to the complex environment in vivo, which 
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cannot accurately be replicated in vitro with the aid of few select 

cytokines/chemicals. Not explored in detail within the present study, but an 

exciting prospect for future work, is to discover the secretome of the 3DOMM, to 

determine whether the traditionally reported polarising cytokines are able to be 

produced. If they are, the task to artificially induce the most phenotypically 

relevant appropriately polarised macrophage may no longer be required. 

5.5.3. Integration of macrophages into the 3DOMM 

THP-1 cells differentiated into macrophages, have a relatively limited life span 

due to the reduction in proliferation capability observed within monocyte-derived 

macrophages. This terminal differentiation does not occur within all macrophages, 

with some tissue-resident macrophages acting as self-sustaining populations, 

maintaining their proliferative capacity (285). The THP-1-derived macrophage 

lifespan was not extended through the incorporation of the cells into the 3DOMM 

matrix and therefore the integration of mature macrophages into the matrix at the 

point of 3DOMM creation was ruled out, as by the time the epithelium would have 

begun to develop, the macrophages will have expired. 

THP-1 cells alone embedded in the matrix continued to proliferate, indicated by 

clumping of the THP-1 cells. THP-1 cells in the presence of HGF cells did not 

proliferate as rapidly, perhaps a result of cross-talk between the HGF cells, which 

themselves are in stasis when embedded in a collagen matrix, as indicated in 

Chapter 3. This occurrence was consistent, and the clumping effect, 

characteristic of continued proliferation, was not observed within IC3DOMMs 

cultured for 12-14 days, indicated by subsequent histology and confocal 

microscopy.  
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A preliminary study indicated that 3DOMMs produce MCP-1 (data not shown). 

THP-1 cells express MCP-1 receptors and migrate towards high concentrations 

of MCP-1 (334). With this in mind, the THP-1 migration study was developed.  

The rationale behind using PMA was to determine the effect of THP-1 

differentiation upon cellular migration. Conclusions could not be drawn from this 

study, however it has been shown previously that the longer THP-1 cells are 

incubated with PMA, the less responsive they are to MCP-1 induced migration 

(334). At this point, it was not yet known whether THP-1 cells are differentiated 

as a result of the 3DOMM environment. LTA was included to stimulate pro-

inflammatory cytokine production by the 3DOMM in order to determine whether 

this enhanced migration. It is difficult to draw conclusions on the effect of the 

individual stimuli included upon THP-1 migration, as the results were not 

conclusive due to the nature of the imaging technique used. THP-1 cells were 

visible at the periphery of the 3DOMM, but it was not possible to tell if the cells 

had migrated into the matrix, and as the cells appeared to have a similar degree 

of luminescence, it is proposed that the majority of the 3DOMM-associated THP-

1 cells were on the same plane. In future work, the location of the cells could be 

determined through the use of cryopreservation and cryostat sectioning of the 

models. However upon consideration, even should the cells migrate into the 

matrix, it would be difficult to accurately quantify how many cells had made this 

migration, and therefore would be likely to hinder the reproducibility of the model. 

Embedding THP-1 cells into the model matrix at the point of formation and 

differentiating them in situ appears to be the most effective way to create an 

IC3DOMM. A similar methodology was applied by by Linde et al., 2012, for the 

incorporation of dermal fibroblasts and macrophages into a collagen matrix. 
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Whereby macrophages were successfully incorporated and subsequently 

differentiated in situ, with the use of IFNγ + LPS and IL-4, for M1-like and M2-like 

macrophages, respectively. Furthermore, the spontaneous immortalisation of 

naive macrophages to an M2-like phenotype, in the presence of a tumour 

environment, was observed. This supports the possibility of polarising 

macrophages in situ, and demonstrates the ability of a tissue engineered 

environment to tailor macrophage activity (62). 

5.5.4. HaCaT and HGF response to the IC3DOMM environment 

Killed THP-1 cells and THP-1 supernatants did not stimulate HGF cells, indicated 

by the lack of increase in pro-inflammatory cytokine production. However, soluble 

factors in THP-1 supernatant did stimulate HaCaT cells as represented by their 

increase in IL-8 production. As PMA and VD3 induced pro-inflammatory cytokine 

production within 3DOMM cell types there is concern as to whether this may 

inhibit their ability to respond to further stimuli. However, considering the overall 

pro-inflammatory environment exhibited within the 3DOMMs, it is unlikely that this 

will make a dent in the overall cytokine milieu. Despite this, PMA and VD3 may 

still affect the response of the model as a whole. PMA may alter the proliferation 

of keratinocytes, as well as induce terminal differentiation (335,336). With regards 

to fibroblasts PMA is able to induce apoptosis (337). VD3 may alter keratinocyte 

proliferation and increase resistance to apoptosis (338,339). VD3 may also affect 

the behaviour of fibroblasts, and it has been reported previously that it leads to a 

reduction in fibroblast mediated collagen gel contraction, as well as increasing 

collagen synthesis (340,341). Considering this, and the uncertainty with regards 

to VD3 induced polarisation, an alternative, polarisation and differentiation 

protocol may be required for subsequent models. 



 

211 

5.5.5. Macrophage response to the 3DOMM environment 

Cell surface markers have been reported as an accurate way to classify 

macrophage phenotypes, and have been used alone and in conjunction with 

other techniques such as  the identification of cytokine production and 

antimicrobial agents to differentiate between M1 and M2 populations in disease 

(324,326,342). A simple way to determine the effect of the 3DOMM on the 

polarisation of THP-1 cells could be to compare surface marker expression of 

cells cultured in the 3DOMM environment with cells of a known polarisation. M2-

macrophage markers CD163 and CD206 are typically expressed at lower levels 

within M1 macrophages compared to M2 macrophages (305,343). Within the 

present study, the lack of significant difference in expression of all macrophage 

markers between the THP-1, M1-like, and M2-like macrophages, indicates that 

surface expression of these markers is not sufficient to determine macrophage 

polarisation in this model, and therefore cannot be used to study the effect of the 

3DOMM on THP-1 polarisation. It was expected that surface marker expression 

may differ between the M1-like macrophages and M2-like macrophages, due to 

the reported higher levels of CD163 and CD206 within M2-like macrophages. 

This lack of difference may further support the idea that the THP-1 differentiation 

and polarisation protocol is ineffective at producing differentiated and polarised 

M2-like macrophages. CD163 expression by THP-1 cells and their derivatives, 

has previously been reported as lacking, which is thought to be a result of the cell 

line’s leukaemic origin, however in the present study CD163 expression was not 

totally absent, as demonstrated by expression levels being greater than that of 

the isotype control for THP-1 cells, M1-like macrophages, and M2-like 

macrophages (76). It should be noted that for CD206, the observed MFI was less 
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than that of the isotype control, indicated by percentages lower than 100%. 

Therefore the CD206 antibody employed for studying cell surface marker 

expression may be ineffective, or perhaps use of an isotype control is not the 

most appropriate way to conduct flow cytometry experiments in high Fc receptor 

expressing cells (344,345). 

The pro-inflammatory cytokine profile of M1-like and M2-like macrophages 

proves more promising a means of determining cellular polarisation and 

subsequently the effect of the 3DOMM environment on THP-1 cells in terms of 

differentiation and polarisation. Baseline TNFα, and IL-1β production by M1-like 

macrophages were significantly greater than that of THP-1 cells. This is indicative 

of the differentiation of M1-like macrophages away from the THP-1 phenotype. 

This is further supported by the ability of M1-like macrophages to respond to LPS 

and LTA, as indicated in the present study and within the literature (346). THP-1 

cells are typically considered unresponsive to PAMPs due to their lower level of 

CD14 expression than traditional peripheral blood monocytes, and require 

differentiation in order to effectively respond to stimuli (77,347). 

The baseline level of TNFα production by M2-like macrophages and THP-1 cells 

did not significantly differ. Baseline and stimulated TNFα pro-inflammatory 

cytokine production has been demonstrated to be absent and low, respectively, 

within VD3-derived M2-like macrophages (298,303).  This information alone, 

neither supports nor denies the premise that M2-like macrophages used within 

this study were not fully differentiated. The fact that M2-like macrophages were 

responsive to LPS and LTA within the present study suggests that the M2-like 

macrophages at least partially differentiated away from the typically unresponsive 
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THP-1 phenotype. To fully characterise the M2-like macrophage population, and 

determine their functionality, their response to bacteria in terms of phagocytosis 

and anti-inflammatory cytokine production, such as IL-10 and TGF-β, would need 

to be determined (307).  

The lack of an increase in pro-inflammatory cytokine production by THP-1, M1-

like and M2-like macrophages when pulse-chased with 3DOMM supernatant 

indicates that the soluble factors being secreted from the 3DOMM at day 9 are 

not stimulatory towards the THP-1-derived macrophages. In fact, M1-like 

macrophages stimulated with 3DOMM supernatant led to a significant reduction 

in TNFα production, indicating an anti-inflammatory effect. The lack of stimulatory 

response does not necessarily mean that THP-1 cells will remain unaffected by 

the 3DOMM altogether. Considering the data explored in chapter 3 indicating that 

the 3DOMM is inherently inflammatory, and taking into account  the fact that 

3DOMM supernatant has been shown to modify pro-inflammatory cytokine 

production by M1-like macrophages, it is very possible that the overall model 

environment may modify the response of THP-1 derived macrophages. For 

example, if macrophages should encounter a pro-inflammatory stimuli, 

inadvertently, from their environment, cells may not respond to an induced 

experimental stimulus in the same way upon secondary stimulation. This is due 

to the initiation of tolerance upon prolonged or repeated exposure to stimuli such 

as LPS (348). This may lead to skewed results when studying infection. The 

impact the 3DOMM environment has on macrophage activity is of significant 

interest. An interesting observation was the effect that 3DOMM supernatant had 

on VD3-derived M2-like macrophages. Throughout the present study M2-like 

macrophages presented with multiple populations when assessed visually or by 
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flow cytometry. However, after being introduced to 3DOMM supernatant, only a 

single population of M2-like macrophages was indicated on the M2-like histogram 

when assessing TLR2 expression.  

If the model environment is leading to the spontaneous polarisation of the THP-

1 cells, as experienced within similar models, the response of the cells to any 

subsequent infection may be considerably altered to that of an induced polarised 

state(62). At present, it cannot be deduced whether the culture of the THP-1 cells 

within the collagen matrix for the full period of model growth has an effect on the 

THP-1 polarisation. Individual IC3DOMM components were shown to modify pro-

inflammatory cytokine production by THP-1 cells in the present study, with 

collagen and killed fibroblasts leading to an increase in TNFα production, and 

multiple components, including collagen, leading to a reduction in IL-8 production. 

This cytokine skew indicates that whilst the IC3DOMM environment may not 

necessarily be inducing an overall pro-inflammatory state within THP-1 cells, the 

baseline environment is being modified, which may alter downstream response 

to infection. It was envisaged that the flow cytometry markers alone would provide 

an indication as to polarisation, but due to their inefficiency at determining 

between macrophage subsets, another approach has to be considered.  
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5.6.  Conclusion 

These data shed light onto the complex inter-workings of an immunocompetent 

oral infection model. Studying the individual components of the IC3DOMM has 

led to the identification that THP-1-derived macrophages alone, and incorporated 

into a model environment, may be acting in a manner dissimilar to their in vivo 

counterparts. This raises further questions within the quest to develop an 

IC3DOMM, whereby an alternative macrophage model may need to be 

considered. Next to be addressed should be the development of a methodology 

which may accurately identify the polarisation of macrophages in situ to 

determine the success of the differentiation and polarisation protocol, and to 

ascertain the effect of the 3DOMM environment upon the macrophage, in the 

absence of artificially induced differentiation and polarisation. Considering the 

multitude of interactions taking place within the model environment, it is now time 

to stop considering the model in a deconstructed manner, but to consider the 

model as a whole. 
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6. General discussion: considerations, limitations, and future 

work 

Considering the results of the present study, it is proposed that the newly 

developed 3DOMM is suitable for the study of host response to infection, in terms 

of pro-inflammatory cytokine production, and tissue colonisation and invasion. 

The 3DOMM proved superior to the P3DOMM due to its intact epithelium, and 

ability to upregulate the pro-inflammatory cytokines IL-6 and IL-8 in response to 

single and dual infections of C. albicans and S. aureus. Clinically relevant oral 

isolates of C. albicans and S. aureus were obtained from denture wearing 

participants, and have been implemented in studying host response to infection 

with the newly developed 3DOMMs. Novel to the present study was the 

identification and subsequent report of an inherently pro-inflammatory 3DOMM 

environment, resulting from cell death and stimulation of the incorporated cell 

types by the 3DOMM environment itself. Also novel to the present study was the 

successful incorporation of THP-1 pro-monocyte cells into the model matrix, as a 

first step to form an immunocompetent model. So far it has been identified that 

the differentiation and polarisation protocol leads to pro-inflammatory cytokine 

production within the incorporated epithelial and stromal cell types, and also that 

collagen stimulates TNFα production by THP-1 cells, further demonstrating the 

complex interactions between incorporated cells and the model environment. 

Further consideration should be taken as to the effect of the model environment 

on the differentiation and polarisation of THP-1 cells, prior to their implementation 

to study host response to infection. Table 14 indicates the individual aims 

addressed within the experimental chapters of this thesis, along with their 

associated outcomes, that led to the characterisation and development of the 
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3DOMM and subsequent IC3DOMM. A schematic figure is included to 

demonstrate where the 3DOMM and IC3DOMM currently fits into the field of 

tissue-engineered oral mucosal models Figure 56.  
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Table 14: Summary of aims addressed within this thesis and their outcomes, as discussed within experimental chapters. 

Aim Outcomes 

To compare the morphology of three-dimensional 

oral mucosal models created with immortalised 

and primary keratinocytes, with native oral 

mucosa. 

 

 3DOMMs were structurally similar to the native oral mucosa with the exception of rete 

ridges and epithelial stratification.  

 3DOMMs were highly reproducible in terms of morphology and structural integrity, with the 

except for the infrequent occurrence of a weakly occurring basement membrane and 

consistent variation of epithelial thickness.  

 3DOMM morphology was superior to P3DOMM morphology due to the presence of a 

robust intact epithelium. 

To identify the base-line pro-inflammatory 

cytokine production of the P/3DOMMs, and 

determine the effect of the model environment on 

the incorporated cell types. 

 

 3DOMMs and P3DOMMs were inherently inflammatory.  

 3DOMMs produced the highest levels of IL-6 and IL-8 upon model formation, levels of IL-

6 and IL-8 reduced after this point, but IL-8 levels rose again after day 13.  

 Cell death, determined by LDH release correlated with higher levels of pro-inflammatory 

cytokine production.  

 The effect of the 3DOMM environment on the incorporated cell types may at least partially 

contribute to this inflammatory environment, due to model components leading to the 

stimulation of cells. 

To determine the ability of HaCaT, HGF and POK 

cells to respond to PAMPs. 

 

 HaCaT, HGF and POK cells were all able to produce pro-inflammatory cytokines in 

response to 10 µg/ml of LTA.  

 HaCaT cells were not responsive to LPS, whereas HGF cells were responsive to mid-range 

concentrations (0.1 µg/ml), and POK cells were responsive to 1µg/ml. 

To consider the optimum time-point to implement 

the newly developed 3DOMM as an infection 

model. 

 

 Model epithelial thickness did not vary much between day 16 and 21, however the 

epithelium was most consistently anchored to the lamina propria layer at day 19.  

 Due to high levels of pro-inflammatory cytokine production at the former and later stage of 

model growth, it was proposed that the models would be more informative to study host 
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pro-inflammatory cytokine production in response to infection at a lower period of baseline 

pro-inflammatory cytokine production (days 5-15).  

 It is proposed that the models are used at day 14 so that the epithelium has enough time 

to develop, whilst minimising pro-inflammatory cytokine production, so that an upregulation 

may be measured in response to infection. 

To obtain clinically relevant oral isolates of C. 

albicans and S. aureus. 

 One isolate of S. aureus and 10 isolates of C. albicans, 7 of which were obtained from 

different patients, were obtained from patient oral swabs of the hard palate and denture. 

To identify the frequency of colonisation of 

denture wearers, and factors associated with C. 

albicans and S. aureus carriage  

 Due to a lower than expected uptake onto the participant study it was not possible to 

determine risk factors associated with C. albicans and S. aureus carriage.  

 Of the total 32 participants, 21.88% carried C. albicans and 3.13% carried both C. albicans 

and S. aureus.  

 Of non-denture wearers, 18.18% carried C. albicans alone, compared with 30% within the 

denture-wearing group.  

 No participants carried S. aureus alone, whereas 10% of the denture wearing group carried 

both C. albicans and S. aureus. 

To assess the efficacy of P/3DOMMs to model 

single and dual infections of C. albicans and S. 

aureus in terms of studying tissue colonisation 

and invasion, and pro-inflammatory cytokine 

production in response to infection. 

 3DOMMs were determined more suitable to study host response to infection than 

P3DOMMs due to their superior epithelium, which was intact and hence prevented 

immediate invasion of microbes, unlike P3DOMMs.  

 3DOMMs were superior than P3DOMMs due to their ability to upregulate both IL-6 and IL-

8 pro-inflammatory cytokines in response to all combinations of single and dual infections 

of C. albicans and S. aureus.  

  P3DOMMs did not upregulate IL-8 upon infection. 

To explore the proposed synergistic relationship 

between C. albicans and S. aureus. 

 This study observed C. albicans and S. aureus associated together and separately within 

dual infections, however there was no clear indication of synergy, particularly as within 
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monolayer studies S. aureus was more detrimental to the epithelial monolayer alone, than 

when associated with dual infection with C. albicans.  

 There was no significant difference in pro-inflammatory cytokine production by infected 

HaCaT monolayers and 3DOMMs, between single and dual infections of C. albicans and 

S. aureus. 

To determine whether the THP-1 derived M1-like 

and M2-like macrophages are suitable to be 

employed for the formation of an 

immunocompetent 3DOMM 

 

 THP-1-derived M1-like and M2-like macrophages were responsive to LPS and LTA 

indicating they are able to produce pro-inflammatory cytokines in response to PAMPs.  

 At baseline, M1-like macrophages produced significantly more TNFα than THP-1 cells or 

M2-like macrophages, indicating their more inflammatory phenotype.  

 Questions were raised as to the suitability of VD3 to differentiate and polarise THP-1 cells 

into M2-like macrophages due to the lack of phenotypical macrophage morphology, and 

multiple populations observed within M2-like macrophages.  

 It is proposed that an alternative polarisation and differentiation protocol should be 

selected. 

To determine the most suitable way to 

incorporate THP-1 cells into the model matrix 

 Embedding THP-1 cells into the model matrix at day 1 of model production, followed by 

subsequent differentiation and polarisation in situ was the most suitable means of 

macrophage incorporation. 

 THP-1 cells, M1-like and M1-like macrophages were visible in the model matrix at day 14, 

and M1-like macrophages appeared to have an enlarged, elongated, appearance 

indicative of a macrophage. 

To determine whether differentiation and 

polarisation of THP-1 cells is required in the 

3DOMM environment 

 It was not possible to differentiate between macrophage subsets due to insufficient 

polarisation markers; therefore, it was not determined whether the 3DOMM environment 

itself, lead to differentiation or polarisation of THP-1 cells into macrophages.  

 3DOMM supernatant was not found to have a stimulatory effect on THP-1, M1-like or M2-

like macrophages, demonstrated by the lack of increase in pro-inflammatory cytokines. 
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Figure 56: A schematic demonstration of the fields of literature leading to the development and application of the newly derived 3DOMM and 

IC3DOMM.
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6.1.  Challenges faced within model development 

6.1.1. Studying the model as a whole  

The overarching aim of the present study was to develop an IC3DOMM that was 

able to effectively and informatively model oral infection in a manner 

representative of in vivo oral mucosa. An early challenge faced within 3DOMM 

development was the identification of high levels of pro-inflammatory cytokines 

being produced at baseline. In order to gain an understanding of the causes, it 

was possible to study the models cellular components individually. Figure 57 has 

been included to indicate the complexity of the interactions taking place within the 

IC3DOMM. It demonstrates interactions identified within the present study that 

contribute towards pro-inflammatory cytokine production by the IC3DOMM cell 

types, as well as the model as a whole; this is an area that for the most part has 

been overlooked within previous literature. However, due to cross-talk between 

the cell types within the model environment it is unlikely that the sum of the 

responses of the individual cell types equates to the model as a whole. The 

complexity of epithelial mesenchymal cross-talk extends to the structure 

morphology of the model, whereby cross-talk between the keratinocytes and 

fibroblast cells within a 3DOMM leads to differential protein expression, model 

contraction and basement membrane deposition in the presence of both cell 

types, but not in the absence of any one cell type (349,350). Therefore, whilst 

proving informative for some purposes, and valuable to initially predict the abilities 

of the individual cell types, studying the model in a deconstructed manner is only 

useful up to a point, and individual cellular interactions may not always accurately 

represent cellular behaviour and response within the model environment. The 



 

223 

model must therefore be considered as a whole when taken forward to study 

infection.   

 

 
Figure 57: The complex interactions underpinning IC3DOMM pro-inflammatory 

cytokine production, as identified within the present study. 

This figure is included as a demonstration of the complex environment, previously 

overlooked within the field of oral mucosal infection modelling. Arrows indicate stimuli 

that have led to the upregulation of pro-inflammatory cytokine production within: HaCaT 

cells, HGF cells and THP-1 cells, as well as the model as a whole (indicated by arrows 

leading to the periphery of the inner circle). It should be noted that the stimuli 

incorporated in this diagram are representative of those identified within the present 

study, and are not exhaustive. 



 

224 

Careful consideration was taken in order to determine the best way to study the 

surface expression of cells embedded within a gel-based matrix. It was at first 

thought important to develop a way of studying the individual cell types in a 

manner that did not require the models to be sacrificed, so that cells could be 

studied in a time-dependent manner should it be so desired. Furthermore, a 

relatively low cell number of THP-1 cells were added to the lamina propria layer; 

meaning that sacrificial techniques such as the digestion of the matrix, would 

most likely lead to too few cells for analysis by flow cytometry. It is for this reason 

that the THP-1 cells have been studied in a separate manner, external from the 

3DOMM. The THP-1 cells were therefore cultured below a transwell insert 

containing the 3DOMM, so it was exposed to the full array of soluble factors that 

exist within the 3DOMM microenvironment. The only absent factor, which was 

previously identified to lead to stimulation of THP-1 cells, was the response of 

THP-1 cells to collagen. Whilst this methodology should have provided a strong 

indication as to the overall effect of the 3DOMM environment on the polarisation 

of THP-1 cells (had the markers chosen for indication of polarisation been 

successful), it was not possible to quantifiably determine the THP-1 cell pro-

inflammatory cytokine production as a result of these culture conditions. This was 

due to the manner in which the THP-1 polarisation and differentiation protocol 

had to be carried out within the 3DOMM environment. This led to a variation in 

the resulting cell number per well and between M1-like, M2-like and THP-1 cells, 

meaning that any cytokine readouts would not have been directly comparable. 

The suspension cells could have been re-seeded, however for the adherent M1-

like macrophages, detachment and re-seeding may have led to an altered 

response and lack of adherence. For this reason, in future, a methodology should 

be devised to study either the in situ polarisation or permit the removal of the cells 
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from the collagen matrix for further study. This would also account for the direct 

effect of collagen on THP-1 cells. 

6.1.2. Choosing a suitable keratinocyte cell line 

In the present study, HaCaT cells appeared more appropriate than POK cells to 

form a robust, reproducible epithelium. POK cells maintained their epithelial 

phenotype for few passages, and their morphology and monolayer integrity was 

unpredictable in nature; of the two cell types compared, in terms of model 

morphology HaCaT cells were the most suitable epithelial cell type. However, as 

introduced previously, HaCaT cells are skin keratinocytes. In terms of 

morphology there are no differences exhibited between skin keratinocytes and 

oral keratinocytes, in fact oral keratinocytes are more similar to skin than any 

other mucosal tissue (88).  At the histological level, there are differences between 

dermal and oral tissue, however these structural differences result from the 

presence of other cell types, and appendages such as hair, which may be omitted 

from tissue-engineered models. Despite these similarities, the use of HaCaT cells 

instead of immortalised oral epithelial cells must be further discussed at a cellular 

level. Response to injury between oral and skin keratinocytes varies, oral 

mucosal wounds heal faster, and in a less inflammatory manner than dermal 

wounds, with oral wound healing resulting in minimal scar formation when 

compared with dermal wounds (351).  Initially it was unknown whether this 

differing response was a result of the tissue as a whole, or whether keratinocytes 

at least partially contribute to the differences exhibited within wound healing of 

these two structurally similar tissues. It has now been indicated that the 

discrepancies in wound healing are not solely as a result of the local environment, 

such as salivary flow and the local microflora. Skin explants incorporated into the 
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oral mucosa have exhibited keloid scar formation at their new site of residence, 

indicative of their maintained skin phenotype. Furthermore, as a result of the 

proliferative and migratory capacity of oral keratinocytes, when compared to skin 

keratinocytes, differences are exhibited in the rate of wound healing (351). This 

may impact upon infection studies, particularly upon the case of pathogenic 

damage to the epithelium, whereby skin keratinocytes would not be 

representative of oral keratinocytes in their ability to rapidly regenerate the 

epithelium. Furthermore, if the oral mucosa is inherently less inflammatory than 

skin, the implementation of a skin keratinocyte may lead to a falsely high baseline 

and responsive cytokine level upon infection, leading to results that are not 

representative of the oral mucosa. It is also possible that the lack of differentiation 

exhibited within the 3DOMM epithelium may be a result of the HaCaT cell line 

employed. HaCaT cells have been reported to exhibit insufficient epithelial 

mesenchymal cross-talk, leading to a reduction in basement membrane 

deposition and lack of epithelial stratification (68). This, in turn, may also account 

for the limited keratinisation exhibited within these newly developed oral mucosal 

models. 

The implementation of the immortalised oral keratinocyte cell line, FNB6, for the 

construction of 3DOMMs has been successful on multiple occasions (13,42). It is 

proposed that a comparison should be made between IC3DOMMs formed with 

the HaCaT and the FNB6 cell lines to determine if other benefits, besides the 

stratification of the epithelium and basement membrane deposition, are 

observed. For example, any further considered epithelial cells should have the 

models resultant pro-inflammatory cytokine production deliberated when 

incorporated into a 3DOMM. Macrophage response to any new cell types should 
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also be assessed. It should always be ensured that model morphology and 

response to infection is balanced, to ensure the newly developed IC3DOMM is 

as similar to the native oral mucosa as possible. 

6.1.3. The THP-1 model 

THP-1 cells are useful tools for in vitro immunological studies due to their 

continuous proliferative state, but as a leukaemic pro-monocyte cell line they 

inherently come with their own limitations, such as an alteration in traditional 

monocyte and subsequently derived macrophage markers (76). The present 

study shed light on the success of the commonly used PMA and VD3 

differentiation and polarisation protocols employed to derive THP-1 cells into 

macrophages. THP-1 cells have however been successfully reported to be 

differentiated and polarised into macrophages using methodologies that more 

accurately represent the in vivo situation (293–296,331–333). Considering the 

benefit of the proliferative capacity, easy access, and reproducibility of THP-1 

cells, the first step in the further development of this model would be to explore 

the use of a range of differentiation and polarisation protocols in order to 

characterise the possibilities of THP-1-derived macrophage functionality. Should 

this not be successful, PBMCs may be considered as an alternative cell source, 

for the incorporation of macrophages into the model matrix.  

One phenomenon observed within the THP-1-incorporated IC3DOMMs, but not 

within the 3DOMMs, was the presence of keratinocyte islands within the model 

matrix, and a thinner epithelium than 3DOMMs. This has been observed by other 

research groups in the past for THP-1 cells (data not published) and should be 
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further explored. Should this occurrence be frequent, it may be necessary to alter 

the macrophage cell type incorporated into the model. 

6.2.  Future work 

6.2.1. Short term goals 

Several aims exist with regards to the study of macrophage polarisation within 

the IC3DOMM. Firstly, it is necessary to identify and implement macrophage 

polarisation markers, whereby the characterisation of confirmed polarised 

macrophage subsets may be used as a reference point, to compare THP-1 cells 

and THP-1-derived macrophages. Next, THP-1 cells incorporated into the 

IC3DOMM for the duration of the full length of model culture should be studied 

for spontaneous polarisation, to determine whether the 3DOMM is able to induce 

THP-1 differentiation and polarisation at resting, or upon infection. An alternative, 

yet interesting starting point would be to identify the full cytokine profile of 

3DOMMs under different conditions, to determine whether the cell types are 

capable of producing cytokines that naturally lead to the differentiation and 

polarisation of monocytes into subsequent macrophages. Once sufficient 

polarisation markers are identified, it may be necessary to consider a 

methodology for the removal of macrophages embedded into the collagen matrix, 

so that their polarisation may be determined. Previously, research groups have 

reported having successfully digested tissues through the aid of collagenases, in 

order to study surface marker expression of immunological cell types through flow 

cytometry (352,353). This methodology may be useful for the characterisation of 

macrophage polarisation in situ, at a point where it is appropriate for the model 

to be sacrificed at the end of experimentation. Other methodologies include the 
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use of cryostat sectioning and immunostaining techniques, to study surface 

marker expression, along with the monitoring of secretable factors such as 

reactive oxygen species and arginase from the tissues (326). Dependent on 

these findings, a conclusion may be made as to whether the artificial induction of 

macrophage polarisation is required in the 3DOMM environment. Should the 

IC3DOMMs not be capable of spontaneous polarisation of THP-1 cells, as 

discussed previously, it will be necessary to employ a differentiation and 

polarisation protocol superior to that of the PMA and VD3 protocols explored 

within the present study. 

Once fully characterised, the next apparent step would be to implement the 

IC3DOMM as an infection model and study the involvement of the THP-1-derived 

macrophages in host-response to infection. Studying cellular migration, 

phagocytosis, and downstream response to live agents would provide a more 

informative overview of this newly developed model’s ability to accurately 

represent in vivo infection. It is also of interest to compare the study of host 

response to infection between 3DOMMs and IC3DOMMs, in order to determine 

how incorporated macrophages alter the overall tissue response. 

6.2.2.  Long term goals 

Should the IC3DOMM be proven a successful model to study host-response to 

infection, the work does not stop there. It is proposed that the next step would be 

to attempt to incorporate multiple immune cells into the model matrix. It is also of 

interest as to whether a population of tissue-resident macrophages are able to 

lead to the recruitment of peripheral blood monocytes. THP-1 cells and their 

derivatives are known to express MCP-1 receptors and secrete MCP-1, 
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respectively; they are also able to secrete IL-8 in response to infective agents 

(334,354). Additionally, as demonstrated in the present study 3DOMMs are able 

to secrete both of these chemoattractants. It is of interest to explore the 

incorporation of THP-1 cells and neutrophils within the culture media of the 

model, and determine if this leads to the recruitment of such cells into the model 

matrix upon the induction of infection, due to the IC3DOMMs ability to secrete 

MCP-1 and IL-8.  

Not to be ignored, and to be further characterised, are the roles of other host 

defence mechanisms, such as anti-microbial peptides, saliva, host microflora, 

and further innate immune cells. Models incorporating some of these aspects of 

host defence have been in development (23,52,60,61). However, as 

demonstrated within this thesis, interactions between cell types, the matrix 

material, and culture conditions may all lead to deviations of the oral mucosal 

model away from healthy tissue. In order to develop a model that responds to 

infection in the same manner as in vivo native oral mucosa would, it may be 

necessary to incorporate each of the aforementioned aspects. Considering the 

models available today, when compared with monolayer culture, great 

developments have been made within the field of oral tissue engineering. 

However when comparing the present oral mucosal models with the complex 

environment of an in vivo oral cavity, there is still a lot of progress to be made. 

Careful, considered steps should therefore be taken towards the incorporation of 

a variety of immunological aspects into the IC3DOMM, in order to develop a 

model that is fully representative of host response to infection. Each small 

development represents success in its own right, adding to the pre-existing tool 

kit of oral mucosal models, and permitting the study of the immune response to 
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infection from the angle of the oral mucosa, and any subsequently incorporated 

immune cells. 

6.2.3. Future directions 

As well as the provision of an informative tool for the study of host-response to 

infection, in terms of microbial invasion, cell damage, pro-inflammatory cytokine 

production, macrophage polarisation, and macrophage response, the IC3DOMM, 

or its subsequent derivatives, have the potential to determine wider immune 

response to infection through the incorporation of multiple immune-cell types. In 

addition to this, by substituting the epithelial cell type for squamous cell carcinoma 

cell lines, the model could be suitable for studying macrophage involvement in 

oral cancer progression, persistence, and invasion. Similar models have been 

applied for the study of biocompatibility, and wound healing; the IC3DOMM may 

provide a novel insight into the involvement of innate immune cells in such events. 

Furthermore, it would be interesting to determine whether such models may be 

able to act as microbiome models. The presence of innate immune cells in 

microbiome models may help to more accurately model mucosal-microbiome 

interactions in vitro. Macrophages and dendritic cells are involved in keeping the 

oral flora in check. Such models would not only be an informative step in terms 

of studying host-microbiome interactions, but also may form the basis of a more 

biologically relevant model when it comes to studying host response to infective 

agents, as the microflora its self protects against pathogenic insult (355). 
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6.3.  Conclusions 

An immunocompetent oral mucosal infection model would provide a valuable tool 

for the study of oral disease. This thesis has developed a methodology to 

incorporate innate immune cells into a reproducible three-dimensional oral 

mucosal model, with the intention to provide an informative tool for studying host 

response to infection. This thesis has demonstrated the complex interactions 

underpinning the oral mucosal model environment, as well as the inherently 

inflammatory state of the model. It is hoped that future work within the field takes 

into consideration how these interactions may drive the model’s ability to 

accurately represent the native oral mucosa upon infection. This thesis has also 

demonstrated the ability of the HaCaT- and HGF-incorporated 3DOMM to model 

host response to infection, in terms of tissue colonisation and invasion, and pro-

inflammatory cytokine production by the model in response to the pathogenic 

agents C. albicans and S. aureus. Prior to the implementation of the IC3DOMM 

to study host response to infection, the incorporated THP-1 cells should be fully 

characterised in terms of their differentiation and polarisation within the 

IC3DOMM environment.  Once achieved, this model may be implemented in the 

study of pathogen-host interactions, as well as being taken forward to incorporate 

further aspects of the innate immune system, in the quest to develop an in vitro 

model that is truly representative of the in vivo oral mucosa. 
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