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Abstract 

Candida species are ubiquitous opportunistic pathogens, causing significant morbidity and 

mortality in humans.  C. albicans can asymptomatically colonise the skin and mucosal 

surfaces in healthy and immunologically competent individuals without causing disease.  

Impairment of normal host defence mechanisms can result in the conversion of C. albicans 

from a harmless commensal to an opportunistic pathogen that can initiate mucocutaneous 

forms of infections, such as oral candidiasis, vulvovaginal candidiasis (VVC), and even 

invasive systemic infections of the bloodstream and deep organs. 

In vitro and in vivo studies have revealed distinct patterns of strain-dependent tissue 

invasion and surface colonisation. Yeast strain differences markedly influence the nature 

and magnitude of both innate and adaptive immune responses against C. albicans infection.  

The following studies set out to delineate adherence properties and functional differences 

between two clinical isolates of C. albicans (one, 3630, cutaneous and one, 3683 oral). It 

was anticipated that the differences observed in mouse studies in vivo would be reflected in 

their interactions with human phagocytic cells in vitro. 

The oral isolate, 3683, was significantly more adherent than 3630 to human monocyte-

derived macrophages (MDM), and epithelial cells, but not to mouse cells.  A survey of six 

other oral isolates identified one that was like 3683 in its ability to adhere to both phagocytic 

and non-phagocytic human cells. The addition of homologous cell-free culture supernatant 

(SN) (termed the secretome) to yeast cells from the same isolate significantly increased 

adherence of 3630 compared to 3683. In contrast, the addition of secretome to yeast cells 

of 3683 did not affect adherence to epithelial cells.  

The secretome of C. albicans consists of glycoproteins that respond to the availability of 

nutrients and mediate evasion of host immune responses.  Mass spectroscopy was 

performed on lyophilised secretome from both clinical isolates and identified several 

potential candidates that could be involved in inducing or modulating the host responses to 

these distinct clinical isolates.  

Isolate 3683 consistently induced significantly higher IL-1ɓ production from THP-1 derived 

MDM and peripheral blood mononuclear cells (PBMC), compared to 3630.  When the 

secretome of 3630 and 3683 was added to MDM, IL-1ɓ production was greater from the 

MDM activated with 3630 SN than from 3683, demonstrating that the secretome from the 
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two strains induced different patterns of responsiveness.  The interactions between 

homologous and heterologous SN co-cultured with yeast cells showed that 3630 induced 

significantly more IL-1ɓ in the presence of both SNs, whereas the converse was true for 

3683. Heat treatment of the yeast cells and SN abrogated the release of IL-1ɓ for both 

isolates. This pattern of secretion was also seen in the production of IL-18. The secretion of 

mature IL-1ɓ and IL-18 resulting from caspase-1 cleavage of the two precursor molecules, 

confirmed assembly of the nucleotide-binding oligomerisation domain (NOD)-like receptor 

(NLR) pyrin-domain containing protein 3 (NLRP3) inflammasome.   

Other pro-inflammatory cytokines were also considered. TNF-Ŭ production by MDM showed 

a similar pattern of cytokine expression to IL-1ɓ. However, the isolate 3630 expressed 

significantly more IL-6 production than 3683, while the anti-inflammatory cytokine IL-10 was 

not detected. Similar patterns of pro-inflammatory cytokine production to MDM were 

confirmed using human-derived PBMC.  

Quantitative reverse transcription-polymerase chain reaction (RT-qPCR) was used to 

determine gene expression kinetics for IL-1ɓ, IL-6 and TNF-Ŭ. mRNA expression relative to 

18s (housekeeping gene) of IL-1ɓ showed 3630 was significantly greater than 3683. 

Although IL-6 and TNF-Ŭ proteins were identified upon stimulation with the two isolates, 

there was no upregulation of mRNA expression. 

Filamentation is often considered as an initiator of pro-inflammatory cytokine responses. 

Diclofenac sodium, a nonsteroidal anti-inflammatory drug (NSAID), has been shown to 

inhibit hyphal formation and co-culture of isolates grown in diclofenac sodium showed no 

significant change in IL-1ɓ production. 

The most widely studied mechanism of programmed cell death, apoptosis, involves 

activation of the initiator caspase, caspase-8, followed by the effector caspase, caspase-3 

which cleaves cellular substrates and leads to non-lytic cell death. The formation of the 

NLRP3 inflammasome and activation of caspase-1 in response to extracellular or 

intracellular stimuli results in the secretion of mature IL-1ɓ. It condemns the host cell to death 

via an inflammatory, lytic pathway (pyroptosis). Small molecule inhibitors for NLRP3 

(MCC950) and caspase-8 (z-IETD-FMK) were used to investigate differential death 

mechanisms of MDM and PBMC in the presence of 3630 and 3683. The presence of 

inhibitors significantly reduced or abrogated the release of IL-1ɓ in both MDM and PBMC.  
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The studies presented here are the first to demonstrate that Candida yeasts and their 

secretomes from similar oral infections can be highly individual. This does not necessarily 

imply that there are no commonalities between them, but that a broader range of isolates 

would need to be evaluated before such relationships could be accurately evaluated. 

Furthermore, interactions with host phagocytic and non-phagocytic cells may induce 

cytokine responses that could actively modulate human immune responses. 

 



iv 

 

Declaration by author 

This thesis is composed of my original work and contains no material previously published 

or written by another person except where due reference has been made in the text. I have 

clearly stated the contribution by others to jointly authored works that I have included in my 

thesis. 

I have clearly stated the contribution of others to my thesis as a whole, including statistical 

assistance, survey design, data analysis, significant technical procedures, professional 

editorial advice, financial support and any other original research work used or reported in 

my thesis. The content of my thesis is the result of work I have carried out since the 

commencement of my higher degree by research candidature and does not include a 

substantial part of work that has been submitted to qualify for the award of any other degree 

or diploma in any university or other tertiary institution. I have clearly stated which parts of 

my thesis, if any, have been submitted to qualify for another award. 

I acknowledge that an electronic copy of my thesis must be lodged with the University Library 

and, subject to the policy and procedures of The University of Queensland, the thesis be 

made available for research and study in accordance with the Copyright Act 1968 unless a 

period of embargo has been approved by the Dean of the Graduate School.  

I acknowledge that copyright of all material contained in my thesis resides with the copyright 

holder(s) of that material. Where appropriate I have obtained copyright permission from the 

copyright holder to reproduce material in this thesis and have sought permission from co-

authors for any jointly authored works included in the thesis. 

 

 

 

 

 

 



v 

 

Publications included in this thesis 

 ñNo publications includedò. 

 



vi 

 

Submitted manuscripts included in this thesis 

 ñDistinct isolates of Candida albicans induce different cytokine profiles from human cells in 

vitro.ò (In preparation). 

ñCo-culture of distinct isolates of Candida albicans yeast with homologous and heterologous 

cell-free culture supernatant modifies adherence and cytokine profiles from human cells in 

vitro.ò (In preparation). 

 

Other publications during candidature 

Paper 

Kazoullis, Andrea. HAI, Candida, and the neonate. Brisbane: Australian and New 

Zealand Society of Paediatric Dentistry; June 2016 in Synopses. 

 

Conference Abstracts 

Kazoullis, Andrea and Ashman, Robert (2017). Growth and adherence patterns of 

clinical isolates of Candida albicans.  International Association for Dental Research 

Adelaide, South Australia, 25-27 September 2017.  

 

Kazoullis, Andrea and Ashman, Robert (2018). Early interactions between 

Candida albicans and human cells in vitro. 14th ASM Conference on Candida 

and Candidiasis, Providence Rhode Island, 15-19 April 2018. 

https://espace.library.uq.edu.au/view/UQ:d0cb7df 

 

Kazoullis, Andrea and Ashman, Robert (2018). Strain-specific responses of 

human phagocytic cells to the yeast Candida albicans. International Conference 

on Oral Immunology and Oral Microbiology, University of Malaya Kuala 

Lumpur, 14-15 August 2018. 

https://espace.library.uq.edu.au/view/UQ:0f1436b 

 

 

https://iadr.abstractarchives.com/abstract/anz-iadr2017-2809590/growth-and-adherence-patterns-of-clinical-isolates-of-candida-albicans
https://iadr.abstractarchives.com/abstract/anz-iadr2017-2809590/growth-and-adherence-patterns-of-clinical-isolates-of-candida-albicans
https://espace.library.uq.edu.au/view/UQ:d0cb7df
https://espace.library.uq.edu.au/view/UQ:0f1436b


vii 

 

Ambereen Khan, Andrea Kazoullis, Carol Tran, and Laurence Walsh (2019). 

Removal of cement residue from implant abutment surfaces.   

4th Meeting of the International Association of Dental Research Asia/Pacific 

Region, Brisbane Australia, 28-30 November 2019. 

https://espace.library.uq.edu.au/view/UQ:c39b7ca 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://espace.library.uq.edu.au/view/UQ:c39b7ca


viii 

 

Contributions by others to the thesis  

No contributions by others. 



ix 

 

Statement of parts of the thesis submitted to qualify for the award of another degree 

 ñNo works submitted towards another degree have been included in this thesisò. 

 

 

Research Involving Human or Animal Subjects  

 

Buffy coat was obtained from the Australian Red Cross Blood Service (ARCBS) following 

approval from Local Ethics Committees (ARCBS ï Material Supply Deed No. 16-09QLD-05, 

UQ Human Research Ethics Committee (HREC) Approval No. 2016001205). 

 



x 

 

Acknowledgements 

This journey would not have been possible without the Grace and Love of The Lord God. 

I would like to extend a special thank you to Professor Lakshman Samaranayake for the 

opportunity to begin this journey. 

I wish to express my sincerest appreciation to my principal advisor, Associate Professor 

Robert Ashman, who has been an inspiration: he guided and encouraged me to be a better 

scientist, and do the right thing even when the road got tough. Without his persistent support 

and guidance, the reality of this project would not have been realised. 

I am indebted to Dr Nigel Bennett, my pseudo-post-doc, who offered me technical expertise 

and moral support every day throughout this journey.   

My sincerest gratitude to Dr Nihal Bandara, Dr Shaneen Leishman, Dr Jayde Gawthorne 

and Dr Silvia Manzanero for their technical advice and many discussions throughout this 

project. 

I would like to extend my gratitude to Professor Pauline Ford, Head of School of Dentistry, 

for her overall support of this work. I would also like to acknowledge support and funding 

from the School of Dentistry, Colgate, and the Australian Dental Research Foundation. 

Without their support, this project would not have been possible. 

I would like to warmly thank Professor Laurence Walsh AO, for his support, advice, and 

editing of this thesis. 

I am so very grateful for the invaluable assistance, emotional and moral support from Dr 

Amro Farag, Dr Patricia Wright, Dr Ambereen Khan, Dr Elissa Freer, and the fantastic 

members of the iTEAM throughout this journey. 

I would like to express my sincerest appreciation to Ms Simone Gray, the Very Rev. Dimitri 

Tsakas and Mrs Michelle Tsakas, for their unwavering friendship and advice that would give 

me the strength to get up and get on with it. 

To all my extended family, thank you for your love and patience throughout this journey. 

Finally, to my husband Steven, my soul, my pillar of strength, who remained steadfast in his 

belief that I was worthy to undertake and complete this journey, my heartfelt and eternal 

gratitude. 



xi 

 

Financial support 

This research was supported by an Australian Government Research Training Program 

(RTP) Scholarship. 

 

2019 ï Awarded Australian Dental Research Foundation (ADRF) grant titled ñProperties of 

an isolate of Candida albicans that are associated with oropharyngeal colonisation.ò 

Further financial support was provided by Colgate Research Funding and the School of 

Dentistry. 

 

 

Keywords 

innate immunity, candida albicans, adherence, pro-inflammatory cytokine, inflammasome, 

pyroptosis, secretome 

 



xii 

 

Australian and New Zealand Standard Research Classifications (ANZSRC) 

 

ANZSRC code: 110707, Innate Immunity, 50% 

ANZSRC code: 060505, Mycology, 50% 

 

Fields of Research (FoR) Classification 

 

FoR code: 1107, Immunology, 80% 

FoR code: 1105, Dentistry, 20% 

  



xiii 

 

Dedications  

 

 

 

For my late father, Andreas Soteriou, who never asked anything 

more from me than my best, and always with my head held high. 

 

ñWe are all in the gutter, but some of us are looking at the stars.ò  

- Oscar Wilde. 

 

 

 

 

 

 

 

 

 

 

 



xiv 

 

Table of Contents 

List of Figures ................................................................................................................... xix 

List of Tables .................................................................................................................... xxi 

List of Abbreviations used in the thesis .............................................................................xxii 

Chapter 1 Introduction and Literature Review ................................................................... 1 

 Clinical manifestations of C. albicans infections .................................................... 1 

1.1.1 Chronic mucocutaneous candidiasis (CMC) .................................................... 2 

1.1.2 Cutaneous candidiasis ..................................................................................... 2 

1.1.3 Oral candidiasis ................................................................................................ 3 

1.1.4 Vulvovaginal candidiasis (VVC) ....................................................................... 5 

1.1.5 Systemic/Invasive Candidiasis ......................................................................... 5 

 Aetiology ................................................................................................................ 7 

1.2.1 Taxonomy ........................................................................................................ 7 

1.2.2 Microbiology ..................................................................................................... 7 

1.2.3 Pathogenesis ................................................................................................... 8 

1.2.4 Virulence factors .............................................................................................. 8 

 Morphogenesis .......................................................................................... 8 

 Cell wall ..................................................................................................... 9 

1.2.5 Mouse models of Candida infections ............................................................. 11 

1.2.6 Host defence against Candida infection ......................................................... 12 

 Innate Immunity ....................................................................................... 12 

1.2.6.1.1 Monocytes/Macrophages ................................................................... 14 

1.2.6.1.1.1 THP-1 cells in in vitro studies ....................................................... 15 

1.2.6.1.2 Toll-like receptors (TLR) ..................................................................... 16 

1.2.6.1.3 C-type lectin receptors (CLRs) ........................................................... 18 

1.2.6.1.4 Nod-like receptors (NLRs) .................................................................. 18 

1.2.6.1.5 Immunoregulation by innate immunity ................................................ 19 



xv 

 

1.2.6.1.5.1 Cytokines ..................................................................................... 19 

1.2.6.1.5.2 The NLRP3 inflammasome .......................................................... 22 

1.2.6.1.5.3 Cell Death .................................................................................... 25 

 Phagocytic defences ........................................................................................ 27 

 Pyroptosis ........................................................................................................ 28 

1.2.6.1.5.3.2.1 Gasdermin D ............................................................................................. 28 

 Apoptosis ......................................................................................................... 29 

 Epithelial defences .................................................................................. 31 

1.2.6.2.1 Recognition of fungal PAMPs ............................................................. 31 

 Gaps in knowledge and Aims .............................................................................. 33 

Chapter 2 Materials and Methods ................................................................................... 34 

 Candida albicans ................................................................................................. 34 

 Blood collection ................................................................................................... 35 

 Isolation of peripheral blood mononuclear cells (PBMC) ..................................... 36 

 Differentiation to macrophages (MDM) of monocytes from PBMC ...................... 38 

 Differentiation to macrophages THP-1 cells in vitro ............................................. 39 

 Non-phagocytic cells ........................................................................................... 40 

 Mouse cells.......................................................................................................... 40 

 Quantitation of cytokine production ..................................................................... 40 

 Statistical analysis ............................................................................................... 42 

Chapter 3 Adherence characteristics of C. albicans ....................................................... 43 

 Introduction .......................................................................................................... 43 

 Methods ............................................................................................................... 45 

3.2.1 Yeast strains .................................................................................................. 45 

3.2.2 Non-phagocytic cells ...................................................................................... 45 

3.2.3 RAW264.7 and MDM cells ï phagocytic cells ................................................ 45 

3.2.4 Adherence assays using yeast cells .............................................................. 45 

3.2.5 Adherence assays using Candida culture supernatant (SN) .......................... 46 



xvi 

 

 Results ................................................................................................................ 47 

3.3.1 Preliminary studies of adherence ................................................................... 47 

3.3.2 Adherence of oral clinical isolates to HeLa and MDM cells ............................ 48 

3.3.3 Adherence of clinical isolates to human epithelial cells .................................. 49 

3.3.4 Adherence to human and mouse cells ........................................................... 50 

3.3.5 Modulation of adherence to HeLa by culture SN ............................................ 51 

 Discussion ........................................................................................................... 52 

Chapter 4 Pro-inflammatory cytokine responses to yeast cells ....................................... 54 

 Introduction .......................................................................................................... 54 

 Methods ............................................................................................................... 56 

4.2.1 Yeast strains in culture ................................................................................... 56 

4.2.2 Heat-treated (ht) Candida yeast cells ............................................................. 56 

4.2.3 Monocyte-derived macrophages (MDM) ........................................................ 56 

4.2.4 Optimisation of cytokine production with Candida yeast cells ........................ 56 

4.2.5 Peripheral blood mononuclear cells (PBMC) .................................................. 58 

4.2.6 PE/CA-PJ15 cell monolayer ........................................................................... 58 

4.2.7 Sample preparation for RT-qPCR .................................................................. 58 

 Results ................................................................................................................ 60 

4.3.1 Production of IL-1ɓ by MDM stimulated with live and heat-treated (ht) C. 

albicans yeast cells ..................................................................................................... 60 

4.3.2 Production of IL-1ɓ by MDM after stimulation with yeasts of other oral isolates

 61 

4.3.3 Production of IL-1ɓ and IL-18 by MDM ........................................................... 62 

4.3.4 Production of IL-1ɓ by PBMC ......................................................................... 63 

4.3.5 RT-qPCR for IL-1ɓ mRNA transcription ......................................................... 64 

4.3.6 Production of IL-1ɓ by murine RAW264.7 cells .............................................. 65 

4.3.7 Production of IL-6 by MDM, PE/CA-PJ15 ...................................................... 66 



xvii 

 

4.3.8 Production of TNF-Ŭ by MDM activated with clinical isolate yeast cells ......... 67 

 Discussion ........................................................................................................... 68 

Chapter 5 Host cell viability and death ............................................................................ 70 

 Introduction .......................................................................................................... 70 

 Methods ............................................................................................................... 72 

5.2.1 MDM and PBMC cell monolayers .................................................................. 72 

5.2.2 Small molecule inhibitors MCC950 and z-IETD-FMK ..................................... 72 

5.2.3 Cell viability .................................................................................................... 76 

5.2.4 Inhibition of filamentation................................................................................ 78 

 Results ................................................................................................................ 79 

5.3.1 Specific inhibition of IL-1ɓ production by MDM .............................................. 79 

5.3.2 Inhibition of IL-1ɓ production by PBMC .......................................................... 80 

5.3.3 Inhibition and cell viability ............................................................................... 81 

5.3.4 Effect of germination and filamentation .......................................................... 82 

 Discussion ........................................................................................................... 85 

Chapter 6 Cytokine responses to culture supernatants .................................................. 87 

 Introduction .......................................................................................................... 87 

 Methods ............................................................................................................... 89 

6.2.1 Separation of Candida culture SN .................................................................. 89 

6.2.2 Lyophilisation of SN ....................................................................................... 89 

6.2.3 Heat-treatment (ht) of Candida culture SN ..................................................... 89 

6.2.4 Monocyte-derived macrophages (MDM) ........................................................ 89 

6.2.5 Optimisation of cytokine production ............................................................... 90 

6.2.6 BCA total protein concentration and SDS-PAGE ........................................... 91 

 Results ................................................................................................................ 93 

6.3.1 Production of IL-1ɓ by MDM stimulated with culture SN ................................ 93 

6.3.2 Production of IL-1ɓ by MDM by SN derived from other oral isolates .............. 94 



xviii 

 

6.3.3 Effect of heat treatment of SN on IL-1ɓ production by MDM .......................... 95 

6.3.4 Stimulation of IL-1ɓ production by MDM by yeast cells in presence of SN .... 96 

6.3.5 Analysis of supernatants using liquid chromatography/mass spectroscopy ... 97 

 Discussion ......................................................................................................... 100 

Chapter 7 General Discussion and Future Directions ................................................... 102 

Chapter 8 Appendix ...................................................................................................... 108 

 Institutional ethics approval for the supply of human buffy coat......................... 108 

 UQ HREA number 2016001205. ....................................................................... 108 

 Material Supply Deed from ARCBS ................................................................... 109 

 Sample preparation for Liquid Chromatography/Mass Spectroscopy (LC/MS) . 110 

List of References ............................................................................................................ 112 

 

  



xix 

 

List of Figures 

Figure 1.1: Section of the C. albicans yeast cell wall structure and arrangement of major 

components. ...................................................................................................................... 10 

Figure 1.2: Extracellular TLR ligands and signalling. ......................................................... 13 

Figure 1.3: Differentiation of THP-1 monocytes to MDM using the phorbol ester PMA. .... 16 

Figure 1.4:  Recognition of Candida species by monocyte/macrophage cells of the innate 

immune system. ................................................................................................................. 17 

Figure 1.5: Schematic of NLRP3 inflammasome activation in a macrophage.................... 23 

Figure 1.6: Major cell death modalities. ............................................................................. 26 

Figure 1.7: Two pathways of cell death. ............................................................................. 30 

Figure 2.1: Magnetic labelling of CD14+ monocytes. .......................................................... 37 

Figure 2.2: Magnetic separation of CD14+ monocytes. ...................................................... 38 

Figure 2.3: Optimisation of PMA concentration and recovery times of MDM for IL-1ɓ 

release. .............................................................................................................................. 39 

Figure 3.1: Preliminary adherence assay and  HeLa cells. ................................................ 47 

Figure 3.2: Adherence of  five oral isolates to HeLa (a) and MDM (b) cells. ...................... 48 

Figure 3.3: Adherence of the two clinical isolates and the five oral isolates oral epithelial 

cells.................................................................................................................................... 49 

Figure 3.4: Adherence of the two clinical isolates and SC5314 to MDM (a) and RAW264.7 

cells (b). ............................................................................................................................. 50 

Figure 3.5: Adherence of the two clinical isolates with HeLa cells in the presence of SN. . 51 

Figure 4.1:  LPS activation of MDM for cytokine production of IL-1ɓ (a) and TNF-Ŭ (b) .... 57 

Figure 4.2: Time course of IL-1ɓ production by MDM following activation by 3630 and 

3683. .................................................................................................................................. 57 



xx 

 

Figure 4.3: Production of IL-1ɓ by MDM following activation with live (a) and heat-treated 

(ht) yeast cells. ................................................................................................................... 60 

Figure 4.4: Production of IL-1ɓ by MDM following activation by five oral isolates. ............. 61 

Figure 4.5: Production of mature IL-1ɓ and IL-18 by MDM. ............................................... 62 

Figure 4.6: Production of IL-1ɓ by PBMC........................................................................... 63 

Figure 4.7: mRNA expression analysis for IL-1ɓ. ............................................................... 64 

Figure 4.8: Production of mouse IL-1ɓ by RAW264.7 cells. ............................................... 65 

Figure 4.9: Production of IL-6 by MDM and PE/CA-PJ15 cells. ......................................... 66 

Figure 4.10: Production of TNF-Ŭ by MDM. ....................................................................... 67 

Figure 5.1: Target of the NLRP3 inhibitor (MCC950). ........................................................ 73 

Figure 5.2: Target of the caspase-8 inhibitor (z-IETD-FMK). ............................................. 74 

Figure 5.3: Optimisation and LPS activation of small molecule inhibitors with MDM. ........ 75 

Figure 5.4: Schematic of the cell viability assay (WST-8) protocol. ................................... 77 

Figure 5.5: Overview of NSAID effect on the morphogenesis of C. albicans. .................... 78 

Figure 5.6: Production of IL-1ɓ by MDM incubated with MCC950 and z-IETD-FMK. ......... 79 

Figure 5.7: Production of IL-1ɓ by PBMC incubated with MCC950 and z-IETD-FMK. ....... 80 

Figure 5.8: Cell viability of MDM in the presence/absence of MCC950. ............................ 81 

Figure 5.9: Inhibition of filamentation. ................................................................................ 83 

Figure 5.10: Production of IL-1ɓ following inhibition of filamentation. ................................ 84 

Figure 6.1: Time course assay to optimise the production of IL-1ɓ with SN. ..................... 90 

Figure 6.2: Sample preparation of SN for LC/MS analysis. ................................................ 92 

Figure 6.3: Production of IL-1ɓ by MDM and SN ............................................................... 93 

Figure 6.4: Production of IL-1ɓ by MDM and SN from multiple isolates. ............................ 94 

Figure 6.5: Production of IL-1ɓ by MDM and SN non-ht and ht. ........................................ 95 

Figure 6.6: Production of IL-1ɓ by MDM in the presence of yeast cells and SN. ............... 96 



xxi 

 

Figure 6.7: A heatmap of the total intensity of all peptides assigned to each protein. ........ 97 

 

List of Tables 

Table 1-1: Morphology of C. albicans. ................................................................................. 9 

Table 1-2 Summary of cytokines in the current in vitro studies .......................................... 20 

Table 2-1 List of clinical isolates used throughout these studies ....................................... 35 

Table 2-2 List of commercially available cytokine kits used in these studies. .................... 41 

Table 4-1 List of primer pairs used in this study for RT-qPCR ........................................... 59 

Table 5-1 Fungal cell viability of Candida isolates. ............................................................ 82 

Table 6-1 List of proteins by name, accession number, intensity and function. ................. 98 

 

  



xxii 

 

List of Abbreviations used in the thesis 

2-CAA    2 - chloroacetamide 

AIDS    Acquired immunodeficiency syndrome 

ARCBS   Australian Red Cross Blood Service 

ASC    Apoptosis-related speck-like protein containing a CARD 

ATCC    American type culture collection 

ATP    Adenosine triphosphate 

BCA    Bicinchoninic acid  

BEC    Buccal epithelial cells 

BMDM   Bone marrow derived macrophages 

CARD    Caspase recruitment domain 

CARD9   Caspase recruitment-containing protein 9 

CD14    Cluster of differentiation 14 

CD16    Cluster of differentiation 16 

CFU    Colony forming units 

CGD    Candida Genome Database 

CLR    C-type lectin receptor 

CMC    Chronic mucocutaneous candidiasis 

COX    Cyclooxygenase 

Ct    Cycle threshold 



xxiii 

 

CTLD    C-type lectin-like domain 

DAMP    Danger-associated molecular pattern 

DC    Dendritic cell 

DH    Delayed hypersensitivity 

DMEM   Dulbecco's Modified Eagle Medium  

ELISA    Enzyme ï linked immunosorbent assay 

ER    Endoplasmic reticulum 

ER    Endoplasmic reticulum 

FADD    Fas associated via death domain  

Fas/L    FS-7 associated surface antigen/Ligand 

FBS    Foetal Bovine Serum 

GA    Golgi apparatus 

GI    Gastrointestinal 

GPI    Glycophosphatidylinositol 

HIV    Human immunodeficiency virus 

HREA    Human Research Ethics Approval 

HREC    Human Research Ethics Committee 

ht    Heat treated 

ICE    IL-1ɓ-converting enzyme 

IFN-ɔ    Interferon ï ɔ (gamma) 



xxiv 

 

IL-10    Interleukin ï 10 

IL-12    Interleukin - 12 

IL-18    Interleukin ï 18 

IL-1ɓ    Interleukin - 1ɓ (beta) 

IL-6    Interleukin - 6 

LC/MS   Liquid chromatography/mass spectroscopy 

LPS    Lipopolysaccharide 

LRR    Leucine-rich repeats 

MAPK    Mitogen-activated protein kinase 

M-CSF   Macrophage ï colony stimulating factor 

MDD    Minimal detectable dose 

MDM    Monocyte-derived macrophage 

MHCII    Major histocompatibility complex class II 

MyD88   Myeloid differentiation primary response 88 

NALP3/NLRP3  NLR-related protein 3 

NBS    Nucleotide binding site 

NF-əB    Nuclear Factor kappa-light-chain-enhancer of activated B cells 

NLR    NOD-like receptor 

NOD    Nucleotide-binding oligomerisation domain 

OD    Optical density 



xxv 

 

OPC    Oropharyngeal candidiasis 

OSCC    Oral squamous cell carcinoma 

PAGE    Polyacrylamide gel electrophoresis 

PAMP    Pathogen associated molecular pattern 

PBMC    Peripheral blood mononuclear cells 

PBS    Phosphate buffered saline 

PCD    Programmed cell death 

PG    Prostaglandin 

PGE2    Prostaglandin E2 

PKC    Protein kinase C 

PKCŭ    Protein kinase C ï delta type 

PMA    phorbol-12-myristate 13-acetate 

PMN    Polymorphonuclear cells 

PRR    Pattern recognition receptor 

PS    Penicillin-Streptomycin 

PYCARD   Apoptosis-related speck-like protein containing a CARD 

RCD    Regulated cell death 

ROS    Reactive oxygen species 

RPMI    Roswell Park Memorial Institute 

rRNA    Ribosomal RNA 



xxvi 

 

RT-qPCR   Quantitative reverse transcription polymerase chain reaction 

RVVC    Recurrent vulvovaginal candidiasis 

SDA    Sabouraudôs dextrose agar 

SDS    Sodium dodecyl sulphate 

SEM    Standard error of the mean 

SN    Supernatant 

Syk    Spleen tyrosine kinase 

TCEP    tris (2-carboxyethyl) phosphine 

TFA    Trifluoroacetic acid 

Th1    T-helper type 1 cell 

Th2    T-helper type 2 cell 

THP-1    Tamm-Horsfall protein - 1 

TIR    Toll- IL-1 receptor 

TIRAP    TIR domain containing adaptor protein 

TLR    Toll-like receptor 

TNF-Ŭ    Tumour necrosis factor ï Ŭ (alpha) 

TRI    Translational Research Institute 

UQ    University of Queensland 

VVC    Vulvovaginal candidiasis 

YNB    Yeast nitrogen base



1 

 

Chapter 1 Introduction and Literature Review 

 

Fungal infections are a significant source of morbidity and mortality in both medical and 

dental practice. Of the causative organisms, Candida albicans is unquestionably the most 

important. 

Candida species are commensal fungal organisms found in many immunocompetent 

individuals (1).  As a commensal, C. albicans in the blastoconidia (or yeast) form (2), 

asymptomatically colonises epithelial surfaces including skin, oral and vaginal mucous 

membranes, and the gastrointestinal (GI) tract (2-4).   

Conversion of the yeast from a commensal to a pathogen is often precipitated by alterations 

in the integrity of the immune system, or by treatment with antibiotics, intensive 

chemotherapy, or immunosuppressive drugs (5).  The absence of appropriate host immune 

recognition and response mechanisms can lead to an inability of the host to control 

colonisation and invasion by the yeast (4, 6).  Studies of humans infected with C. albicans 

indicate that different components of the immune response may mediate resistance to 

mucosal candidiasis compared with those that mediate resistance to the systemic infection 

(7). Individuals with congenital or acquired defects in cell-mediated immunity are particularly 

susceptible to mucocutaneous, but not disseminated candidiasis (5).  

 

 Clinical manifestations of C. albicans infections 

 

Acute infections of the skin (cutaneous) and mucous membranes with C. albicans occur 

quite frequently in humans (8).  Oropharyngeal, oesophageal, and vaginal forms of 

mucosal candidiasis are the most common (2).  Systemic infections, while often fatal, are 

relatively rare, and are predominantly encountered in the hospital environment. The local 

immune response of the host cells is an essential protective factor in mucocutaneous 

infection by C. albicans (9). 
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1.1.1 Chronic mucocutaneous candidiasis (CMC) 

 

Chronic mucocutaneous candidiasis (CMC) is a heterogeneous clinical syndrome 

found in patients who are selectively unable to clear Candida infections of the skin, 

nails, and mucosal surfaces (4, 10-13).  CMC is rare, non-life threatening, and usually 

presents in childhood with either autosomal recessive, dominant, or sporadic modes 

of inheritance (11, 13).  CMC is associated with an underlying primary 

immunodeficiency that is characteristic of persistent and refractory infections (6, 10, 

11, 13).  Many patients also develop associated endocrine and inflammatory disorders 

(6, 13). Infections associated with CMC include oropharyngeal candidiasis (OPC), 

superficial mucosal and cutaneous lesions with thickening, hyperkeratosis, and 

erythema of the skin or the nailbeds (6).   

Effective cell-mediated immunity has long been recognised as essential for protection 

against CMC, and studies using animal models have highlighted the role of type 1 

cytokines in the host response (13).  Studies using infection-prone mouse strains in a 

model of oral candidiasis demonstrated that host resistance was linked to a particular 

pattern of early cytokine release, namely IL-12 and IFN-ɔ, and the accumulation of ɔ/ŭ 

T-cells in regional lymph nodes (14). A subsequent study (15), established chronic oral 

candidiasis in the athymic nude mouse, which is deficient in T-cell number and 

function.  Mice that received a thymus transplant or syngeneic lymphocytes displayed 

significantly decreased oral colonisation, with increased CD4+ T-cells, and production 

of IL-12 and IFN-ɔ, confirming the central role of a Th1 response in the clearance of 

the yeast (15).   

 

1.1.2 Cutaneous candidiasis 

 

Cutaneous candidiasis is an opportunistic infection often seen on the skin and mucous 

membranes in humans (16, 17).  These superficial infections are rarely life-threatening 

but can have debilitating effects on an individualôs quality of life (18). 

Cutaneous candidiasis is seen frequently as an infection in early childhood such as 

thrush and diaper dermatitis (19), and in adults with predisposing conditions including 
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diabetes, obesity, acquired immune deficiency syndrome (AIDS), and 

immunosuppressive therapy (17).  Clinically, characteristic lesions of the skin exhibit 

erythema with pustular involvement due to the massive influx of polymorphonuclear 

leucocytes. If the stratum corneum remains intact, the Candida is confined to the 

outermost epidermal layer.  Any breach of the stratum corneum enables C. albicans to 

invade and colonise the epidermis (17).   

Studies using a guinea pig animal model demonstrated that the host response to a 

cutaneous C. albicans infection resulted in the scaling of the stratum corneum.  After 

removal of the organisms together with the scales, the intensity of scaling was 

intensified by delayed hypersensitivity (DH) reactions to the Candida antigens, and 

more rapid clearance (8).  A follow-up study indicated that DH reactions in this model 

served to increase the rate of basal cell turnover, with an increased inflammatory 

response, marked thickening of the epidermis, and profuse scaling (20). 

 

1.1.3 Oral candidiasis 

 

Oral candidiasis is the most common fungal infection of the oral mucosa.  Host factors 

such as an imbalance in the oral microbiota through antibiotic and immunosuppressive 

therapy (21), the presence of prostheses (22), deficiencies in nutritional factors, or 

underlying defects in cell-mediated immunity (23, 24) can result in intractable infections 

of the oral cavity. The most striking example highlighting the importance of host 

defence mechanisms in the prevention of oral candidiasis is associated with human 

immunodeficiency virus (HIV+) infections (21).  Before the introduction of antiretroviral 

therapy, one of the common initial clinical manifestations of AIDS was the presence of 

an oral candidiasis infection, which occurred in 70-90% of HIV+-infected patients (21, 

22, 24). 

Clinical manifestations of oral C. albicans infections can be separated into four types 

of infections associated with varying host-related pre-disposing factors (21). Acute 

pseudomembranous candidiasis (thrush), commonly seen in infants and 

immunocompromised patients, forms white plaques affecting the tongue, palate, oro-

pharynx, and buccal mucosa (25). Acute erythematous candidiasis produces localised 
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erythema, following broad-spectrum antibiotic therapy (21, 23, 25).  Lesions of 

erythematous candidiasis lesions are commonly associated with poor hygiene 

practices and trauma to mucosa from prosthetic appliances. They are restricted to the 

mucosa in direct contact with the appliance (21, 25).  Lastly, chronic hyperplastic 

candidiasis is associated with potential dysplastic and malignant lesions in cases 

where Candida has invaded deep into the underlying tissues (21, 25). 

Oral candidiasis has been studied in many animal models (reviewed extensively by 

Samaranayake) (26).  Both innate and cell-mediated immune responses to oral 

candidiasis have been examined in vivo using genetically targeted knock-out mice (14, 

15, 27-31).  In vivo studies looked at the mechanisms of protection in oral candidiasis 

by examining patterns of cytokine release from naïve and primed infection-prone, and 

resistant mice (14).  Patterns of resistance to C. albicans infection of the oral mucosa 

supported the concept of a balanced Th1 (IL-12 and IFN-ɔ) and Th2 (IL-4) response 

and was the most effective host mechanism in clearing an oral mucosal infection (14).   

Other in vivo studies using a mouse model of oropharyngeal candidiasis (OPC) 

described local tissue cytokine profiles in lymphocyte-reconstituted immunodeficient 

mice and their euthymic counterparts (28).  Pro-inflammatory cytokines IL-6, TNF-Ŭ 

and IFN-ɔ were identified in the oral tissues of the infected euthymic mice recovering 

from the oral infection; only TNF-Ŭ was identified in the immunodeficient mice after 

lymphocyte reconstitution, demonstrating that TNF-Ŭ has an essential role as a 

mediator in the recovery from OPC (28). 

In humans, a three-dimensional tissue model has been developed to evaluate tissue 

damage and the host response to infection by C. albicans in vitro (32).  The system 

was developed for the study of OPC, using primary gingival epithelial cells and 

collagen-embedded fibroblasts (resembling masticatory mucosa), in which oral 

candidiasis is more prevalent. When donor gingival tissue was used to evaluate tissue 

damage, differences in the growth rates of cells from the various donors resulted in 

variability in virulence that was not easily reproducible (32).  Therefore, a standardised 

oral mucosa tissue model was developed using an immortalised ónormalô oral 

keratinocyte cell line to study host-pathogen interactions in OPC. Both models showed 

similarities in histopathological changes consistent with human oral candidiasis lesions 
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in vivo, and comparable damage of oral mucosa and submucosa by the invading yeast 

in vitro (32).   

 

1.1.4 Vulvovaginal candidiasis (VVC) 

 

Unlike other forms of candidiasis, vulvovaginal candidiasis (VVC) is generally found in 

healthy, immunocompetent women (33).  The infection affects approximately 75% of 

women at least once in their lifetime, of which 40-50% will experience a recurrence 

(34).  Acute VVC is often precipitated by hormonal fluctuations due to high estrogen 

levels (pregnancy, use of oral contraceptives) as well as the use of antibiotics (35).  

The chronic and recurrent form of vulvovaginal candidiasis (RVVC) is found in 5-8% of 

occurrences (33, 34, 36, 37).  Several effective anti-Candida defence mechanisms 

present in the vagina (including mannose-binding lectin associated with epithelial cells 

that activate complement) appear to tolerate long-term persistence of a low 

concentration of yeast without initiating any symptoms (34, 36).  Symptomatic VVC is 

manifested by itching, burning, and pain at the vaginal and vulvar tissue that may be 

accompanied by an odourless vaginal discharge (33).  Over many decades, animal 

and cross-sectional clinical studies have been studied in the hope of providing insights 

into the immunopathogenesis of vaginal candidiasis (37); however, the factors 

associated with conversion from asymptomatic colonisation to acute infection remain 

poorly understood (33). 

 

1.1.5 Systemic/Invasive Candidiasis 

 

Systemic candidiasis is Caused by C. albicans entering the bloodstream and spreading 

the infection to multiple organs, including the brain, kidneys, heart, liver, and lungs (38, 

39).  One proposed route, frequently seen in acutely ill patients in intensive care, is 

introduction into systemic circulation via a central venous catheter (40).  Human 

autopsy studies have identified the kidney as the major target organ during systemic 

candidiasis. This leads to renal failure being a primary pathophysiologic manifestation 

of Candida sepsis (39, 40). 
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Invasive candidiasis can also originate from the GI tract, typically in 

immunosuppressed individuals with intensive antibiotic pre-exposure and 

chemotherapy-induced mucositis (40).  Risk factors for systemic candidiasis include 

myeloperoxidase deficiencies, neutropenia (41), intravascular catheters, invasive 

medical procedures, broad-spectrum antibiotics, and corticosteroids (38, 42).   

Diagnosis of systemic candidiasis can be difficult. Candida infections in the 

bloodstream tend to present clinically with nonspecific symptoms, like those seen with 

systemic bacterial infections. Delay in the initiation of effective antifungal therapy 

contributes to a high mortality rate of 33% to 54%, and high morbidity in survivors (38, 

43). 

Due to difficulties in the diagnosis of human infection, models of systemic candidiasis 

are essential in understanding disease initiation, progression, and allow the 

development and evaluation of novel, more effective, diagnostics and therapies (43).  

Systemic Candida infections in genetically inbred mice closely resemble human 

disease, in that the brain and kidney as the major targets of infection (44).  

Susceptibility to systemic candidiasis has been evaluated by gross measures such as 

mortality, by colony counts in infected tissues, and by histological evaluation of the 

severity of lesions in the tissues, demonstrating comparability to lesions found in 

human disease (5, 44). 
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 Aetiology 

 

1.2.1 Taxonomy 

The genus Candida belongs to the phylum Ascomycota, family Saccharomycetaceae, 

and includes more than 150 species. Approximately 20 species can become 

opportunistic pathogens in response to even minor physiological or immunological 

changes in the host (45). The species Candida albicans, in particular, is responsible 

for a multiplicity of clinical infections (46-49).   

 

1.2.2 Microbiology 

A striking feature of C. albicans biology is its ability to grow in several morphological 

forms (50).  As a commensal, it usually exists as a unicellular yeast (51).  Changes in 

immune status, microbial dysbiosis, lifestyle changes, and genetic predisposition of the 

host, can stimulate a transition to the mycelial (or true hyphal) form, and in-between 

growth forms termed pseudo-hyphae (45, 50, 51). 

Early studies of the growth rates and interactions of Candida yeast cells with human 

polymorphonuclear (PMN) cells examined links between morphology and host 

responses to dimorphic forms of the organism (51). A comparative study of the 

susceptibility of different forms of Candida to phagocytosis and intracellular killing by 

human PMN found that although Candida yeast cells, germ tubes, and hyphae were 

phagocytosed at similar levels, particularly at low Ca:PMN ratios, the yeast cell forms 

were killed less effectively than were germ tube and hyphae, except at relatively high 

Ca:PMN ratios (52).  It is conceivable the differential recognition of yeast cells and 

hyphae is a crucial mechanism through which different immune responses are 

expressed during colonisation and invasion (4).   

 



8 

 

1.2.3 Pathogenesis 

 

The term ócandidiasisô refers to a broad spectrum of infections, ranging from superficial 

mucosal infections to life-threatening invasive systemic disease involving virtually any 

major organ (49).  Host defence mechanisms play a central role in determining whether 

colonisation by C. albicans remains harmless or progresses to infections of the 

epithelium or invasion into host systems (53). 

Attributes shown to be important in the pathogenicity of C. albicans include the 

morphological transition between yeast and hyphal forms; the ability to adhere to host 

cells via adhesins and invasins on the cell surface, the formation of biofilms, secretion 

of hydrolytic enzymes, and phenotypic switching (38, 54).  Also, rapid adaptation to 

fluctuations in environmental pH, metabolic flexibility, powerful nutrient acquisition 

systems, and robust stress response can enhance fungal virulence (55).   

 

 

1.2.4 Virulence factors 

 

 Morphogenesis 

The genus Candida includes a highly heterogeneous group of organisms that 

usually exists in the yeast cell or blastoconidia as a commensal organism (52).  

The ability of C. albicans to morphologically transform from budding yeast cell to 

pseudo-hyphal and hyphal forms has been considered necessary for virulence 

(50, 56).  The pseudohyphal form consists of chains of elongated yeast cells that 

retain constrictions at the junctions between adjacent compartments; while the 

hyphae are tube-like with parallel sides along their entire length (57). 
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Table 1-1: Morphology of C. albicans.  Yeasts were grown in the presence of serum for 24 hours at 

37ºC. The images under light microscopy (LM) were taken at Time 0 and 24 hours under 10x 

magnification (on the left) and 40x (on the right). The highlighted sections represent the corresponding 

view at higher magnification. 

 

 

 

 Cell wall 

Colonisation by C. albicans begins upon the interaction of the organism cell wall 

with a mucosal surface. The interaction occurs via a complex and multifactorial 

process that involves a close association between components of the fungal cell 

wall and the host cell surface proteins (58). 

The fungal cell wall has been shown to have two main layers; an outer layer (80 

ï 90%) composed of glycoproteins (predominantly O - and N - mannose polymers 

(mannans) covalently linked to proteins) and an inner layer containing skeletal 

polysaccharides ( chitin and ɓ - (1,3) - glucan) for strength and cell shape (59) 

(refer Fig 1.1).  Protein mannosylation has been extensively studied in yeasts as 

they are a hallmark of fungal cell walls (60).  The mannose residues are linked to 

serine or threonine groups of polypeptide chains by O- glycosidic bonds in the 

Yeast and 

Pseudohypahe 

True hyphae 
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endoplasmic reticulum (ER), elongated and modified in the Golgi apparatus (GA) 

(60).   

The ɓ ï glucans consist of long linear ɓ (1,3) linked glucose branching polymers 

that form extensive hydrogen bond interactions to produce a strong meshwork of 

carbohydrates (61).  Most of the chitin is found at the bud scars of yeast daughter 

cells, whereas ɓ ï (1,3) ï glucan content is similar for yeast and hyphae forms 

(59). 

    

 

 

Figure 1.1: Section of the C. albicans yeast cell wall structure and arrangement of major components.  

The cell wall is located outside the plasma membrane and mediates all interactions with the external 

environment. The innermost layer, on which the remaining layers are deposited, is structurally more 

conserved, and thus varies between different species of fungi. It is composed of polysaccharides (ɓ-1,3- 

and ɓ-1,6-glucans), proteins (mannoproteins), chitin polymers and lipids. Some wall components are 

very immunogenic and stimulate cellular and humoral responses during infection (62).  Adapted from 

Garcia-Rubio (62)  
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1.2.5 Mouse models of Candida infections 

 

Investigations of Candida/host interactions have utilised several animal models, most 

commonly, inbred and genetically modified mice, to investigate pathogenicity and 

disease progression (5, 7, 63-67). Early studies found that mice deficient in the fifth 

component of complement showed increased mortality after intravenous challenge 

(68), but it was not until the late 1980s that the importance of genetics, both host and 

yeast, began to be fully recognised.  

The inbred mouse strain, CBA/H, developed more severe tissue damage (69), 

compared to other inbred strains (C57B1/6J, BALB/c) that differed in both MHC and 

background genes (70, 71). Such differences were linked to two regulatory genes, that 

acted independently to determine the outcome of systemic infection (63).  These 

óresistantô and ósusceptibleô strains were then used to compare patterns of 

responsiveness to three distinct isolates of C. albicans (3630, 3683, SC5314), thus 

establishing a baseline against which the results of in vitro assays could be evaluated. 

Patterns of systemic and oral infection differed significantly between both yeast and 

mouse strains (31), and markedly influenced the nature and magnitude of innate and 

adaptive immune responses against C. albicans infection (72). The óreferenceô ATCC 

strain SC5314 was markedly more virulent after intravenous infection than were two 

clinical isolates (C. albicans 3630, C. albicans 3683), but was relatively poor at 

establishing an oral infection (31). In contrast, the two clinical isolates efficiently 

established infections by both systemic and oral routes. However, it was clear that the 

severity and progress of such infections were significantly different between these 

latter two strains (31). It can be concluded that strain differences between yeasts play 

an important, though poorly recognised part, in determining the nature of the host 

response against them. 

Other models of mucosal  (vaginal, gastrointestinal) infection and dissemination have 

generally required host defences to be compromised or suppressed (73) and are not 

directly representative of human disease. While it is evident that important principles 

have been established from studies in mice, these animals are not generally colonised 

by Candida (74), so there is an urgent need to confirm the relevance of such findings 

by direct studies of host responses in humans. 
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1.2.6 Host defence against Candida infection 

 

 Innate Immunity 

 

In an evolutionary sense, innate immunity precedes adaptive immunity as a host 

defence against infection. The innate immune system, found in all classes of plants 

and animals, was considered to respond in a non-specific, temporary manner until 

adaptive immune responses were triggered (75).  Recently, however, studies have 

shown the innate immune system possesses a high degree of specificity, and a 

developed ability to distinguish self from foreign pathogens. The innate immune 

system is made up of different cell types, including phagocytic cells such as 

macrophages, polymorphonuclear cells (PMN), and monocytes, that recognise 

conserved pathogen-associated molecular patterns (PAMPs) via several conserved 

germ-line encoded receptors known as pattern-recognition receptors (PRRs) (76-

79). These PRRs are expressed on the cell surface, intracellularly, or secreted into 

the bloodstream (75, 77)(Fig. 1.2).  The antimicrobial effector activity of these 

phagocytes is crucial in the host innate defence against infection, as they share 

several effector functions, including phagocytosis, antimicrobial, and 

immunomodulatory activities (77, 80).   

Recognition of pathogens is an essential step in the initiation of innate immune 

responses, such as inflammation (81).  The inflammatory cascade leads to the 

production and release of cytokines and chemokines (76).  Innate immunity has 

been described as a synergistic process between the cellular and humoral 

responses, monitored by the cytokine/chemokine network. These, together with the 

inflammatory response, aim to eliminate the pathogen effectively (76). 
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Figure 1.2: Extracellular TLR ligands and signalling. The TLRs recognise different microbial 

components. TLR2 together with TLR1 and TLR6 recognise distinct portions of lipoproteins; TLR4 and 

MD-2 receptor complex modulate LPS recognition; TLR5 recognises flagellin, a major component of 

bacterial flagella. The signalling pathways are mediated by selective use of adaptor molecules, including 

MyD88 and TIRAP. Adapted from Akira (75) 

 

Host-pathogen interactions require many molecular recognition events for 

productive infection by the pathogen and initiation of adequate defence measures 

against infection by the host (82).   A successful pathogen then is one that can 

effectively survive and evade detection by the hostôs innate immune defences. 

Fungal pathogens, including C. albicans, have available a variety of strategies to 

evade these defences and cause disease (83). 
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1.2.6.1.1 Monocytes/Macrophages 

 

The mononuclear phagocyte system, which consists of monocytes, 

macrophages, and dendritic cells, has an important role in tissue homeostasis, 

as well as eliciting immune responses against invading pathogens (84).  In 

particular, the monocytes/macrophages are the cell types most associated with 

the innate immune response against C. albicans infection. Upon recognition of C. 

albicans PAMPs, these cells release a variety of soluble factors, including 

cytokines and chemokines (85). 

The monocytes circulate in the blood and then migrate into various tissues where 

they are collectively termed macrophages (86, 87).  Blood monocytes can be 

viewed as precursors of tissue macrophages, but in the steady-state, resident 

macrophages within these tissues are monocyte independent. Upon 

inflammation, the blood monocytes become critical components of the population 

available to eliminate external inflammatory stimuli (84). 

In humans, monocytes are defined by the cell surface marker CD14, with a 

subpopulation (CD16) characterised by higher major histocompatibility complex 

class II (MHCII) expression (87). 

In healthy individuals, the classical CD14++CD16- monocytes make up 90-95% of 

the total monocytes present (88).  A portion of the monocyte population 

(CD14+CD16+) also co-express CD16 as well as low levels of CD14. This minor 

population (5-10% of total monocytes) has been determined to have pro-

inflammatory properties, and studies later found this subset comprised up to 40% 

of blood monocytes in patients with systemic infectious diseases (86, 88, 89).   
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1.2.6.1.1.1 THP-1 cells in in vitro studies 

 

Different populations of monocytes exist in human blood with the expression 

of cell surface markers used as one means of identification. Ideally, 

experimentation would use fresh human samples. However, obtaining blood 

samples from volunteers has ethical implications. It imposes limitations relating 

to cell numbers, and genetic heterogeneity (90), as well as concerns about the 

overall health and immune status of the donor. Since primary tissue 

macrophages cannot be readily expanded ex vivo and are difficult to grow in 

vitro (91, 92), monocytic cell lines have been established to model 

macrophage function (91, 93) and inflammatory involvement (93, 94).  

A monocytic leukaemia cell line (THP-1) derived from an adolescent boy with 

acute monocytic leukaemia has been established and characterised (95, 96).  

This THP-1 cell line offers a functionally homogeneous population for use in 

research. It resembles human peripheral blood monocytes in morphology, 

secretory products, and membrane antigen expression (92, 95).  Under the 

influence of phorbol 12-myristate 13-acetate (PMA), THP-1 cells cease 

proliferation and begin the differentiation into macrophage-like cells (95).  PMA 

is a phorbol ester that activates protein kinase C (PKC). This results in 

upregulation of the transcription factor NF-əB that translocates from the cytosol 

to the nucleus in the presence of a stimulus and initiates the production of 

inflammatory cytokines such as TNF-Ŭ (97) (Fig. 1.3).   One advantage of using 

PMA instead of growth factors for differentiation is that PMA is not dependent 

on the expression of functional receptors on the cell membrane (98). 

Multiple studies have concluded that an optimised concentration of PMA is a 

highly effective differentiation agent to obtain mature THP-1 monocyte-derived 

macrophages (MDM) (91-94, 99).    
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Figure 1.3: Differentiation of THP-1 monocytes to MDM using the phorbol ester PMA. In the presence 

of PMA, THP-1 monocytes stop cell proliferation and begin differentiation. During differentiation, NF-əB 

accumulates in the cytoplasm. Upon stimulation, NF-əB is translocated into the nucleus and induces 

secretion of inflammatory cytokines, including TNF-Ŭ. Adapted from Takashiba (97). 

 

1.2.6.1.2 Toll-like receptors (TLR) 

 

Pathogen recognition by the innate immune system occurs via PRRs found on 

the surface of phagocytic cells. The first identified and best characterised of the 

PRRs are the Toll-like receptors (TLRs). TLRs are essential PRRs that mediate 

a wide range of PAMP recognition of foreign pathogens, subsequent 

inflammatory responses, and development of antigen-specific adaptive immunity 

(78, 81, 100) (Fig 1.2). 

TLRs are type I transmembrane proteins that consist of an external domain (that 

mediates the recognition of PAMPs), a transmembrane region, and cytosolic Toll-

IL-1 receptor (TIR) domains that activate downstream signalling pathways (81, 

100).  They are expressed either on the cell surface or intracellularly in the 

cytosol. Ten functional TLRs that detect distinct PAMPs derived from bacteria, 

fungi, viruses, mycobacteria, and parasites have been identified in humans (101). 

Candida spp. contain multiple PAMPs including ɓ-glucan, chitin, mannan, 

proteins, and nucleic acids, which are recognised by at least five TLRs, including 

Inflammatory cytokines 
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TLR2 and TLR4 (79, 81).  TLR2 and TLR4 are the main receptors for C. albicans 

recognition by the innate immune system (79, 102) (Fig 1.4). 

Although the TLRs are the major initiators of the immune response against C. 

albicans, other PRRs are also involved in fungal PAMP recognition. These 

include the membrane-bound C-type lectin receptors (CLRs) and the cytosolic 

proteins such as the nucleotide-binding oligomerisation domain (NOD)-like 

receptors (NLRs) (4, 81, 103). 

 

 

 

Figure 1.4:  Recognition of Candida species by monocyte/macrophage cells of the innate immune 

system.  Ligand binding (O-mannan) to extracellular TLR2 and TLR4 results in the induction of 

intracellular signalling and activation of NF-əB. Ligand binding (ɓ-glucan) to the pathogen recognition 

receptor Dectin 1, can also interact with TLR2 to induce intracellular signalling, activate NF-əB and 

subsequent release of pro-inflammatory cytokines and chemokines to initiate phagocytosis and clear 

the Candida.  Adapted from Davidson (104). 
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1.2.6.1.3 C-type lectin receptors (CLRs) 

 

CLRs are characterised by C-type lectin-like domains (CTLDs), a type of 

carbohydrate-binding protein domain (105). They are highly conserved PRRs 

present on innate immune cells such as macrophages and dendritic cells. CLRs 

can activate or modulate immune function upon encountering PAMPs, including 

carbohydrates (such as ɓ-glucan), and many non-carbohydrate ligands, such as 

lipids and proteins (105-107).   

These receptors are expressed as transmembrane proteins with or without 

intracellular signal motifs or can occur as extracellular proteins functioning as 

opsonins (107). The ɓ-glucan receptor Dectin-1 is a key CLR in C. albicans 

recognition that does not require involvement from other PRRs to trigger 

signalling events and cytokine expression (105-107). 

 

1.2.6.1.4 Nod-like receptors (NLRs) 

 

Members of the nucleotide-binding oligomerisation domain (NOD-like) receptor 

family (NLRs), contain a C-terminal leucine-rich repeats (LRR) domain (found in 

most NLRs), a central NOD (common to all NLRs) and a variable N-terminal 

effector domain that initiates signalling (75, 108).  These receptors are involved 

in recognition of cytosolic pathogen- (PAMPs) or danger-associated molecular 

patterns (DAMPs) (109).   

Upon recognition of PAMPs or DAMPs, these sensors activate NF-əB to induce 

the production of inflammatory cytokine precursors or activate a multiprotein 

complex, the inflammasome (75, 108-110).  The inflammasome will either initiate 

the proteolytic cleavage of various cysteine proteases (caspases) to process the 

precursor pro-inflammatory cytokines pro-IL-1ɓ and pro-IL-18 into mature IL-1ɓ 

and IL-18, or initiate cell death (75, 108-110).   

The NLR-related protein 3 (NLRP3) inflammasome has been the most 

extensively studied of the inflammasomes, as it can be assembled in response 
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to a variety of stimuli including microbial-, stress-, or danger-induced substances 

(109, 110). 

 

1.2.6.1.5 Immunoregulation by innate immunity 

 

Immune responses are essential in protection against invading pathogens. 

Regulation of this response is also crucial to ensure homeostasis is restored. 

Immunoregulation is the control mechanism that regulates the induction and 

expression of the immune response in either a positive or negative way (111, 

112).  Receptors found on activated immune cells transmit both activating and 

inhibitory signals controlled by secreted soluble factors known as cytokines (112).   

 

1.2.6.1.5.1 Cytokines 

 

Cytokines are signalling molecules that regulate differentiation, proliferation, 

and function of mammalian cells, including immune cells. The presence of 

cytokines in infected tissues ultimately dictates the host defence processes 

that are specific to that pathogen (Table 1-2). Generally, pro-inflammatory 

cytokines (including IL-1ɓ, IL-6, TNF-Ŭ) regulate immune cell trafficking, trigger 

proliferation and/or activate vigorous anti-fungal oxidative and non-oxidative 

metabolic responses (113).  Although these cytokines may serve to limit 

infection, they may also be involved in immunopathology and tissue 

destruction by provoking unregulated immune cell mobilisation and 

degranulation (113). IL-10, an anti-inflammatory cytokine is important in 

maintaining the balance between a strong protective immune response and 

limiting immune-mediated pathology at the site of infection (113, 114). 

Cytokine profiles of mouse peritoneal macrophages primed with C. albicans 

yeast and hyphal forms indicated that the yeast form of C. albicans interacted 

with TLR4, stimulated the synthesis of IL-1ɓ and IL-6 to induce an 

inflammatory response, and activated macrophages by increasing IFN-ɔ 
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synthesis (115).  In contrast, the hyphal form of C. albicans bound to TLR2 and 

reduced expression of IL-1ɓ and IL-6, with no IFN-ɔ synthesis (115).  The 

reduction in numbers of activated macrophages and subsequent pro-

inflammatory responses was associated with an increase in the synthesis of 

IL-10 (115).  IL-10 is an anti-inflammatory cytokine that modulates the 

microbicidal activity of phagocytes, thus potentially limiting tissue damage, and 

promoting resolution of the inflammatory process (113). 

 

Table 1-2 Summary of cytokines in the current in vitro studies 

Cytokine Function 

IL-1ɓ Potent pro-inflammatory cytokine (116) 

Essential for host-defence responses to infection and injury 

Produced by cells of the innate immune system such as monocytes and 

macrophages 

Produced as an inactive 31kDa precursor (pro-IL-1ɓ) in response to PAMPs acting 

through PRRs on macrophages  

                       

IL-6 Multifunctional pro-inflammatory cytokine (117) 

Plays a central role in host defence mechanisms such as regulation of the innate 

immune response, haematopoiesis, and acute-phase reactions 

Produced locally by a variety of cells that are widespread in the body and found in the 

circulation in low levels. For example, in healthy individuals, serum IL-6 is usually <l0 

pg/mL (118) 

Human IL-6 core protein is approximately 20kDa, but with glycosylation natural IL-6 is 

21 - 26kDa (119) 

IL-6 not produced under physiological conditions, however, elevated concentrations 

have been detected during sepsis, and during experimental infection with C. albicans 

(120).  

Inflammatory 

response 
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IL-18 Potent pro-inflammatory cytokine of the IL-1 family 

Synthesised as inactive 24 kDa precursor (pro-IL-18) 

Subsequent processing by caspase-1 produces mature and biologically active IL-18 

(121)  

                 

A key component of polarised type 1 innate (absence of IL-12) and adaptive 

(presence of IL-12) immune responses (121) 

TNF-Ŭ Pro-inflammatory cytokine (93) 

Mediates immune and inflammatory processes 

Produced by monocytes and macrophages 

Human TNF-Ŭ is expressed as a 27kDa highly conserved protein that is 

proteolytically cleaved to a 17kDa molecule (122) 

Involved in modulating cell differentiation and proliferation (93) 

IL-10 Potent anti-inflammatory cytokine  

Plays a central role in limiting host immune responses to pathogens and restore 

tissue homeostasis 

Major sources of secretion include T helper cells, monocytes, macrophages and 

dendritic cells (123) 

Biologically functional human IL-10 is a 36kDa dimer (124) 

mIL-1ɓ Pro-inflammatory cytokine 

As with human IL-1ɓ, mouse IL-1ɓ is synthesised as a 31kDa intracellular precursor 

that is cleaved to the 17kDa mature or active form found in culture supernatants (125) 

A specific role for IL-1 p in the development of the inflammatory and pyrogenic 

response to the local injection of turpentine has recently been demonstrated with the 

use of IL-Iɓ-deficient (IL-1ɓ -/-) mice (126) 

 

 

 Inflammatory 

response 
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1.2.6.1.5.2 The NLRP3 inflammasome 

 

The pro-inflammatory cytokine IL-1ɓ is generated by activated macrophages 

and monocytes in response to systemic and local infections, injury, and other 

immunological challenges, including several chronic diseases (127, 128).  IL-

1ɓ is produced as an inactive cytoplasmic precursor, which requires cleavage 

to produce the mature active form. The IL-1ɓ-converting enzyme (ICE - also 

known as caspase-1), a pro-inflammatory caspase, is required for this 

cleavage (127).  The activation of pro-inflammatory caspases occurs via a 

caspase-activating complex called the inflammasome (127).  Assembly of the 

high-molecular-weight, multi-component inflammasome complex from 

members of the NLR family, is an important feature, as they have several 

distinct protein/protein interaction domains. These domains are used to 

assemble the inflammasomes (127, 129, 130). For example, in response to 

the danger signal of extracellular adenosine triphosphate (ATP), an early study 

showed one of the NLRs containing a pyrin domain (NALP3) triggered ATP-

induced caspase-1 activation and subsequent release of IL-1ɓ (129).   

It is now known that these inflammasomes play a vital role in innate immunity 

(131).  NLRP3 (NOD-like receptor protein 3 - also known as NALP3) is one of 

the NLR family members that recognise unique bacterial, viral, and fungal 

pathogens (including C. albicans), as well as danger components, such as 

extracellular ATP, microbial toxins, and mitochondrial reactive oxygen species 

(ROS) (130, 132-135). The generally accepted model for functional NLRP3 

inflammasome activation requires both priming and activating signals (131, 

132, 136).  This two-step model represents an important regulatory checkpoint 

to avoid erroneous immune responses capable of harming the host (136) (Fig. 

1.5).   
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Figure 1.5: Schematic of NLRP3 inflammasome activation in a macrophage.  Signal 1 is initiated via 

PAMPs and TLRs to activate transcription of NF-əB for upregulation of pro-IL-1ɓ and NLRP3 

transcription. Signal 2 is initiated via extracellular DAMPs or ROS, NLRP3 recruits the adaptor ASC 

molecule and pro-caspase-1 which is cleaved into active caspase-1. The inactive precursor molecules 

are cleaved to produce active IL-1ɓ, IL-18 and subsequent cell death via pyroptosis. Adapted from Zahid 

(137). 

 

The priming signal comes from any stimulus that results in the activation of the 

transcription factor NF-əB, which is critical for upregulating the transcription of 

pro-IL-1ɓ (not constitutively expressed), and NLRP3 (basal levels are 

inadequate for efficient inflammasome formation). The adaptor molecule 

apoptosis-related speck-like protein containing a caspase recruitment domain 

(CARD) (ASC), pro-caspase-1 and pro-IL-18 does not require transcriptional 

modulation as there are adequate concentrations of these in the steady-state 

(136). 
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The second signal involves activation by PAMPs or extracellular DAMPs, such 

that NLRP3 oligomerises and recruits the adaptor protein ASC and the 

cysteine protease pro-caspase-1 (109, 131).  Pro-caspase-1 autocatalyses 

and activates caspase-1, which then cleaves pro-IL-1ɓ and pro-IL-18 forms 

into the active IL-1ɓ and IL-18 pro-inflammatory cytokines and initiates 

pyroptotic cell death (132)  

IL-1ɓ is a key pro-inflammatory cytokine involved in host defence against C. 

albicans (138).  In vivo studies of disseminated candidiasis, using mice 

deficient in endogenous IL-1ɓ, showed that increased mortality was associated 

with increased outgrowth of yeast in the kidneys (138).  IL-1ɓ was found to be 

important in PMN recruitment and induction of protective Th1 responses (138).  

Other in vivo studies emphasised the essential role for NLRP3 inflammasomes 

and IL-1ɓ in antifungal immunity. An intravenous challenge model found that 

NLRP3 deficient (NLRP3 -/-) mice were extremely susceptible to C. albicans 

infection (134).  Compared to wild-type mice, NLRP3 -/- mice showed more 

than 100-1000-fold higher C. albicans load in the kidneys, liver, and lungs 

(134). 

The protective role of IL-1ɓ was further demonstrated in a mouse model of 

OPC. IL-1 receptor-deficient (IL-1R -/-) mice that were not actively 

immunosuppressed showed higher fungal colonisation in the oral cavity than 

controls at all time points from day 0 to day 21 post-infection (139). 

Inflammasome activation contributes significantly to the host inflammatory 

responses, through the release of pro-inflammatory cytokines, and pyroptosis 

of effector cells (a pro-inflammatory form of cell death) that is required for 

efficient clearance of pathogens (140, 141).  Inflammasome components such 

as NLRP3, and pro-IL-1ɓ are expressed at relatively low levels in the steady-

state, therefore priming with NF-əB-activating inflammatory cytokines, TLR 

ligands, and other PAMPs is required for their mRNAs to be induced for 

downstream transcription (140).  

Alternatively, the activation of the inflammasome may lead to inflammatory 

pathology, including tissue damage and inflammation from pyroptotic cell 

death. Also, the release of IL-1ɓ and IL-18, which participate in the recruitment 
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of macrophages and neutrophils to assist in the elimination of the pathogen, 

may lead to tissue damage (141).   Both outcomes are detrimental to the host 

and may play a role in facilitating the dissemination of the pathogen (141). 

 

1.2.6.1.5.3 Cell Death 

 

The innate immune system is characterised by inherent as well as inducible 

defence mechanisms. Cell death is necessary for the development of the 

immune system and for maintaining immune homeostasis through the 

elimination of unwanted cells (142). Cell death can be programmed through 

specific signalling events or as a result of accidental injury (143). Host-

pathogen interactions can also result in the death of host cells (144).  

Regulated cell death (RCD) can occur in the absence of any exogenous 

environmental stimulus, thus functioning as a built-in effector of physiological 

programs, crucial for the maintenance of tissue homeostasis, and is commonly 

referred to as programmed cell death (PCD) (145, 146). Also, RCD can be 

initiated from the intracellular or extracellular microenvironment, where in 

response to stress, injury or infection, intense and prolonged stimuli 

overwhelm the adaptive responses that are unable to restore tissue 

homeostasis and are linked to tissue damage and disease pathogenesis (145, 

146).   

Both apoptotic and nonapoptotic cell death modalities have increasingly 

become necessary to explain diverse biological processes involving cell loss 

(147). Two regulated forms of nonapoptotic cell death, necroptosis and 

ferroptosis have been shown recently to play significant roles in inflammation 

and accumulation of lipid hydroperoxides, respectively (145-147).  Also, each 

type of RCD can manifest with an entire spectrum of morphological features 

ranging from fully necrotic to fully apoptotic, and an immunomodulatory profile 

ranging from anti-inflammatory and tolerogenic to pro-inflammatory and 

immunogenic (Fig. 1.6).  
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Figure 1.6: Major cell death modalities. Adapted from Galluzzi (145).  Mammalian cells exposed to 

unrecoverable stresses of the intracellular or extracellular microenvironment can activate one of many 

signal transduction cascades, ultimately leading to their demise. Each of the regulated cell death (RCD) 

modes is initiated and propagated by molecular mechanisms that exhibit a considerable degree of 

interconnectivity. ADCD: autophagy-dependent cell death, ICD: immunogenic cell death (145) 

 

The major cell death modalities, apoptosis and pyroptosis, are critical defence 

mechanisms against microbial infection (148) (Fig. 1.7). The mode of cell 

death is dependent on various factors, including the nature of the pathogen, 

pathogen load, and the site of infection (149). The death of an infected cell is 

frequently associated with the death of the infecting organism and can promote 

efficient pathogen clearance (142, 149), or the antithesis, pathogen 

dissemination (142). 
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 Phagocytic defences 

 

Dimorphism is a key characteristic and virulence attribute of C. albicans (4). 

The morphological forms differ in many ways, including their potential 

invasiveness, and are differentially recognised by host phagocytes and 

other immune cells.  These are primary lines of defence against infection (4, 

150). Upon recognition, macrophages engulf the C. albicans yeast cell via 

phagocytosis and subsequently forms a phagosome (150). C. 

albicans overcomes the unfavourable environment within the phagosome 

(low nutrients, low pH, hydrolytic enzymes) by the morphological transition 

and inhibition/neutralisation of toxic compounds (150).  

While not considered an intracellular pathogen, C. albicans can kill and 

escape from macrophages (151). The transition of C. albicans from yeast 

cell to hyphae has been linked to macrophage lysis (151, 152).  However, 

the death of macrophages that have ingested C. albicans is not simply the 

result of the hyphae physically rupturing the macrophage (152).  Wellington 

et. al. (151), showed that C. albicans triggers pyroptosis in both bone 

marrow-derived macrophages (BMDM) and murine J774 macrophages, 

resulting in macrophage lysis and production of IL-1ɓ and IL-18. Another 

study showed that C. albicans causes macrophage cell death by inducing 

pyroptotic programmed cell death post phagocytosis (first 6-8 hours) (153). 

This study also showed the results were dependent on live C. albicans, as 

heat-killed cells failed to induce any death, despite almost wild-type infection 

rates (100% wild type and 90% heat killed wild type of infected 

macrophages (153).  
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 Pyroptosis 

 

Pyroptosis is a more recently identified pathway of host cell death that is 

stimulated by a range of microbial infections and is dependent on the 

activation of the inflammatory caspase (caspase-1) (149, 154). An 

interleukin-1ɓ-converting enzyme (ICE ï caspase-1) was first recognised as 

a protease that processes the inactive precursors of IL-1ɓ and IL-18 into the 

mature pro-inflammatory cytokines (154). This pathway was originally 

identified in macrophages infected with intracellular bacteria, including 

Salmonella, Legionella, and Shigella sp. (155). By undergoing caspase-1-

dependent pyroptosis, infected macrophages deprive intracellular bacteria 

of their immune-protected cellular niches as well as intracellular nutrients, 

and the secretion of caspase-1-dependent pro-inflammatory cytokines 

recruits and activates more immune cells (149, 154, 155). 

Upon recognition of pathogen ligands in the cytosol, NLRs initiate the 

assembly of the inflammasome complex which activates caspase-1 and 

downstream processing of IL-1ɓ and IL-18 but also condemns the cell to a 

pro-inflammatory death. The formation of small cation-permeable pores in 

the plasma membrane dissipates the ion-gradient and leads to osmotic 

swelling and cell lysis, thus releasing cellular contents and promoting 

inflammation (144, 149, 156). Nuclear condensation, DNA fragmentation, 

and IL-1ɓ secretion precede lysis of the cell (149, 156).  

 

1.2.6.1.5.3.2.1 Gasdermin D 

 

Inflammatory caspases (including caspase-1), that orchestrate the 

proteolytic processing of pro-inflammatory cytokines IL-1ɓ and IL-18, 

also induce the lytic form of cell death known as pyroptosis (157). The 

regulatory mechanisms associated with IL-1ɓ/IL-18 production and 

triggering of pyroptosis after caspase-1 activation were unknown until 

independent studies identified a key substrate for the inflammatory 
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caspases, gasdermin D (157, 158). Gasdermin D (GSDMD) is a 53kDa 

gasdermin domain-containing protein, that upon cleavage by activated 

caspase-1, triggers inflammatory death and release of inflammatory 

cytokines (158, 159).  The cleaved gasdermin D oligomerises in the host 

cell membranes to form pores, thus killing the cell from within (159, 160). 

 

 Apoptosis 

 

Apoptosis is the best described and most widely recognised mode of 

programmed cell death. It is mediated by cysteine dependent aspartate-

specific proteases, or caspases, which produce an orchestrated 

disassembly of the cell (149, 154). The apoptotic caspases are grouped into 

initiator caspases (including caspase-8) and effector/executioner caspases 

(including caspase-3) (149). 

Activation of apoptosis can be induced extrinsically via ligation of cell 

surface death receptors (TNF, Fas), which leads to activation of the initiator 

caspase-8 or intrinsically from the mitochondrial release of cytochrome c 

(149, 161). Active caspase-8 cleaves and activates the effector caspase-3 

directly. Substrate processing results in the characteristic features of 

apoptosis, which include cytoplasmic and chromatin condensation, nuclear 

fragmentation, cell shrinkage, loss of membrane symmetry, and 

maintenance of an intact plasma membrane (149, 154). The contents of 

apoptotic cells are packaged into membrane-enclosed apoptotic bodies, 

which generate signals to stimulate phagocytosis and removal in vivo, 

resulting in an anti-inflammatory response (149, 154). 
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Figure 1.7: Two pathways of cell death. Adapted from Fink (144). Apoptosis. Dying cells experience 

cell shrinkage, and exposure of surface molecules (apoptotic bodies). Digestion of the apoptotic bodies 

occurs in lysosomes found in phagocytic cells (144, 149). Pyroptosis. Cell lysis is mediated by the 

caspase-1-dependent formation of membrane pores. This leads to loss of ion equilibrium, water influx, 

swelling of the cell. The result is osmotic lysis with the release of intracellular inflammatory contents 

(161). 
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 Epithelial defences 

 

The mucosal epithelium, including the oral mucosa, is commonly recognised as the 

first line of defence after the initial contact with pathogens (21, 162-164).  A 

fundamental function is its ability to provide not only a physical barrier to potential 

pathogens, but also inhibit infection by the secretion of a variety of antimicrobial 

effector molecules, and finally, to alert the immune system to the possibility of 

invasion by the initiation of innate inflammatory responses (21, 165).   

Apart from apparently facilitating colonisation by providing an anchorage point for 

C. albicans, the oral epithelium maintains barrier function and can secrete a variety 

of antimicrobial effector molecules. Furthermore, it plays a fundamental role in host 

defence by orchestrating innate inflammatory responses that activate myeloid cells 

and mediate downstream cytokine and chemokine release (21, 53, 163, 164, 166).  

In response to C. albicans infection, oral epithelial cells have been shown to produce 

significant amounts of IL-6, IL-8, and TNF-Ŭ, which indicates that cytokines play an 

active role in controlling oral infections and in orchestrating the host/pathogen 

relationship (113, 167). 

 

1.2.6.2.1 Recognition of fungal PAMPs 

 

In vivo and in vitro studies using oral epithelial cell models demonstrate functional 

expression of many TLRs including TLR2, TLR4, TLR6, and TLR9, highlighting 

the essential status of TLRs in oral defence (162, 164). TLR recognition of fungal 

PAMPs by epithelial cells results in the activation of NF-əB (responsible for the 

anti-fungal responses) and a biphasic mitogen-activated protein kinase (MAPK) 

signalling response (identification of invasive C. albicans), that initiates the 

induction of chemokines and inflammatory cytokines. It allows for the 

discrimination between yeast and hyphal forms of the yeast (53, 163, 165, 166).  

The release of these inflammatory mediators coordinates the recruitment of 
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PMNs and activation of macrophages that in turn leads to direct killing of the 

invading pathogens by phagocytosis (166).   

Studies with epithelial cells and PBMC found the expression pattern for the 

inflammasome NALP3 (NLRP3) in both cell types, demonstrating that a functional 

inflammasome can be formed in both cells (168).  The results suggested that 

NALP3 was expressed at higher levels in the epithelial cells (keratinocytes) from 

stratified non-keratinising epithelium found in the oral cavity than the PBMC (168). 

The expression pattern of NALP3 in epithelial cells lining the oral mucosa 

indicates this inflammasome allows the rapid sensing of invading pathogens, 

triggering an innate immune response (168). 
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 Gaps in knowledge and Aims 

 

In historical investigations using C. albicans, SC5314 has been considered a typical isolate, 

especially since the genome has been fully sequenced, and the generation of targeted 

mutations has been invaluable in understanding the mechanisms of the organismôs virulence 

factors. Many results, including murine studies in vivo, suggest that, even though it is 

accepted as a óstandardô, responses to it may not necessarily be representative of clinical 

isolates. Will using two distinct clinical isolates previously found to induce distinct immune 

responses in mice produce the same results in human cells? 

Many studies have focussed on identifying the secreted proteins (or secretome) of C. 

albicans in culture, evaluating the effect of temperatures, pH, and carbon source. Several 

cell wall proteins have also been found in the secretome, including known immunogenic 

proteins.  Does the secretome of the two distinct clinical isolates induce similar immune 

responses, or do these isolates secrete different proteins that can modify or modulate 

responses? 

The following studies aim to delineate the functional differences between two clinical isolates 

of C. albicans and how they interact with human phagocytic cells in vitro. Based on in vivo 

studies in mice, it is anticipated they will reveal distinct pro-inflammatory and regulatory 

pathways that have the potential to modify the human immune response against it. 

 

Aims: 

1. To examine the adherence characteristics of distinct clinical isolates of C. albicans to 

both phagocytic and non-phagocytic human cells in vitro. 

 

2. To define the spectrum of cytokine production by human phagocytes stimulated by 

isolates of C. albicans that are associated with infections of varying body sites, 

including the oral cavity. 

 

3. To investigate the yeast cell-free culture supernatant (secretome) of C. albicans, and 

its effect on cell-surface interactions between the yeast and human cells in vitro. 
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Chapter 2 Materials and Methods 

 

 Candida albicans 

 

All C. albicans isolates used in these studies are listed in Table 2-1. Although the C. 

albicans strain SC5314 is recognised as the wild-type (or reference) strain that was used 

to sequence the C. albicans genome (completed in 2004) (169), it was originally isolated 

from a patient with a generalised Candida infection in the 1980s.  SC5314 is a member 

of the predominant clade of closely related C. albicans strains that represents almost 40% 

of all isolates worldwide. However, although typically stored frozen at -80°C, after many 

years of culture in different laboratories, the genetic fidelity of the present strain to the 

original may be uncertain. 

Stocks were stored at -80°C in 30% (v/v) glycerol in Sabouraudôs broth. For use, they 

were plated onto Sabouraudôs Dextrose Agar (SDA) and incubated at 37°C for 24 hours.  

For all yeast assays, a single colony was picked and grown in yeast nitrogen base (YNB) 

+ 100mM glucose broth for 18 hours at 37°C in an orbital shaker (80rpm) (170).  YNB 

with amino acids (L-histidine, DL-methionine, DL-tryptophan) is non-selective growth 

media with ammonium sulphate as the nitrogen source. 

The Candida yeast cells were harvested, washed twice in phosphate-buffered saline 

(PBS) (pH 7.2, Ca2+ and Mg2+ free) and resuspended. Concentrations of Candida were 

adjusted to 1 x107 cells/mL by spectrophotometry (170).  The cell-free culture supernatant 

(SN) was collected into a fresh centrifuge tube immediately before the first washing. 
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Table 2-1 List of clinical isolates used throughout these studies 

 

ID  Site of Infection Country Acquired from 

SC5314 (MYA-

2876)  

Reference Disseminated 

candidiasis 

ATCC Dr P. Sundstrom1 

(gift)  

A1 3-131 Clinical Oral infection of an 

HIV+ patient 

Australia Prof L 

Samaranayake 

75 Clinical Oral infection of HIV- 

patient 

Germany Prof L 

Samaranayake 

E1 Clinical Oral infection of HIV- 

patient 

England Prof L 

Samaranayake 

41 Clinical  Oral infection of an 

HIV+ patient 

Germany Prof L 

Samaranayake 

SF1 Clinical Oral infection South Africa Prof L 

Samaranayake 

3630 Clinical  Cutaneous nail 

infection  

Australia AMMRL2 

3683 Clinical Oral infection Australia AMMRL 

 

 

 Blood collection 

 

Human buffy coat preparations were obtained from the Australian Red Cross Blood 

Service (ARCBS) following approval from local ethics committees; (Australian Red Cross 

Blood Service (MSD: 16-09QLD-05) and UQ Human Research Ethics Committee (HREC) 

2016001205). 

 

 

1 Department of Microbiology, Dartmouth College, Hanover, New Hampshire, USA 
2 Australian Medical Mycology Research Laboratory (AMMRL), Royal North Shore Hospital, Sydney, 

Australia. 
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 Isolation of peripheral blood mononuclear cells (PBMC) 

 

Positive selection of CD14+ monocytes was separated from human buffy coat using the 

StraightFromÊ Buffy Coat CD14+ microbead kit (Miltenyi Biotec, Sydney, NSW, 

Australia) (Fig. 2.1), the MidiMACSÊ separator (magnetic cell sorting) (Miltenyi Biotec) 

and Whole Blood Columns (Miltenyi Biotec).  Briefly, human buffy coat was transferred 

into 50mL centrifuge tubes, and an appropriate volume of CD14+ microbeads was added 

to the buffy coat.  The buffy coat and microbead labelled cell suspension were stored on 

ice until ready for magnetic separation.  The labelled cell suspension (approximately 7mL) 

was then loaded into a Whole Blood Column and placed into the MidiMACSÊ separator.  

All magnetically labelled CD14+ monocytes were retained within the column. The 

unlabelled cell fraction, depleted of CD14+ cells, passed through into a collection tube 

and was discarded.  The Whole Blood Column was then removed from the MidiMACSÊ 

separator, and the retained fraction was eluted with Whole Blood Column Elution Buffer 

(Miltenyi Biotec, Sydney, NSW, Australia) as the enriched positively selected cell fraction 

(Fig. 2.2).  The positively selected CD14+ cells were then counted using an automated 

cell counter Countess II (Invitrogen by Life Technologies, Carlsbad, CA, USA), and were 

immediately cultured for differentiation. 
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Magnetic Labelling 

 

 

 

 

 

 

 

 

 

Figure 2.1: Magnetic labelling of CD14+ monocytes. The first step in the isolation of human monocytes from 

buffy coat is the magnetic labelling of buffy coat (supplied by ARCBS) using StraightFromÊ Buffy Coat 

CD14+ microbeads.  The microbeads were conjugated to monoclonal anti-human CD14 antibodies (isotype: 

mouse IgG2a) and positively selected CD14+ cells using MidiMACSÊ Separator (Miltenyi Biotec). The 

MACS microbeads are extremely small, superparamagnetic particles.  A high gradient magnetic field is 

required to retain the labelled cells. 

 

 

 

 

 

 

 

 

 

 

 

CD14+ cells in the buffy coat sample are 

magnetically labelled with StraightFromÊ 

Buffy Coat CD14+ microbeads (Miltenyi 

Biotec) and incubated on ice for 15 minutes. 

   

 

Approximately 50 mL of buffy 

coat  
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Magnetic Separation 

 

 

 

Whole blood 

column 

inserted into 

the magnetic 

separator and 

is rinsed with 

separation 

buffer (Miltenyi 

Biotec) 

 

Magnetically 

labelled cell 

suspension 

loaded into the 

column. Flow-

through 

collected 

(unlabelled 

cells) - 

discarded 

 

The column 

washed with 

separation buffer 

and flow-through 

collected 

(unlabelled cells) - 

discarded 

 

The column is 

removed from the 

separator placed 

new collection 

tube, and 4mL 

elution buffer is 

added onto the 

column. 

 

Magnetically 

labelled cells 

flushed out by 

firmly pushing 

the plunger into 

the column 

 

CD14+ labelled 

cells immediately 

cultured with M-

CSF for eight 

days. 

 

Figure 2.2: Magnetic separation of CD14+ monocytes. The second step in the isolation of human monocytes 

from human buffy coat is the magnetic separation of the magnetically labelled CD14+ cells using whole 

blood columns that contain an optimised matrix to generate a strong magnetic field when placed in a 

permanent magnet such as the MidiMACSÊ separator.  

 

 

 Differentiation to macrophages (MDM) of monocytes from PBMC 

 

Isolated CD14+ monocytes (Fig. 2.2) were cultured for eight days in complete RPMI media 

supplemented with 100 ng/mL of human macrophage- colony-stimulating factor (M-CSF) 

(Miltenyi Biotec, Sydney, NSW, Australia) for differentiation to MDM. This approach was 

adapted from Jin (171).  
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 Differentiation to macrophages THP-1 cells in vitro 

 

THP-1 monocytic suspension cells (courtesy of Prof K Schroder, Institute for Molecular 

Biosciences, UQ) were grown to confluence in complete RPMI-1640 media + L-glutamine 

(GibcoÊ Life Technologies) supplemented with 10% foetal bovine serum (FBS) (GibcoÊ 

Life Technologies), and 1% penicillin-streptomycin (PS) (GibcoÊ Life Technologies) 

(also known as RPMI complete media) in 5% CO2 humidified atmosphere. Differentiation 

was achieved using an optimised concentration of 100nM phorbol-12-myristate 13-

acetate (PMA) (Sigma Aldrich, Castle Hill, NSW, Australia). A total of 5 x 105 cells/mL 

were seeded into 12-well plates, and a final concentration of 100nM of PMA with RPMI 

complete media was added to each well to a total volume of 1mL. The THP-1 cells were 

cultured in the presence of PMA for 3 days. Enhanced differentiation was achieved by 

removing the PMA-containing media and incubating the cells in fresh RPMI complete 

media for a further 24 hours, to allow recovery of the differentiated cells. (91, 93, 94).   
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Figure 2.3: Optimisation of PMA concentration and recovery times of MDM for IL-1ɓ release. (a) The 

production of IL-1ɓ by THP-1-derived MDM stimulated by 3630 and 3683. (b) A 24-hour rest period in 

RPMI-1640 complete media was optimal for adherence and cytokine release by MDM. Protocols adapted 

from Daigneault (91), Park (94) and Lund (93).  ** p<0.005; * p<0.05. 
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 Non-phagocytic cells 

 

HeLa cells (courtesy of UQ School of Chemistry and Molecular Biosciences) were grown 

to 80% confluence in 12-well cell culture treated plates (Corning Costar) in Dulbeccoôs 

Modified Eagle Medium (DMEM) (GibcoÊ Life Technologies). DMEM was supplemented 

with 10% fetal bovine serum (GibcoÊ Life Technologies) and 1% penicillin-streptomycin 

(PS) (GibcoÊ Life Technologies), at 37ÁC and 5% CO2 humidified atmosphere.  Cell 

counts and viability were determined using the automated cell counter Countess II (Life 

Technologies).  

PE/CA-PJ15 human oral epithelial cells (Sigma Aldrich, Castle Hill, NSW, Australia) were 

grown to confluence in complete DMEM media supplemented with 10% FBS and 1% PS 

at 37°C and 5% CO2 humidified atmosphere.  

 

 Mouse cells 

 

Mouse macrophages (RAW264.7) (courtesy of Dr C Xu, UQ, School of Dentistry) were 

grown to confluence in DMEM (GibcoÊ Life Technologies) media supplemented with 

10% FBS (GibcoÊ Life Technologies), and 1% PS (GibcoÊ Life Technologies) at 37°C 

and 5% CO2 humidified atmosphere. 

 

 Quantitation of cytokine production 

 

Functional differences in the interactions of the Candida isolates with phagocytic and non-

phagocytic cells were investigated by measuring downstream cytokine production of IL-

1ɓ, IL-18, IL-6 and TNF-Ŭ.  An optimised 1:1 multiplicity of infection (yeast:cell number) 

(MOI) was determined beforehand, to allow for maximum cytokine production without 

interference. For live and heat-killed Candida yeast cells, all cell monolayers were 

stimulated 1:1 ratio with 5 x 105 cells/mL of Candida isolates in 12-well culture-treated 

plates (Corning® Costar®) and incubated for 8 hours (modified from Schildberger (172)). 

Briefly, cell monolayers were washed twice with sterile PBS, and a total volume of 1.5mL 
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of PBS and Candida yeast cells were added to each well.  At 2, 4, 6 and 8 hours, 300 µL 

of supernatant was harvested and stored at -20°C.  Maximum levels of cytokine 

production by all phagocytic and non-phagocytic cells for IL-1ɓ, IL-18, IL-6, and TNF-Ŭ 

was at 6 hours post-infection. For assays using culture supernatants, an optimised 

volume ratio of 1:0.5mL was used.  Production of IL-1ɓ, IL-18, IL-6, and TNF-Ŭ was 

measured using commercial sandwich ELISA kits (Table 2-2).  The minimal detectable 

dose (MDD) for each cytokine are as follows: IL-1ɓ (6.5 pg/mL), IL-18 (8.3 pg/mL), IL-6 

(1.6 pg/mL) and TNF-Ŭ (30 pg/mL).  Cytokine concentrations were calculated using 

MyCurveFit online curve-fitting software (173) by using a standard curve derived from 

recombinant cytokine standards 

 

Table 2-2 List of commercially available cytokine kits used in these studies. 

 

ELISA kit Supplier 

Human IL-1ɓ Abcam Australia3 

Human IL-18 Abcam Australia 

Human TNF-Ŭ Abcam Australia 

Human IL-6 Invitrogen by Life Technologies4 

Mouse IL-1ɓ Abcam Australia 

Human IL-10 Abcam Australia 

 

 

 

3 Melbourne, VIC, Australia 
4 Carlsbad, CA, USA 
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 Statistical analysis 

 

Statistical analyses were performed using GraphPad Prism version 8.1.2 for Windows, 

GraphPad Software, La Jolla California USA, www.graphpad.com.  All graphs are 

presented as means ± standard error of the mean (SEM). When comparing two groups, 

data were analysed using a two-tailed Studentôs t-test.  A value of p<0.05 was considered 

statistically significant. 
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Chapter 3 Adherence characteristics of C. albicans  

 

 Introduction 

 

The ability of microbial organisms to adhere to host epithelial surfaces is a fundamental 

step in the initiation of colonisation and infection. Adherence limits the ability of the host 

to remove an infectious agent by physical means, such as mechanical movements, or by 

secretion of anti-microbial agents onto mucosal surfaces (174).  Although C. albicans 

possesses a variety of virulence factors, the ability to adhere to host tissues is considered 

essential in the early stages of colonisation and tissue invasion (175, 176).  

Adherence occurs through a combination of specific (ligand-receptor interactions) and 

non-specific (electrostatic charges, van der Waals forces) mechanisms that allow the 

yeast to attach to several tissue types or inanimate surfaces (175).  Early studies into the 

adherence of Candida to host cells focussed primarily on the effects of modifying factors 

such as temperature, pH, culture medium, and cell type (176-179).  Other studies 

investigated factors such as pre-incubation of Candida with sucrose, that influenced 

adherence to both acrylic surfaces, and monolayers of human epithelial cells (180-182).   

Epithelial cells are anchor points for microbial colonisation (183). Adherence of Candida 

to mucosal and cutaneous epithelial cells, as well as other fungal or bacterial cells, is a 

prerequisite for colonisation and infection of these sites (59, 184-186). Contact with the 

epithelium can be mediated directly by physical attachment, or indirectly via physical 

association with either other colonising organisms or abiotic substrates (45). The site of 

fungal attachment may lead either to deep-seated superficial infections, or invasive 

systemic infections that result in high mortality in susceptible individuals (187).  In 

humans, the establishment of a C. albicans infection begins with organism adherence to 

epithelial cells. Samaranayake (182) used HeLa cells to quantify and study the 

parameters influencing Candida adherence to epithelial cell monolayers, and a more 

recent study also used HeLa cells to look at adherence patterns in C. albicans grown 

under diverse media conditions (188).   
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Previous studies have shown that clinical isolates of C. albicans vary in their potential to 

adhere to epithelial cells (189). Still, a study of 19 clinical isolates found no commonality 

between these isolates (190).  Confocal laser scanning microscopy revealed different 

patterns of strain-dependent tissue invasion, surface colonisation, and the extent and 

pattern of tissue penetration. However, there did not appear to be any single factor 

common to all isolates (190).  

Because C. albicans can utilise several adherence mechanisms to attach to various 

surfaces, it was desirable to determine the nature of these interactions so that targeted 

therapies could be developed to prevent colonisation from occurring (191). Also, as 

Candida strain characteristics play a role in the elicitation of host protective responses, 

the interaction between the yeast and the host cell is of fundamental importance. 

Thus, this study compared the adherence of two clinical isolates (3630, 3683) and the 

ATCC reference strain (5314) to human phagocytic (MDM), non-phagocytic (HeLa, 

PE/CA-PJ15) cells and murine monocyte/macrophage-like cells (RAW264.7). 
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 Methods 

 

3.2.1 Yeast strains 

 

Cultures of each yeast strain were grown in YNB + 100mM glucose for 18 hours. The 

concentration of yeast cells was adjusted to 1 x 107 cells/mL by measuring optical 

density (OD) as described previously in section 2.1. 

 

3.2.2 Non-phagocytic cells  

 

HeLa and PE/CA-PJ15 cell monolayers were grown to 80% confluence in 12-well cell 

culture treated plates in DMEM. DMEM was supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin (PS), at 37°C and 5% CO2 humidified 

atmosphere.  Cell counts and viability were determined using the automated cell 

counter Countess II as described in section 2.6. 

 

3.2.3 RAW264.7 and MDM cells ï phagocytic cells 

 

THP-1 monocytic suspension cells were grown to confluence and differentiated into 

MDM as per section 2.5, and murine macrophages (RAW264.7) were grown to 

confluence as described in section 2.7. 

 

3.2.4 Adherence assays using yeast cells 

 

The methodology for this assay was adapted from Wang (192). In brief, 5 x 105 cells/mL 

were added to 12-well culture-treated plates together with an equal number of Candida 

yeast cells. HeLa, PE/CA-PJ15, MDM, and RAW264.7 cells, together with Candida 

yeast cells, were incubated for one hour at 37°C in a non-shaking incubator.  The 
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supernatants were discarded, the monolayer plus Candida was washed twice with 

sterile PBS and detached by adding 400 µL of 0.25% trypsin-EDTA and incubated at 

37ºC for 5 minutes. The detached cells plus Candida yeast cells in the trypsin-EDTA 

were serially diluted down to 10-5. Each of these dilutions was spiral plated in triplicate 

onto SD agar plates and incubated for 24 hours at 37°C. Results were presented as 

the number of colony-forming units (CFU) per mL.  

 

3.2.5 Adherence assays using Candida culture supernatant (SN) 

 

Candida SN for each isolate was collected by centrifugation of an overnight culture of 

yeast at 3000 x g for 5 minutes, described in section 2.1.  Immediately prior to the 

addition of yeast cells described in 3.2.4, 500 ɛL of SN was added to the HeLa cell 

monolayer.    
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 Results 

 

3.3.1 Preliminary studies of adherence 

 

Following the precedent of Samaranayake, a preliminary comparison of the adherence 

properties of the two clinical isolates with a reference strain was carried out using HeLa 

cells (Fig. 3.1). There was a significant difference between the two clinical isolates in 

the number of CFU counted on SD agar. It is worth noting that despite the extensive 

early filamentation of SC5314 (193) compared to the other two isolates ï a feature 

commonly associated with invasiveness ï it was significantly less adherent to the HeLa 

cells than the other two strains. 
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Figure 3.1: Preliminary adherence assay and  HeLa cells. The two clinical isolates (3630 and 3683) and 

the ATCC reference strain (5314) were incubated with HeLa cells.  ** p<0.002, **** p<0.0001. 
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3.3.2 Adherence of oral clinical isolates to HeLa and MDM cells 

 

The adherence properties of multiple clinical isolates (Table 2-1) to HeLa cells (Fig 

3.2a) and MDM (Fig 3.2b) were compared to isolates 3683 and 3630. 3683 was 

significantly more adherent than 3630 to both HeLa (p<0.005) and MDM (p<0.0005). 

SF1 was significantly more adherent to HeLa cells than 3683 (p<0.0005), but not to 

MDM. No other comparisons were statistically significant. 
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Figure 3.2: Adherence of  five oral isolates to HeLa (a) and MDM (b) cells.   *** p<0.0005, **p<0.005, ns 

not significant. 
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3.3.3 Adherence of clinical isolates to human epithelial cells 

 

Figure 3.3 represents the results of all the clinical isolates assayed for adherence to 

PE/CA-PJ15 cells. There was a significant difference between 3630 and 3683. It was 

notable that the oral strains showed a greater propensity to adhere to the oral epithelial 

cells than they did to either HeLa or MDM cells. This observation, however, was not 

pursued further. 
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Figure 3.3: Adherence of the two clinical isolates and the five oral isolates oral epithelial cells.   ** p<0.005.  
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3.3.4 Adherence to human and mouse cells 

 

Figure 3.4 compares the adherence of two clinical isolates (3630, 3683) and the 

reference strain (SC5314) to MDM and RAW264.7 cells. There was a significant 

difference between the two isolates with the MDM (Fig 3.4a). Still, no significant 

differences were found when the isolates and reference strain were incubated with the 

RAW264.7 cells (Fig 3.4b), indicating that the differences reflected recognition or 

binding of human-specific antigens or receptors. 
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Figure 3.4: Adherence of the two clinical isolates and SC5314 to MDM (a) and RAW264.7 cells (b).                

** p<0.01; ns not significant. 
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3.3.5 Modulation of adherence to HeLa by culture SN 

 

Comparisons of adherence of the two clinical isolates in the presence of homologous 

and heterologous cell-free culture SN are shown (Fig 3.5a). In the absence of SN, 

isolate 3683 yeast cells were significantly more adherent to the HeLa cell monolayer 

than 3630. Co-culture of 3630 homologous SN and yeast cells resulted in a significant 

increase in adherence to the HeLa monolayer compared with yeast cells alone. 

However, co-culture with the heterologous SN significantly decreased the adherence, 

almost to baseline levels.  Co-culture of the 3683 yeast cells with the homologous SN 

did not significantly increase the adherence; however, there was a significant 

difference in adherence with the addition of the heterologous SN to the 3683 yeast 

cells. Adherence of SC5314 to the HeLa monolayer in the presence of 3630 and 3683 

heterologous SN is shown (Fig. 3.5b).  Co-culture of SC5314 with 3630 SN significantly 

increased the adherence to HeLa. 
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Figure 3.5: Adherence of the two clinical isolates with HeLa cells in the presence of SN.    ***p<0.001;          

** p<0.005; * p<0.05; ns not significant. 
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 Discussion 

 

Epithelial cells are typically the first host cells to come into direct contact with a potential 

pathogen, and function as a direct physical barrier to invasion (194).   

The present study compared the adherence properties of several isolates to human 

epithelial and non-epithelial cell monolayers. The oral isolate (3683) consistently showed 

significantly greater adherence to both epithelial and non-epithelial cell monolayers (Figs 

3.1, 3.3, 3.4a). 

 A survey of random clinical isolates from around the world (Table 2.1) found that 3683 

was not unique in its superior adherence to epithelial cells. Indeed, 2 out of 8 isolates 

showed significantly increased adherence to HeLa and MDM cells, although this was not 

as clear-cut when the samples were tested on oral epithelial cells. 

Strain variation associated with adherence has been shown in studies using buccal 

epithelial cells (BEC), as eleven clinical isolates of C. albicans from non-neutropenic 

patients showed considerable variation in adherence to BEC (189). Except for the 

cutaneous isolate (3630) and the reference strain (SC5314), all the isolates shown (Fig. 

3.3) are of similar infective origin as the epithelial cells. No significant difference was 

found between any of these oral isolates in their ability to adhere to the oral epithelial cell 

monolayer. 

Like many other opportunistic pathogens, C. albicans adapts to environments that offer 

challenges in nutrient availability, immune evasion, and other local environmental 

stresses (195-197), and there is evidence that the availability of various carbon sources 

in host niches has a significant influence upon the adherence of C. albicans during 

disease progression (195).   

Although first contact between the host and C. albicans occurs at the cell surface, the 

difference in adherence of 3630 and 3683 in the presence of cell-free culture SN (Fig. 

3.5a), demonstrates that the response to the availability, quality, and complexity of the 

carbon source, ultimately influences the composition of the secretome (196, 198).  This 

result was also found with the widely acknowledged, highly invasive filamentous 

reference strain SC5314.  SC5314 is involved in fungal penetration and dissemination 

(66). The adherence to HeLa were significantly enhanced in the presence of the 3630 
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heterologous SN (Fig. 3.5b). The effect of proteins released into the supernatant, which 

has a variety of functions, such as degrading host proteins and lipids for nutrients and 

acquiring metal ions for immune evasion (198), may not be apparent in vivo, as host 

clearance mechanisms may dilute the effect of the secretome.   

The contrast between 3630 yeast cells adhering to the HeLa monolayer in the presence 

of its homologous SN, but not that of 3683, suggests that the composition of the 

secretome is not likely to be the same in both strains. Likewise, the significant difference 

in adherence seen with the 3683 yeast cells co-cultured with the heterologous SN 

indicates potential interactions between the yeast and the culture SN. Its influence on 

biological function and downstream inflammatory processes was explored further 

(chapter 6). 
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Chapter 4 Pro-inflammatory cytokine responses to yeast cells 

 

 Introduction                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

 

The early response of the innate immune system to a fungal pathogen is determined by 

the recognition of cell wall, and inner layer components (PAMPs) by PRRs found on the 

surface of macrophages (59, 199).  This recognition results in the activation of several 

innate immune responses, including direct induction of effector functions such as the 

production of pro-inflammatory cytokines (199).  The pro-inflammatory cytokines IL-1ɓ 

and IL-18 have been identified as integral components of antifungal immune defences 

(200).   

IL-1 is a central mediator of innate immunity and inflammation. Cytokines of the IL-1 family 

have extensive biological functions and include ligands with agonist activity such as IL-

1ɓ and IL-18 (201).  All cells of the innate immune system express and/or are affected by 

IL-1 family members (202). Studies using IL-1ɓ- and IL-18- deficient mice showed 

increased mortality rates and fungal burdens compared with wild-type mice challenged 

with C. albicans (203).   Both IL-1ɓ and IL-18 are synthesised intracellularly as inactive 

precursors requiring downstream processing by the inflammatory caspase (caspase-1) 

to form the active cytokine for extracellular release (133, 204, 205). Inflammatory 

caspases participate in the activation of inflammasomes (NLRP3), that initiate 

inflammation and the induction of an inflammatory form of programmed cell death known 

as pyroptosis (205).  Nod-like receptors (NLRs) are cytosolic proteins containing a 

nucleotide-binding site (NBS) and leucine-rich repeats (LRRs), often involved in 

recognition of PAMPs and DAMPs (142).  Studies using animal models of fungal 

infections have demonstrated the role of NLRs (particularly NLRP3) in inflammasome 

activation and IL-1ɓ production - both essential for the regulation of mucosal antifungal 

host defences (139). 

Immune responses are commonly quantified by measuring the presence of cytokines in 

culture medium after antigenic challenge. Studies using THP-1 monocytes and 

macrophages have shown that cytokine protein secretion is only partly related to the 
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expression of cytokine-related genes and their upstream transcription factors, due to 

extensive regulation of the transcription and translation processes (206).   

The previous study compared the adherence of various isolates of C. albicans to human 

cells and found the oral isolate (3683) consistently showed significantly greater 

adherence to both epithelial and non-epithelial cell monolayers. This suggests that early 

interactions may influence the nature and magnitude of the host response.  

As innate immunity is the first line of defence against infection, appropriate inflammatory 

reactions and subsequent cytokine secretion by immune cells play important roles. The 

present study considered the downstream inflammatory processes following exposure of 

human phagocytic (MDM, PBMC), and murine monocyte/macrophage-like cells 

(RAW264.7) to two distinct isolates (3630, 3683) of C. albicans. 
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 Methods 

 

4.2.1 Yeast strains in culture 

 
Cultures of each yeast strain were grown in YNB + 100 mM glucose for 18 hours. The 

concentration of yeast cells was adjusted to 1 x 107 cells/mL, as described in section 

2.1. 

 

4.2.2 Heat-treated (ht) Candida yeast cells 

 

Suspension of Candida yeast cells (1 x 107 cells/mL), was inactivated by incubation at 

65°C for two hours in a water-bath. This method was modified from Gow (207). 

 

4.2.3 Monocyte-derived macrophages (MDM) 

 

THP-1 monocytic cells were grown to confluence and differentiated into MDM as 

described in section 2.5.  

 

4.2.4 Optimisation of cytokine production with Candida yeast cells 

 

MDM cells (5 x 105 cells/mL) were seeded into 12-well culture-treated plates and 

incubated at an MOI of 1:1 with Candida yeast cells in 1mL of sterile PBS at 37ºC and 

5% CO2 in a humidified atmosphere as detailed in section 2.8. As a positive control, 

pro-inflammatory cytokine production by MDM was elicited by the addition of 500 

ɛg/mL of lipopolysaccharide (LPS) (Escherichia coli 026:B6) (Sigma Aldrich, Merck, 

Castle Hill, NSW, Australia),  a potent activator of MDM (97) (Fig. 4.1). A 200µL aliquot 

of the supernatant was collected for each isolate at 2, 4, 6, and 8 hours post-infection 

(Fig. 4.2). All samples were stored overnight at 4ºC. This method was adapted from 

Lund (93). 
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Figure 4.1:  LPS activation of MDM for cytokine production of IL-1ɓ (a) and TNF-Ŭ (b) . The production of 

both cytokines confirms functional differentiation of the human monocytic cell line THP-1 into MDM. 
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Figure 4.2: Time course of IL-1ɓ production by MDM following activation by 3630 and 3683. 
















































































































