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Abstract

Particulate vaccine adjuvants, including alum and biodegradable polymer microparticles, 

are strong activators of antigen-specific humoral immunity. These particulates enhance 

NLRP3 inflammasome activation, but they are limited in their ability to promote 

proinflammatory T cells responses. For diseases such as TB and malaria, promotion of 

strong Th1 responses is a prerequisite for effective vaccines but adjuvants that safely 

promote such responses with subunit vaccines are lacking. The incorporation of TLR 

agonists is a promising strategy to improve the efficacy of particulate adjuvants, but the 

mechanisms underlying this have not been fully resolved. The cationic polysaccharide 

chitosan has potential in the development of potent vaccine adjuvants due to its 

biocompatibility, acceptance for clinical use and bioadhesive properties. Chitosan has 

been used as an adjuvant, though its underlying mechanism is unknown. Chitosan fails to 

induce cytokine production by dendritic cells, but induces IFNAR1-dependent upregulation 

of maturation markers and elicits strong type I IFN responses. These chitosan-induced 

type I IFN responses are partially dependant on the C type lectin, Dectin-1. Co-injection of 

the TB antigen Hybrid 1 (H1) with chitosan induced H1-specific Th1 and Th17 responses 

dependent on NLRP3 and IFNAR1. Chitosan alone promoted H1-specific lgG1 production 

independently of NLRP3, while H1-specific lgG2c production was dependent on IFNAR1. 

A combination of chitosan and the TLR9 agonist CpG enhanced the secretion of Th1 and 

Th17 cell polarizing cytokines by dendritic cells. CpG-chitosan induced IL-1P in vitro in a 

NLRP3-dependent manner and vaccination with CpG-chitosan induced NLRP3- 

dependent Th1 and Th17 responses. Th1 responses were also dependent on IFNAR1, 
while Th17 responses were dramatically enhanced in IFNART^' mice. Thus, NLRP3 and 

IFNAR1 are key mediators of CpG-chitosan driven proinflammatory T cell responses and 

Dectin-1 has a role in chitosan-induced type I IFN responses. Due to its pleiotropic effects 

on the promotion of both adaptive and innate immunity, CpG-chitosan is an attractive 

adjuvant candidate for use in vaccines that require induction of strong proinflammatory T 

cell responses to elicit protection.

IV



Abbreviations

BCG Bacillus Calme e-Guerin
BIR baculoviral inhibitory repeat
BCA bicinchoninic acid
CARD caspase recruitment domain
CWS cell wall skeleton
CCL-2 chemokine ligand 2
CCR2 chemokine ligand 2
MHC 1 class 1 major histocompa bility complex
MHCll class II major histocompa bility complex
CIITA class II transac vator
cDC conven onal DC
CpG cy dine-phosphate-guanosine
CpG ODN CpG oligonucleo des
CTLD C-type lec n like domain
CLR C-type lec n receptors
CTL cytotoxic T cells
DAMP danger associated molecular pa erns
DC dendri c cells
dsDNA double-stranded DNA
dsRNA double-stranded RNA
DLS dynamic light sea ering
ER endoplasmic re culum
EDTA ethylenediaminetetraace c acid
FcRy Fc receptor gamma
FB follicular B cells
T follicular! helper cells
GSK GlaxoSmithKline
GM-CSF granulocyte macrophage colony-s mula ng factor
HIB Haemophilus in uenza type B
HAV hepa s A virus
HBV hepa sB virus
HSV herpes simplex virus
HMGBl high-mobility group protein B1
HLA human leukocyte an gen
HPV human papilloma virus
HSA human serum albumin
ISCOM immune stimulating complexes
ISGF3 IFN-s mulated gene factor
Ig immnoglobulin
ITAM immunoreceptor tyrosine-based ac va ng mo fs
ITIM immunoreceptor tyrosine-based inhibitory mo fs
IFN interferon
IRF interferon regulatory factor
IL interleukin
LG P-2 laboratory of gene cs and physiology 2
LC Langerhans cells
LRR leucine-rich repeat
LPS lipopolysaccharide
MHC major histocompa bility complex
MZ marginal zone B cells
MDA-5 melanoma dl eren a on factor 5



DAP meso-diaminopimelic acid
MPL monophosphoryl lipid A
MSU monosodium ureate
MDP muramyl dipep de
MAL MyD88-adaptor-like
mDC myeloid DC
MyD88 myeloid di eren a on primary response gene 88
NAC N-acetylcysteine
NLR NOD-like receptors
0/W oil-in-water emulsion
PAK p21 ac vated kinase
PAMP pathogen associated molecular pa erns
PRR pa ern recogni on receptors
PBS phospate bu ered saline
PLCy2 phospholipase Cy2
pDC plasmacytoid dendri c cells
poly l:C polyionosinic-polycy dylic acid
PCR polymerase chain reac on
PYD pyrin domain
qPCR quan ta ve PCR
ROS reac ve oxygen species
Treg regulatory T cells
RIG-1 re noic acid-inducible gene 1
RT-PCR reverse transcriptase PCR
RNP ribonucleoprotein par cles
RLR RIG-l-like receptors
SNSD self-nonseif discrimina on
STAT signal transducer and ac vator of transcrip on
ssRNA single-single stranded RNA
SARM Sterile-alpha and Armadillo mo f-containing protein
TCR T cell receptor
Thl T helper 1
Thl7 T helper 17
Th2 T helper 2
TSLP thymic stromal lymphopoie n
TRIP TIR domain-containing adaptor inducing IFN-y
TIR Toll/IL-IR
TLR Toll-like receptors
TAP transporter associated with an gen processing
TDM trehalose dimycolate
TRAM TRIF-related adaptor molecule
5'-PPP uncapped 5' triphosphate
VLP virus-like par cles
W/0 water -in-oil emulsion

VI



Publications

Mori, A. et at. The vaccine adjuvant alum inhibits IL-12 by promoting PIS kinase signaling 
while chitosan does not inhibit IL-12 and enhances Thi and Th17 responses. European 
Journal of Immunology 42, 2709-2719 (2012). (Appendix II)

Cunningham, C. C. et al. Osteoarthritis-associated basic calcium phosphate crystals 
induce pro-inflammatory cytokines and damage-associated molecules via activation of 
Syk and PIS kinase. Clinical Immunology 144, 228-2S6 (2012).

Doyle, S. L. et al. NLRPS has a protective role in age-related macular degeneration 
through the induction of IL-18 by drusen components. Nature Medicine 18, 791-798 
(2012).

McNeela, E. A. et al. Pneumolysin Activates the NLRPS Inflammasome and Promotes 
Proinflammatory Cytokines Independently of TLR4. PLoS Pathog 6, el001191 (2010).

VII



Table of Contents

Declaration of Authorship

Acknowledgements

Abstract

Publications IV

List of Abbreviations

Chapter 1: General Introduction

1.1 Origins of vaccinology 1
1.2 Activation of the immune system 1
1.3 Pattern recognition receptors (PRR) 3

1.3.1 Toll-like receptors (TLR) 3
1.3.2 Nod-like receptors (NLR) 10
1.3.3 C-type lectin receptors (CLR) 18
1.3.4 RIG-l-like receptors (RLR) 21

1.4 Dendritic Cells (DC) 23
1.4.1 Antigen presentation 27
1.4.2 Type 1 IFNs 30

1.5 T cells
T helper 1

32

1.5.1 (Thi)
T helper 2

34

1.5.2 (Th2) 34
1.5.3 T helper 17 (Thi7) 35
1.5.4 Regulatory T cells (Treg)

Follicular T helper cells
36

1.5.5 (Tfh) 37
1.6 T cell memory 38
1.7 B cells 39
1.8 B cell memory 41
1.9 Challenges in vaccine development 42

1.9.1 HIV 42
1.9.2 Malaria 43
1.9.3 Tuberculosis 43

1.10 Adjuvants 44
1.10.1 Alum 46
1.10.2 Emulsions 48
1.10.3 MPL 50
1.10.4 Saponins 51
1.10.5 Chitosan 53

1.11 Aims and objectives 55
1.12 Hypothesis 55

Chapter 2: Materials and methods

2.1 Mice 56
2.2 NLRP3 V mice genotyping 56

2.2.1 DNA isolation 56
2.2.2 PCR reaction and electrophoresis 57

2.3 Cell counts 58
2.4 Isolation and culture of murine bone marrow-derived dendritic cells 58

VIII



2.5
2.6
2.7

2.8
2.9
2.10 
2.11 
2.12

2.13

2.14

Culture of J558 cell line
Preparation of chitosan solutions for in vitro and in vivo use
Detection of cytokine production by ELISA (Enzyme-linked Immunosorbent
Assay)
Determination of IFN-p mRNA expression by qPCR 
IFN-p ELISA
Vaccination protocol and tissue isolation 
Determination of antibody end point titer by ELISA 
Flow Cytometry
2.12.1 Flow cytometric analysis of intracellular cytokine staining after 

immunization
2.12.2 Detection of cell surface marker expression by flow cytometry 
Endotoxin removal from OVA
2.13.1 Endotoxin concentration determination 
Statistics

59
60

60
61
63
64
64
65

65
66 
66 
67 
67

Chapters: Evaluation of the immunostimulatory potential of chitosan in vitro

3.1
3.2

Introduction 
Results 
3.2.1

3.3

3.2.2
3.2.3

3.2.4 

Discussion

Chitosan enhances TLR agonist mediated production of cytokines in 
DC
Alum inhibits but chitosan enhances CpG-induced IL-12 and IL-23 
The chitosan-mediated enhancement of IL-ip secretion is NLRP3- 
dependent
Cpg-chitosan induced inflammasome activation is dependent on K'" efflux 
and cathepsin B

68
71

71
74

75

76 
93

Chapter 4: Effects of of vaccination with chitosan on the adaptive immune response

4.1
4.2

Introduction 
Results 
4.2.1

4.2.2

4.2.3

4.2.4
4.2.5

Co-injection of CpG-chitosan with OVA induces Thi and Th17 cellular
responses

Co-injection of CpG-chitosan with OVA enhances IL-17 and IFN-y secretion
by cells restimulated with anti-CD3
Injection of CpG-chitosan with OVA enhances antigen-specific IgG titres

Comparison of the adjuvanticity of alum and chitosan in vivo
Effects of chitosan on HI-induced immune responses
4.2.5.1 Co-injection of CpG-chitosan with HI significantly 

decreases HI-specific IL-10 production

4.2.5.2 CpG-chitosan induces HI-specific Thi and Thi 7 responses
4.2.5.3 Co-injection of chitosan with HI primes mediastinal lymph 

node cells for enhanced secretion of IL-17 and IFN-y in 
response to anti-CD3 stimulation

4.2.5.4 Chitosan promotes HI-specific IFN-g productionfrom 
CD3+CD4+ T cells isolated from splenocytes and 
PECs

4.2.5.5 CpG-chitosan enhances Hi-specific IgGI and lgG2 
antibody titres.

4.2.5.6 The induction of Thi and Thi 7 responses by CpG-chitosan 
is NLRP3 dependent

96
98

98

99

100
100
101

101
102

103

104

105

106

IX



4.2.5.? CpG-chitosan injection primes PECs and mediastinal lymph 
node cells for enhanced NLRP3 dependent IL-1? and IFN-y 
production in response to anti-CD3 restimulation 106

4.2.5.8 Chitosan induced OVA-specific humoral responses are 
independent of NLRP3 10?

4.2.5.9 NLRP3 is required for chitosan-induced HI-specific Thi 
responses 107

4.2.5.10 CpG-chitosan induces HI-specific Thi and Thi? responses 
in a NLRP3 dependent manner 108

4.3 Discussion 148

Chapter 5: Role for NLRP3, IFNAR1 and Dectin-1 in chitosan mediated adaptive
immune response

5.1 Introduction 154
5.2 Results 156

5.2.1 Chitosan enhances the expression of CD40, CD80 and CD86 on DC 156
5.2.2 Chitosan induced upregulation of costimulatory molecules is dependent on

IFNAR1 156
5.2.3 Chitosan induces the production of type 1 IFN by DC 157
5.2.4 The role of Dectin-1 in chitosan-induced type 1 interferon and cytokine

responses 158
5.2.5 The role of IFNAR1 in the adjuvanticity of chitosan and CpG-chitosan

158
5.2.5.1 Chitosan promotes IFNAR1 dependent-Thl/ThI? 

responses 158

5.2.5.2 Chitosan promotes IFNAR1 dependent production of 
lgG2 antibodies 159

5.2.5.3 IFNAR1 suppresses CpG-chitosan induced Thi? 
responses and has a partial role in promoting CpG- 
chitosan induced Thi responses 159

5.2.5.4 CpG-chitosan promotes IFNAR1 dependent 
production of lgG2 antibodies 160

5.3 Discussion

Chapter 6: General Discussion 

Chapter?: References 

Appendix I 

Appendix II

178

182

192

218

224



1. General Introduction

1.1 Origins of vaccinology.

As with many of the discoveries in science, the concept of vaccination was birthed by a 
simple observation. During the late 18"^ century Edward Jenner became aware that 

milkmaids who got blisters from cowpox, were mostly unaffected by smallpox. This first 
observation is what led him to use cowpox as a prophylactic agent against smallpox. ^

At the end of the 19’^ century, both Robert Koch and Louis Pasteur proposed that distinct 

microbes are causes of disease and that an attenuated microbe can induce long-lived 
protection against infection by the nonattenuated form of that organism.^ From this finding 

stemmed the work that led to vaccines for rabies and for cholera. Neither Jenner nor 

Pasteur had a clear understanding of the immune mechanisms responsible for the great 

effectiveness of vaccines in conferring protection against pathogens. Nevertheless, it is 

now clear that an appropriate activation of the immune system is an effective way to 

induce long lasting protection to pathogens.

1.2 Activation of the immune system

The key events that initiate immune responses were investigated intensively by 
immunologists during the 20*'^ century. Until recently the guiding principle was based on 

self-nonself discrimination (SNSD). This implies that the immune system only reacts to 

antigens of foreign origin (nonself), and that it remains unresponsive to the body’s own 

antigens (self).

Initially Frank M Burnet proposed that the antigen was responsible for the activation of the 

immune system and that cells that reacted to the body’s own antigens were deleted early 
during development.^ However, once cells are activated, antigen specific receptors mutate 

and change their specificity. This would allow the possibility of new self-reactive cells 

appearing and would lead to autoimmunity. Given this scenario, the concept of a helper 

cell was introduced by Langman and Cohn. They proposed that in addition to antigen 

recognition, a second signal called ‘help’ was required for the cell recognizing antigen to 

survive.This would account for the rarity of autoimmune reactions, since the activation 

would require two cells recognizing different epitopes on the same antigen. In 1975, 

another cell was added to the model after observations that cells tend to exhibit a stronger 

immune response against members of the same species than other species, despite the

1



greater antigenic disparity in the latter. In other words alloreactivity is often stronger than 

xenoreactivity. Lafferty and Cunningham proposed that helper cells require a second 

signal in addition to antigen recognition. This "costimulatory” signal is species specific and 

is supplied by an antigen presenting cell (APC).® However, the concept of costimulation by 

APCs proposed by Lafferty and Cunnigham was difficult to integrate within the rest of the 

SNSD models. This is mainly due to the observation that APC were unable to distinguish 
self from nonself, because they lack clonally distributed antigen specific receptors.® This 

shortcoming in the SNSD model was amended by Janeway in 1989 by involving a specific 

set of receptors present on APC that were responsible for recognizing molecular patterns 

in evolutionary distant organisms like bacteria. These pattern recognition receptors (PRR) 

are germline-encoded and their function is to recognize binding of microbial products 

which induce activation of APC and internalization of the bacteria and associated 

antigens. As a result the microbial antigens would be presented to immune cells and the 

APC would express costimulation markers in order to activate lymphocytes and initiate the 

immune response.^

The series of SNSD models developed from Burnet on, give a plausible explanation for 

most situations in which the immune system is activated. All these theories share the 

need to identify foreign antigen in way or another and in the case of Janeway’s PRR 

model, it extends the separation of self and nonself into non-infectious self and infectious 

non-self. The basis of infectious non-self recognition lies in the ability of the host to 

recognize conserved products of microbial metabolism that are unique to microorganisms

and are not produced by the host. These conserved products are referred to as pathogen-

associated molecular patterns (PAMPs), although they are produced by all 

microorganisms, pathogenic or not. PAMPs are unique to microbes and invariant among 
microorganisms of a given class®. PAMPs are recognized by receptors of the innate 

immune system called pattern recognition receptors (PRRs). Because PAMPs are 

produced only by microorganisms, they are perceived by the innate immune system as 

molecular signatures of infection, and their recognition by PRRs leads to the induction of 

an immune response®. Recognition of PAMPs thus allows the immune system to 

distinguish non-infectious self from infectious non-self.

To incorporate situations in which the activation of the immune system could not be 

accounted for with Janeway’s model, like transplants, tumours and immune dysfunctions 

like autoimmune diseases, a new model was postulated. In 1994, Polly Matzinger 

proposed the Danger Model, which is based on the idea that the ultimate controlling 

signals are endogenous, not exogenous. It was suggested that alarm signals emanate 
from stressed or injured tissues.^® When normal tissue cells are distressed, they send
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signals which are called “danger” or “alarm” signals that serve to activate local APC. 

These endogenous molecules that could activate APC were named danger associated 

molecular patterns (DAMP). This new perspective on the activation of the immune system 

added another layer of complexity to the process, now APC were not solely activated by 

PRR agonists derived from foreign organisms, but also responded to signals coming from 

abnormally distressed or injured tissue cells.

1.3 Pattern Recognition Receptors (PRR)

Currently identified transmembrane and cytoplasmic PRR belong to four different classes. 

Toll-like receptors (TLR), C-type lectin receptors (CLR), Retinoic acid-inducible gene 

(RIG)-l-like receptors (RLR) and NOD-like receptors (NLR).

1.3.1 Toll-like receptors (TLR)

TLR are the best characterized receptors among the PRR and are responsible for sensing 

invading pathogens outside the cell and in intracellular endosomes and lysosomes. They 

are type I integral membrane glycoproteins composed of three domains. An extracellular 
domain containing varying numbers of leucine-rich repeat (LRR) motifs, a transmembrane 

domain, and a cytoplasmic Toll/IL-IR (TIR) homology signalling domain.

There are 12 TLR identified in mammals and they can be divided into two subgroups 

depending on their cellular location and ligands (Fig. 1.1). One class includes TLR1, 

TLR2, TLR4, TLR5, TLR6 and TLR11. These are located on the cell surface and mainly 

detect microbial membrane components e.g. membrane proteins, lipids, and lipoproteins.

TLR2 binds a variety of lipid associated molecules from bacteria, fungi and viruses. It 

generally forms heterodimers with TLR1 or TLR6 and these recognize different 

lipoproteins. Structural studies have shown that the TLR2-TLR1 heterodimer associates 

with triacetylated lipopeptides from Gram-negative bacteria and mycoplasma, while TLR2- 

TLR6 heterodimers can detect diacetylated lipoproteins from Gram-positive bacteria and 

mycoplasma.Additionally TLR2 can interact with other cell surface receptors that 

assist ligand recognition. TLR2-TLR6 heterodimers have been reported to act with CD36 
to mediate sensing of microbial diacylglycerides^". These dimers are also involved in 

interactions with Dectin-1, a CLR that binds fungal p-glucans and induces their 

phagocytosis^®. Although TLR2, TLR4 and TLR5 activation is not generally associated 

with antiviral responses, TLR2 agonists can trigger the production of type I interferon (IFN) 
by monocytes in response to vaccinia virus infection.^®



TLR4 recognizes bacterial lipopolysaccharide (IPS), a component of Gram-negative 

bacteria that causes septic shock. TLR4 forms a complex with MD2 on the cell surface 

which together serve as the main LPS-binding component^^. This receptor has also been 

implicated in modulating the pathogenesis of H5N1 avian influenza infection. H5N1 

infection triggered lung injury and this caused production of endogenous oxidized 

phospholipids, which signal via TLR4. Furthermore, mice lacking TLR4 were found to be 

resistant to avian flu-induced lethality^®.This PRR has also been shown to be involved in 

the recognition of respiratory syncytial virus fusion proteins, mouse mammary tumour 
virus envelope proteins and the plant-derived cytostatic agent, paclitaxel^®.

TLR5 and TLR11 are associated with immune responses at mucosal surfaces. TLR5 is 

triggered by flagellin, a protein component of bacterial flagella. This receptor is highly 

expressed on dendritic cells (DC) on the lamina propria of the small intestine and these 
cells are responsible for initiating humoral and cellular immune responses at this site^°. 

TLR11, which is present in mice but not in humans is closely related to TLR5 and 

recognizes uropathogenic bacterial components. It has been shown that TLR11 deficient 
mice were susceptible to infection with uropathogenic strains of E. colF\ This PRR also 

interacts with profilin-like molecule from the protozoan Toxoplasma gondiF.

The other class of TLR consists of TLR3, TLR7, TLR8 and TLR9 and these recognize 

microbial nucleic acids. They are located in intracellular compartments including the 
endoplasmic reticulum (ER), endosomes, lysosomes and endolysosomes.^®

TLR3 can recognize polyionosinic-polycytidylic acid (poly l:C), which is a synthetic analog 

of double-stranded RNA (dsRNA). Triggering of TLR3 induces an antiviral immune 

response through the production of type I IFN and inflammatory cytokines, which suggests 
its involvement in prevention of viral infections.^®TLR3 also binds genomic RNA from 

reoviruses, dsRNA produced as a replication intermediate of single-stranded RNA 

(ssRNA), viruses e.g. respiratory sincytial virus, encephalomyocarditis virus and West Nile 
virus, and some small interfering RNAs.^'' In infection models it has been found that TLR3 

defective mice are susceptible to lethal infection with murine cytomegalovirus.^® 

Additionally in humans, TLR3 deficiency is associated with susceptibility to herpes simplex 
virus type 1 induced encephalitis (HSV-1).^®

TLR7 and TLR8 are phylogenetically related and both recognize ssRNA.TLR7 binds 

imidazoquinoline derivatives such as imiquimod and resquimod, it also recognizes ssRNA 

derived from the RNA viruses vesicular stomatitis virus, influenza A virus and human 

immunodeficiency virus.TLR7 is highly expressed in plasmacytoid DC (pDC) and their 

production of type I IFN and cytokines in response to RNA virus infection is dependent on



TLR7,^^ which suggests a role for TLR7 as a sensor for ssRNA viruses. However TLR7

has also been reported to sense RNA from bacteria such as group B Streptococcus.^^

Like TLR7, TLR8 also recognizes imidazoquinolone derivaties such as resquimod and 

viral ssRNA in humans. In contrast to mice that lack TLR7, mice deficient in TLR8 respond 

normally to these agonists^®. Collectively this implies some redundancy in the functions of 

TLR7 and TLR8 in mammals.

TLR9 binds unmethylated 2’-deoxyribo (cytidine-phosphate-guanosine) (CpG). These 

unmethylated DMA motifs are most frequently present in bacteria. Synthetic CpG 

oligodeoxynucleotides (CpG ODN) function as TLR9 ligands and directly activate DC, 

macrophages and B cells and induce strong T helper 1 (Th1) responses.^® There is high 

expression of TLR9 in pDC and it serves as a sensor for DNA virus infection e.g. murine 

cytomegalovirus, HSV-1 and HSV-2. In response to TLR9 stimulation, pDC produce large 

amounts of type I IFN which mediate the antiviral response.Initially the CpG base motif 

was thought to be essential for TLR9 stimulation, but the base-free DNA sugar backbone 

of 2’ deoxyribose also mediates TLR9 recognition.^® It was reported that TLR9 also 

recognizes hemozoin, a crystalline metabolite of haemoglobin produced by the malaria 

parasite.®® However, a subsequent report shows that hemozoin is immunologically inert 

and that it transports malarial parasite DNA to the endosome where TLR9 is present.®^ 

Further rejecting the proposed role for hemozoin in TLR9 activation, a recent study shows 

that hemozoin is neither a TLR9 ligand nor functions as a carrier of DNA into cells. The 

authors propose that proteins and carbohydrate polymers are able to confer stimulatory 

activity to otherwise inactive DNA.®® Nonetheless, to clarify the role of TLR9 in the 

recognition of malarial parasite components, further studies are required.
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Figure 1.1: Cellular localisation of TLR and their respective ligands.

TLR are pattern recognition receptors expressed both on the cell surface (TLR 1,2,4,5 and 6) and 
on endosomal compartments (TLR 3,7,8 and 9). Their cellular distribution allows them to sense 
patterns expressed on either extracellular or intracellular pathogens.

Depending on the TLR and cell types involved, stimulation of TLRs by their ligands leads 

to transcriptional upregulation of distinct genes. In general, activation via TLRS and TLR4 

induces both type I IFN and inflammatory cytokine responses, while TLR1, TLR2, TLR5 

and TLR6 activation principally induces inflammatory cytokines.The difference in the 

signalling cascade initiated by particular TLR can be partly explained by the TIR domain 

containing adaptor molecules associated with them. There are five TIR domain containing 

adaptor molecules i.e. Myeloid differentiation primary response gene 88 (MyD88), MyD88- 

adaptor-like(MAL/TIRAP), TIR domain-containing adaptor inducing IFN-y (TRIF), TRIF- 

related adaptor molecule (TRAM) and Sterile-alpha and Armadillo motif-containing protein



(SARM). These adaptors are recruited by distinct TLR and activate specific signalling 
pathways.^^The TLR signalling pathways can be broadly classified as MyD88-depedent or 

TRIF-dependent (Fig. 1.2).

MyD88 is essential in signalling of all TLRs with the exception of TLR3. TLR2 and TLR4 

require Mai to bridge the TLR with MyD88. After the engagement of the TLR with their 

respective ligands, MyD88 recruits IL-1 receptor-associated kinases IRAK4, IRAKI, 

IRAK2 and IRAK-M. The first kinase to be activated is IRAK4 and is essential in the 

activation of NF-kB and MARK downstream of MyD88. IRAK4 then activates IRAKI and 

IRAK2^''. IRAK activation is followed by interaction with TRAF6, which acts as an E3 

ubiquitin protein ligase. Together with an E2 ubiquitin-conjugating complex formed by 

Ubc13 and L)ev1A, TRAF catalyzes the addition of a polyubiquitin chain on TRAF6 itself 

and also generates free polyubiquitin chains.These free polyubiquitin chains activate 

TAK1, TAB1,TAB2 and TAB3 and phosphorylate IKK-a, IKK-3 and MAP kinase kinase 6, 

which leads to activation of NF-kB via phosphorylation and subsequent degradation of 

NF-kB inhibitory proteins IkB.^® Activation of TAK1 also leads to activation of the MAPKs 

Erki, Erk2, p38 and Jnk by inducing phosphorylation of MARK kinase. This last event is 

responsible for the formation of the transcription factor complex AP-1, which targets 

transcription of cytokine genes.

The TRIP dependent pathway ultimately leads to IRF3 and NF-kB activation.^'' TRIF 

recruits TRAF6 and activates TAK1 for NF-kB activation possibly through ubiquitination 

dependent mechanisms similar to those of the MyD88 dependent pathway. TRIF also 

interacts with adaptor RIP1 which is ubiquitinated after stimulation with TLR3 agonists. 

TRADD binds to RIP1 and appears to be involved in its ubiquitination, since defects in 
RIP-1 ubiquitination were observed in TRADD deficient cells^^. Pelil, a member of the E3 

ubiquitin protein ligase family, binds to and ubiquitinates RIP1 which ultimately leads to 

degradation of IKK proteins which are responsible for inhibiting NF-kB activation.^® 

Collectively TRAF6, TRADD, Pelil and RIP1 form a multiprotein complex that activates 

TAK1, which results in NF-kB and MARK activation. In addition to these pathways, TRIF 

dependent TLR signalling also leads to IRF3 activation, interferon (IFN-a) and interferon 

(IFN-p) transcription. TRIF recruits TBK1 and IKKi (IKKs) which catalyze the 

phosphorylation of IRF3 and induce its translocation to the nucleus®®. This process 

depends on TRAF3, and its importance has been shown in reports showing that TRAF3 

deficiency impairs IFN-p induction by TLR3, TLR7 and TLR9.‘'°

TLR4 is the only TLR identified that signals through both the MyD88 and the TRIF 

dependent pathways. Activation of both pathways is necessary for the induction of 
inflammatory cytokines via TLR4 engagement.®® Initially TLR4 recruits Mai to the plasma



membrane, which assists in the recruitment of MyD88 and triggers initial activation of NF- 

kB and MAPK.^'^ Following these events, TLR4 undergoes dynamin-dependent 

endocytosis and is translocated to the endosome where it interacts with TRAM and TRIF 

to initiate the TRIF dependent pathway. This ultimately leads to IRF3 activation and IFN- p 

transcription, as well as late phase activation of NF-kB and MAPK.''^
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1.3.2 NOD-like receptors (NLRs)

NLRs are cytosolic PRRs and respond to diverse structures shared by classes of 

microbes and endogenous molecules associated with inflammation. Their role is not 

limited to the innate immune system since they also have a role in regulation of cell death 
and the regulation of the major histocompatibility complex (MHC)'*^. NLRs are composed 

of a central nucleotide-binding domain (NACHT) important for oligomerization and 

activation, a C-terminal leucine-rich repeat (LRR) domain that is thought to function in 

ligand sensing and a N-terminal domain that mediates signal transduction to downstream 

targets through protein-protein interactions'*‘’(Fig. 1.3). The N-terminal domain on NLRs 

has a key role in the downstream signalling that follows their activation. Under these 

criteria, NLRs can be classified into: NLRA, containing an acidic transactivation domain, 

NLRB containing a baculoviral inhibitory repeat (BIR)-like domain, NLRC, containing a 

caspase recruitment domain (CARD), NLRP, containing a pyrin domain (PYD) and NLRX

containing an X domain.45
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Figure 1.3; Structural organisation of the main NLR families.

All NLR members described share two distinct types of domains, a central NACHT 
domain and a C-terminal leucine rich repeat (LRR) domain. The N-terminal domain of 
these receptors determines their ability to interact with other proteins and their function. 
The following abbreviations are used: AD (acidic activation domain), CARD (caspase 
activating and recruitment domain), LRR (leucine-rich repeat), NACHT (domain present in 
NAIP, CIITA, HET-E and TP-1), BIR (baculovirus inhibitor of apoptosis repeat), PYD (pyrin 
domain) and NAD (NACHT-associated domain)."*®
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The first NLR described, a member of the NLRA class, was class II transactivator (CIITA) 

and it acts as a key regulator of MHC class II genes'*^.This NLR seems to be distinct from 

other members of the family, since to date it is the sole NLR described which possesses 
transcriptional regulation activity or other nuclear functions.

The members of the NLRC group, NOD1 and NOD2 have been clearly implicated in 

cytosolic recognition of both Gram-negative and Gram-positive bacteria'*®. Specifically 

NODI and NOD2 respond to bacterial peptidoglycan-derived molecules, meso- 

diaminopimelic acid (DAP) and muramyl dipeptide (MDP) respectively"*®. Although the 

acronym NLR implies that these proteins function as receptors, neither NOD1 nor NOD2 

have been shown to interact directly with peptidoglycan derived compounds in a manner 

analogous to TLR. The C-terminal LRR domain is necessary for responsiveness to their 

respective stimuli, which suggests that this domain either binds directly to the 

peptidoglycan components or to intracellular proteins that act as an intermediate between

the bacterial molecules and NOD1 or NOD2,43

Both NOD1 and NOD2 share similar signalling pathways that culminate in NF-kB 

activation. Upon stimulation, NOD1 oligomerizes and then recruits the serine/threonine 

kinase RIP2, which activates the IKK complex through the degradation of kBa □ and 

leads to the release of NF-kB and its activation. This promotes the expression of various 

genes involved in inflammatory response, including IL-8 and COX2.*® In a similar manner, 

NOD2 translocates to the plasma membrane upon stimulation and associates with RIP2. 

These proteins associate through a homotypic interaction through their CARD domains 

and form a complex®®. The NOD2-RIP2 complex ultimately stimulates NF-kB as well as 

MARK activation.

Another group of NLRs that has been studied extensively are members of the NLRP class 
i.e NLRP1 and NLRP3 and a member of the NLRC group i.e. NLRC4 (IPAF). These NLRs 

share the ability to form a multprotein complex that triggers inflammatory caspases termed 

the inflammasome®*. Caspases are cysteine proteases that initiate or execute cellular 

programs leading to inflammation and cell death. They are synthesized as zymogens and 

require proteolytic activation to exert their function. Caspases can be categorized as either 
proinflammatory or proapoptotic depending on their role in these cellular functions. 

Inflammatory caspases are encoded by three genes in humans i.e caspase-1, caspase-4 

and caspase-5 and by three genes in mice i.e caspase-1, caspase-11 and caspase-1 

Of this group of caspases, the best characterized is caspase-1 which is involved in the 

proteolytic activation of the “pro” forms of the proinflammatory cytokines IL-ip and IL-18®®.

12



Inflammasomes are assembled by self-oligomerizing scaffold proteins. To date the most 

well described inflammasome is NLRP3 (Fig. 1.4); it consists of NLRP3 scaffold, the ASC 

(PYCARD) adaptor and caspase-l^"*. The NLRP3 inflammasome is activated by a myriad 

of stimuli from diverse origins such as PAMPs, DAMPs and environmental irritants. Whole 

fungal pathogens such as Candida albicans and Saccharomyces cerevisiae^^ as well as 

pore-forming toxins from bacteria including Listeria monocytogenes and Staphylococcus 

aureus are known activators of the NLRP3 inflammasome®®. Isolated microbial 

components that activate the inflammasome have also been identified, such as the a- 

hemolysin of S. aureus®^. Additionally, viruses such as Sendai virus, adenovirus and 

Influenza virus are also activators of the inflammasome®®'®®. Environmental irritants also 

play a role in NLRP3 activation e.g. silica®®, asbestos®\ UV-B radiation®® and skin irritants 

such as trinitrophenylchloride, trinitrochlorobenzene, and dinitrofluorobenzene®® ®''. These 

environmental triggers of the inflammasome suggest a link between NLRP3 and 

pathology associated with silicosis, asbestosis, sunburn and contact hypersensitivity 

reactions. NLRP3 activation is not limited to exogenous stimuli, a number of endogenous 

molecules indicative of cellular damage activate the inflammasome including extracellular 

ATP®® and hyaluronan®® released from injured cells and tissues. This inflammasome also 

detects signs of metabolic stress such as monosodium ureate (MSU) crystals caused by 

hyperurecemia observed in gout®® and elevated extracellular glucose such as that occurs 

in metabolic syndrome®®.

NLRP3 has role in mediating protective immunity against various pathogens, including 

Salmonella typhimurium, Listeria monocytogenes and Staphylococcus aureus^^. Recently 

it has also been demonstrated that NLRP3 plays a role in the development of protective 

immunity against Influenza. Two separate reports showed that NLRP3 directs 

inflammatory responses that limit lung damage and pathogenesis. Additionally, both 

studies demonstrated a reduction in recruitment of neutrophils and monocytes to the lungs 

and increased morbidity in NLRP3"^" and caspase-1”^” mice infected with influenza virus 

®®'®°. Nevertheless, there is a report showing that mice deficient in ASC, caspase 1 or IL- 

1R, but not NLRP3, exhibited reduced CD4'" and CD8"‘T cell responses against the virus, 

along with lower antigen-specific mucosal IgA and systemic lgG®\ This suggests the 

involvement of ASC-dependent inflammasomes, other than NLRP3 in protective immunity 

to influenza.

NLRP3 has a potential role in models of mycobacterial infection. Mice deficient in IL-1R1 

are more susceptible to pulmonary defective granuloma formation and enhanced 

mycobacterial growth in the lungs, spleen and liver as compared with WT mice®®. 

Similarly, IL-1R1-/- mice infected with M. kansasii had reduced lung antibacterial 

responses and increased bacterial dissemination to the liver®®. In another study, it was
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reported that macrophages infected with live, virulent strains of M. marinum or M. 

tuberculosis secreted more IL-ip than those infected with attenuated strains or heat-killed 

bacilli. Secretion, but not synthesis, of IL-1(3 and IL-18 correlated with lysosome 
exocytosis^''. In this study, processing and secretion of IL-1(3 and IL-18 was dependent on 

caspase 1, ASC and NLRP3, but not IPAF.

NLRP3 has also a reported role in protection against fungal infections with Candida 

albicans. Host responses to this pathogen are dependent on signalling through IL-1R1^®, 

while mice deficient in IL-1a and IL-1p have higher mortality rate compared with WT mice 

whe infected with C. albicans^^. A separate report showed that mice deficient in NLRP3 

were hyper-suceptible to Candida-induced mortality^’^ Additionally it has been 

demonstrated that activation of the NLRP3 inflammasome following infection, was 

dependent in the ability of C. albicans to switch from unicellular form into filamentous 

form. This switch is essential for the pathogen to escape the phagosome, but membrane 
disruption by the hyphae also triggers IL-ip processing and secretion^®. Collectively this 

data show that NLRP3 has a key role in mediating protective immunity against pathogens 

of diverse origins, and would make an attractive target in the development of vaccines 

against these infections.

The NLRP3 inflammasome signalling mechanism is possibly the best studied 

inflammasome activation pathway. Inflammasome activation is followed by

oligomerization of NLPR3 and clustering of its N-terminal PYD domain. This promotes 

interaction with the PYD- and CARD-containing adaptor ASC, whose CARD domain in 

turn recruits the CARD domain of procaspase-1 bridging NLRP3 and procaspase-1. 

Clustering of this caspase zymogen permits autocleavage and formation of a caspase-1 

tetramer, which subsequently cleaves pro-IL-ip into its active form. Finally mature IL-ip 

is secreted alongside caspase-1 by an unidentified protein secretion pathway®"*. Although 

the biochemical pathway that follows NLRP3 inflammasome activation has been 

extensively characterized, the mechanism behind NLRP3 activation has been a topic of 

intense debate. Currently three models, that may not be exclusive, have been proposed. 

Extracellular ATP stimulates the P2X7 ATP-gated ion channel, causing intracellular K'^ 

efflux and inducing recruitment of the pannexin-1 membrane pore. This model proposes 

that the membrane pore allows extracellular NLRP3 agonists to access the cytosol and 

directly activate NLRP3

A different model was suggested for activators of a particulate or crystalline nature such 

as silica, asbestos and MSU. Incorporation of these particulates by phagocytes leads to 

lysosomal damage, which results in release of lysosomal contents that activate the

14



NLRP3 inflammasome, specifically there has been a role suggested for the lysosomal

protease cathepsin B60

The third model posits a common pathway for all NLRP3 agonists, that involves reactive 

oxygen species (ROS). In support of this model, there are studies showing that various 

NLRP3 agonists induce ROS and ROS blockade by chemical inhibitors, suppresses 

inflammasome activation®°'®\ The source of ROS has not been identified, but suppression 

of the p22 subunit of a group of NADPH oxidases inhibits inflammasome activation®\
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Figure 1.4: Proposed activation mechanism of the NLRP3 inflammsome. Current data 
suggests that NLRP3 maintains an auto-repressed state in the cytoplasm. Following activation, 
NLRP3 asociates with the adaptor ASC and pro-Caspase-1 via their PYD and CARD domains. 
Assembly of the inflammasome, leads to auto-catalytic cleavage and activation of Caspase-1, 
which converts both IL-ip and IL-18 into their active forms. Adapted from®^.
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The NLRP1 inflammasome was the first inflammasome described but its characterization 

has been hindered by genetic differences between the mouse and human. The human 

NLRP1 has three orthologs in mice {NLRPIa- NLRPIc) that are highly polymorphic 

among inbred mouse strains. This polymorphism has been reported to impact on 

susceptibility to Bacillus anthracis lethal toxin, since macrophages from susceptible, but 
not resistant, mouse strains activate caspase-1 after exposure to the toxin®^.ln contrast to 

human NLRP1, murine NLRP1 orthologs lack functional PYD domains which are 

predicted to interfere with the association of NLRP1 and ASC and this has been 

supported by observations that ASC is dispensable for caspase-1 activation by NLRPIb in 

mouse macrophages®"*. It was reported that NLRP1 inflammasome is activated by MDP 

and K'" efflux appears to play a role in the mechanism behind this process®®.

IPAF can interact directly with procaspase-1 through its CARD domain which causes the 

IPAF inflammasome to form without direct interaction between IPAF and 
ASC®®.Nevertheless, the role for ASC in the IPAF inflammasome is unclear, since 

maximal caspase-1 activation in response to Salmonella typhimurium , Shigella flexneri 
and Pseudomonas aeruginosa requires the ASC adaptor®’^. A recent report shows that 

both NLRP3 and IPAF recruit ASC and caspase-1 into a single cytoplasmic complex in 

response to Salmonella typhimurium, which serves as a site for pro- IL-ip processing®®. In 

contrast, IPAF-dependent cell death is independent of ASC upon macrophage infection 
with S. //exner/®®’®°. This evidence suggests that the pathways downstream of IPAF might 

be independently regulated.

IPAF is activated by Gram-negative bacteria that possess type III or IV secretion systems 

such as Salmonella typhimurium , Shigella flexneri, Legionella pneumophila and 

Pseudomonas aeruginosa activation mechanism has not been completely

elucidated. IPAF activation depends upon injection of bacterial components such as 

flagellin, into the cytosol. IPAF-dependent caspase-1 activation has been observed upon 

cytosolic localization of flagellin by different means (liposomes, expression systems,etc), 

suggesting that the sole role of bacterial secretion systems in IPAF inflammasome 
activation is the cytoplasmic injection of bacterial components®®'®"* . Unlike NLRP3, IPAF 

inflammasome activity is not inhibited by K'" efflux, which proposes that IPAF might not be 
a sensor for high ionic flux®*.

AIM2 is a non-NLR protein that forms an inflammasome scaffold. AIM2 is a cytosolic 

double-stranded DNA (dsDNA) sensor that induces caspase-1 dependent IL-1(3 

maturation®®'®®. AIM2 is a HIN-200 family member and lacks a central oligomerization 

domain like its NLR counterparts. The oligomerization process that forms the AIM2 

inflammasome is suggested to occur by clustering upon multiple binding sites in the
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ligand, dsDNA, to which AIM2 binds through its C-terminal HIN domain®®'®®. The AIM2 

inflammasome is composed of AIM2, ASC and caspase-1. In a similar manner to NLRP3 

inflammasome, AIM2 interacts with ASC through its PYD domain, allowing ASC to recruit 

procaspase-1 through its CARD domain. The process culminates in the auto-activation of 

caspase-1 and maturation and secretion of the proinflammatory cytokines IL-lp and IL- 

IS®”*. AIM2 has broad ligand specificity, since it can bind and be activated by cytosolic 

dsDNA from viruses, bacteria or from the host itself®®. A recently identified member of the 

HIN-200 family is IFI16, which has been shown to act as an intracellular DNA sensor. 

IFI16 associates with viral DNA motifs and mediated the induction of IFN-P via interaction 

with STING®^.IFI16 has also been reported to form an inflammasome upon viral infection. 

Kerur and colleagues showed that following infection with Kaposi sarcoma-associated 

herpesvirus (KSHV), I F116 associated with ASC and caspase-1 to form an inflammasome 

in HMVEC-d cells®®.

1.3.3 C-Type lectin receptors (CLR)

Among a vast range of PRR, recent studies have given increasing importance to C-type 

lectin receptors (CLRs), for their ability to modulate TLR signalling and induce gene 

expression via carbohydrate recognition on specific pathogens. Originally the term C-type 

lectin was introduced as a distinction between Ca'"^ dependent and Ca'"^ independent 

carbohydrate-binding lectins. CLR share at least one carbohydrate recognition domain, 

which is a structural domain that contains conserved motifs and determines the 

carbohydrate specificity of the CLR®®. Transmembrane CLRs can be divided into two 

groups: group I CLRs belong to the mannose receptor family and group II CLRs belong to 

the asialoglycoprotein receptor (Table 1.1). The former includes the Dectin-1 subfamily 

and the DCIR subfamily^°°.CLRs expressed by DC recognise mannose, fucose and 

glucan carbohydrate structures on pathogens and collectively they recognise most types 

of human pathogens; mannose specificity permits recognition of viruses, fungi and 

mycobacteria; fucose structure are associated with recognition of specific bacterial strains 

and helmiths; while glucan structures allow recognition of fungi and mycobacteria 

’'°®.There are two general ways by which CLRs induce signalling pathways. CLRs such as 

DC-SIGN, BDCA2, DCIR and MICL induce signalling pathways that modulate TLR- 

induced gene expression at a transcriptional or post-transcriptional level^®'*”^®®. In contrast, 

other CLRs such as Dectin-1, Dectin-2 and mincle, induce gene expression upon 

carbohydrate recognition in the absence of CLR/TLR crosstalk®®.
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CLR
Glycan
PAMP Pathogenic ligands

Signalling proteins 
involved

Group I

(TLR-dependent signalling)
DC-SIGN High Mycobacterium LSPl, LARG, RHOA, Ras

mannose tuberculosis, Candida proteins, RAFl, Src kinases
and fucose albicans, Leishmania spp., 

Helicobacter pylori, HIV-1
and PAKs

MICL ND ND SHPl, SHP2and ERK

BDCA2 ND ND SYK, BTK, BLNK and PLCy2

DCIR ND HIV-1 SHPl and SHP2

Group II

(TLR-independent signalling)
Dec n-1 p-1,3-glucan Mycobacterium 

tuberculosis, Candida 
albicans, Aspergillus 
fumigatus, Pneumocys s 
carinll

SYK,PLCy2, CARD9, BCL-10, 
MALT-1, NIK and RAFl

Dec n-2 High
mannose

Mycobacterium 
tuberculosis, Candida 
albicans, Aspergillus 
fumigatus, Trichophyton 
rubrum

SYK and Src kinases

Mincle a-mannose

Malassezia spp.
SYK and CARDS

Table 1.1: C-Type lectin receptors, ligands and signalling proteins.

Table modified from 102,107

One of the TLR dependent CLR, DC-SIGN can interact with different mannose containing 

pathogens such as Mycobacterium tuberculosis, Mycobacterium leprae, HIV-1, measles 

virus and Candida albicans. This interaction affects TLR4-mediated immune responses by 

DC^°®. DC-SIGN triggering activates GTPase Ras proteins which lead to the 

phosphorylation of RAF1. This process is mediated by both p21-activated (PAK) and Src 

kinases^°®. Following this process, RAF1 phosphorylates the p65 subunit of NF-kB 

through an unknown mechanism and subsequently the p65 subunit binds to the acetyl- 

transferases CBP and p300 and is acetylated. p65 acetylation affects its activity by 

increasing DNA binding affinity, prolonging its nuclear activity and enhancing 

transcriptional rate^°^'^^°.
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BDCA2 is known to associate with Fc receptor gamma (FcRy) on the cell membrane. 

Upon activation, BDCA2 recruits SYK kinase, which phosphorylates the cytoplasmic 

domain of the associated FcRy and ultimately causes recruitment of a signalling complex 

composed of BLNK, BTK and phospholipase Cy2 (PLCy2)^”.The activation of this 

signalling complex by BDCA2 is involved in the suppression of TLR9-induced type I IFN 

production as well as TLR-induced IL-6 and TNF-a. Notably the BLNK-BTK- PL Cy2 

complex also induces calcium mobilisation, but it remains to be established whether this is 

responsible for the TLR dependent effects observed. However, calcium signalling has 

been shown to inhibit TLR signalling by inducing the continuous activation of the serine 

phosphatase calcineurin. Active calcineurin presumably mediates inhibition of MyD88,

thus preventing TLR signalling 103,112

Among the TLR dependent CLRs, only DCIR and MICL are known to contain 

immunoreceptor tyrosine-based inhibitory motifs (ITIM) in their cytoplasmic tails. DCIR 

triggering leads to internalisation into endosomal compartments where TLR8 and TLR9 
reside^^^. This process is preceded by phosphorylation of its ITIM and recruitment of 

SHP1 and SHP2. Recruitment of these two phosphatases causes downregulation of 

TLR8-induced IL-12 and TNF-a production as well as downregulation of TLR9-induced 

IFN-y production^

In a similar manner to DCIR signalling, MICL activation induces phosphorylation of its 
ITIM and recruitment of SHP1 and SHP2^^®, however the downstream pathways involved 

are not well defined. Ligation of MICL is thought to lead to the activation of ERK and the 
suppression of iL-12 expression^°®'^^®’^^^.

The other major group of CLRs share the ability to induce gene expression independently 

of other PRRs, including members such as Dectin-1, Dectin-2 and mincle. Dectin-1 

recognises p-1,3-glucan which is expressed by a broad range of fungal pathogens such 

as Candida albicans, Aspergillus fumigatus and Pneumocystis carinii which ultimately 

leads to NF-kB activation’'°®. Upon phosphorylation of the cytoplasmic tails of two Dectin-1 

molecules, SYK recruitment takes place and allows the assembly of a protein scaffold 

consisting of CARD9, BCL-10 and MALTV^®. This induces IKKs activation and causes 

NF-kB activation and translocation to the nucleus. In addition to the SYK signalling 

pathway, Dectin-1 engages a separate pathway that leads to RAF1 activation. In this 
case, RAF1 is phosphorylated by Ras upon Dectin-1 activation^®^'^^®. Similar to the 

mechanism behind the crosstalk between DC-SIGN and TLR-dependent signalling, RAF1 

phosphorylation leads to NF-kB p65 subunit phosphorylation and subsequent acetylation 

by CBP or p300. The increased transcriptional activity of p65 induces IL-6, IL-10, IL-12p35

and IL-12p40 gene transcription 119
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As with BDCA2, Dectin-2 and mincle also associate with FcRy. Mincle interacts with an a- 

mannosyl containing PAMP expressed by the pathogen Malassezia spp^°®. On the other 

hand Dectin-2 can recognise fungal hyphae from Candida albicans, Trichophytum rubrum 

and Microsporum audouin^. Dectin-2 is also involved in the recognition of house mite 

allergens and production of cysteinyl leukotrienes, an important mediator in allergic 

inflammation in the lung^°®'^^°. Ligand binding to this CLR leads to FcRy phosphorylation 

and recruitment of SYK, but the signalling pathway downstream of SYK is not completely 

clear. Dectin-2 activation leads to NF-kB activation, but the role of the SYK-CARD9-BCL- 

10-MALT1 pathway has not been confirmed^”®. Thus Dectin-2 triggering alone might 

induce an adaptive immune response, which is supported by the fact that fungal 

recognition by Dectin-2 leads to TLR-independent production of TNF- a and IL-6^^\ In 

contrast, the role for the SYK-CARD9-BCL-10-MALT1 pathway in Mincle signalling has 

been verified. Recognition of nonhomeostatic cell death by mincle through the 

endogenous ligand SAP130, mediates TNF-a and CXCL2 production in a SYK -and 

CARD9-dependent manner, which induces neutrophil recruitment to damaged tissue^^^. 

The similarities between the downstream signalling pathway of Mincle and Dectin-1, 

suggest that both CLR couple SYK activation to NF-kB activation through the CARD9- 

BCL-10-MALT1 complex.

1.3.4 RIG-I like receptors (RLR).

Within the PRR family, there are receptors specific for recognition of RNA in the course of 

viral infection, called RLRs. They are characterized by a central DExD/H-box RNA 

helicase domain and are broadly expressed by most nucleated cells^^^^^®. The RLR family 

is composed by three members: RIG-I (retinoic acid inducible gene I), MDA-5 (melanoma 

differentiation factor-5) and LGP-2 (laboratory of genetics and physiology-2).

RIG-I can be triggered by RNA from viruses including flu, rabies, measles, Japanese 

encephalitis and hepatitis However, viral genomes are usually associated with

viral proteins in the form of compact ribonucleoprotein particles (RNP), raising the 

question of how could RIG-I access the viral RNA. One possibility would be that the ATP- 

dependent helicase and translocase activities of RIG-I^^®’^^® could displace or dissociate 

viral proteins from genomic RNA, but this has yet to be confirmed. RIG-I is also able to 

bind synthetic RNA and it has been shown that RNA transcribed in vitro by phage 

polymerases potently triggers RIG-I upon transfection in various cell types^^®'’^®. Both 

reports showed that uncapped 5’ triphosphate (5’-PPP) groups on the RNA are required 

for RIG-I activation. However it has been shown that pure 5’-PPP ssRNA is unable to
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activate RIG-r^°.lt was later found that rabies virus, which lacks stretches of dsRNA but 

contains blunt short 5'-PPP dsRNA in the panhandle region of their single stranded 

genome, can trigger RIG-1. Together with previous findings, this suggests that there is a 

requirement for both 5’-PPP and at least a short stretch of dsRNA for RIG-1 activation. In 

addition to activation of RIG-1 by natural viral RNA, poly l:C is also a RIG-1 agonist when it 

does not exceed 1kb in length^^^'’'^\ The ability of RIG-I to bind nucleic acids is not 

restricted to RNA. There is evidence for a role of RIG-I in DNA sensing, albeit indirectly. 

RNA polymerase III, i.e. an RNA polymerase responsible for synthesis of tRNA, rRNA and 

other small nuclear RNA plays a key role in this process. RIG-I binds the transcription 

product of AT-rich DNA transcribed by RNA polymerase III. This pathway seems to be 

relevant in infection with DNA viruses such as adenovirus, Epstein-Barr virus and herpes 

simplex virus^^^’^^°.

In contrast to RIG-I, MDA-5 has only a few identified ligands. Synthetic agonists such as 

poly l:C can activate MDA-5^^^. Poly l:C is a synthetic double stranded RNA (dsRNA) 

analog and is believed to mimic dsRNA generated during viral infection. It has been 

reported that cells infected with viruses triggering MDA-5 dependent responses 

accumulate dsRNA ’’^^.This RLR can also sense RNA from picornaviruses such as 

encephalomyocarditis virus and poliovirus. Some viruses including alpha viruses can be 

recognized by both RIG-I and MDA-5^^°. The generation of dsRNA during viral infection 

may be sufficient to activate MDA-5^^^. In contrast to the post transcriptional modification 

required by RIG-I to sense viral RNA, recognition by MDA-5 does not require 5’-PPP on 

the RNA. RNA genome and replication intermediates of picornaviruses are not 

phosphorylated at their 5’ end, instead they are convalently linked to the small protein, 

Vpg. These RNA molecules are detected in mice lacking RIG-I, however in the absence of 

MDA-5, picornavirus genomes are not sensed^^''.

Even though RIG-I and MDA-5 are triggered by different types of viral RNA, both 

receptors ultimately lead to induction of type I IFN, which play a key role in antiviral 

immunity. Type I IFN induce the expression of antiviral proteins, promote the destruction 

of infected cells by natural killer cells and facilitate the production of neutralizing 

antibodies and cytotoxic T cell responses^^^.Both RIG-I and MDA-5 contain two N-terminal 

CARD domains and following ligand binding, they associate with the mitochondrial 

adaptor protein MAVS by interaction through their CARD domains. Following this 

interaction, MAVS relays the signal to promote gene induction, via a cascade that leads to 

the activation of transcription factors including IRF-3, IRF-7 and NF-kB^^®. Additionally 

RIG-I has been implicated in IL-ip production in response to certain viruses. Specifically, 

viruses recognised by RIG-I and synthetic RIG-I ligands activated caspase-1 in a NLRP3-
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independent manner, via a novel pathway involving a complex formed by RIG-1 and ASC 

with no requirement for MAVS^^®.

The third member of the RLR family, LGP-2, lacks CARD domains and does not signal to 

the type 1 IFN promoters. Initially, LGP-2 was proposed to inhibit RIG-1 induced 

responses. However, it has been shown that the IFN response elicited by various RIG-I- 
dependent viruses, with the exception of flu virus, requires LGP-2^®^. Furthermore, LGP-2 

is also required for IFN induction in response to viruses recognised by MDA-5, such as 
encephalomycarditis virus^®®. Nonetheless, further studies are required to fully elucidate 

the role of LGP-2 in IFN responses and the mechanisms behind this process.

1.4 Dendritic Cells (DC).

The induction of protective immune responses requires coordinated cross talk between 

both the innate immune response and the adaptive immune response. DC are pivotal in 

translating the initial innate information into adaptive immunity. DC are professional 

antigen presenting cells (APC), which are responsible for the initiation of the primary 

immune response and stimulation of naive T cells. Like other immune cell types, immature 

DC are in continuous production from hematopoietic stem cells in the bone marrow. 

These cells give rise to circulating precursors that can migrate to tissues, where they 
reside with high phagocytic capacity^®®.

Following infection or tissue damage, immature DC capture antigen and subsequently 

migrate to lymphoid organs, where they activate antigen specific T cells and initiate the 

adaptive immune response.

Since the initial description of dendritic cells^'^°’^''\ the existence of many distinct DC 

lineages and subtypes, each with a particular location and specialised function in the 

immune system, has become evident. The majority of these subtypes have a short 

lifespan once they enter lymphoid tissues to interact with T cells, so they must be 
continually renewed^'*^'^'*®. Both humans and mice have two main DC types: myeloid DC 

(mDC also known as conventional or classical DC [cDC]) and plasmacytoid DC (pDC). 

An important division in cDC is into migratory and lymphoid-tissue-resident DC. Migratory 

cDC fit the “textbook description” of DC, they sample antigen at peripheral tissues and 

then migrate through the lymph to the lymph node. Langerhans cells (LC) of the epidermis 
are a representative example^'*'*. LC can also be found in the epithelia of the intestinal, 

respiratory and reproductive tracts. Most DC in peripheral non-lymphoid tissues e.g. 

dermal and interstitial DC, belong to this migratory DC group. On the other hand, 

lymphoid-tissue-resident DC do not migrate into lymphoid organs through the lymph,
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instead they collect and present antigens in the lymphoid organ itself. Lymphoid-tissue- 

resident DCs include most of the splenic and thymic DC population^'*® However; about 

50% of the DC in the lymph nodes seem to be lymph-node residents, rather than migrants 

that arrive from peripheral tissues. In general migratory DC have a mature phenotype on 

reaching the lymph nodes, with loss of endocytic activity, while lymphoid-tissue-resident 

DC have an immature phenotype and are active in antigen uptake and processing 

Both migratory and lymphoid-tissue-resident cDC can be further divided into defined 

subtypes. Based on the peripheral tissue of origin, epidermal LC can be distinguished 

from dermally derived DC even after arrival in the lymph node, through the expression 

levels of langerin*'*®. A similar division is apparent in lymphoid-tissue -resident cDC 

based on surface marker expression and function. In mice, CD8a expression separates 

cDC into CDS'" and CDS' populations. Both subsets differ in functions such as cytokine 

production and antigen presentation on MHC class I molecules. CDS'" DCs are able to 

produce large amounts of IL-12 and polarize naive CD4'" T cells toward the Th1 cell 
phenotype, whereas CDSo” DCs preferentially induce Th2 cell responses*'*"'. In turn CDS' 

cDC are further divisible into CD4'"CDS' and CD4'CDS' cDC subsets*'*®.

Plasmacytoid DC have an immature phenotype, appearing as round, non-dendritic, 

relatively long lived and circulating cells, which upon microbial stimulation, produce large 
quantities of type I IFN. These stimuli also cause pDC to acquire some antigen-processing
and antigen presentation properties*®®.

DC exist in defined functional states including resting and activated, also known as 

immature and mature. DC maturation has been classically defined as the morphological 

and functional alterations associated with the activation of DC in response to microbial 

stimuli. There are various factors that induce and/or regulate DC maturation. Exogenous 
factors include: PAMPs such as lipopolysaccharide (LPS)*®*, bacterial DNA*®^ and double 

stranded RNA*®®. Conversely, endogenous stimuli such as the balance between 

proinflammatory and anti-inflammatory signals in the local milieu e.g TNF, IL-1, IL-6, IL- 

10, TGF-p, prostaglandins and T cell-derived signals also modulate DC maturation*®®.

Under steady-state conditions, DC in peripheral tissues are mostly described as being 

immature, a phenotype characterised by the localization of MHC class II molecules to the 

late endosome-lysosomal compartment, a low surface expression of costimulatory 

molecules, low expression of chemokine receptors that trigger migration (e.g. CCR7), and 

an inability to release T cell-polarising immunostimulatory cytokines. Immature DCs are 

often associated with antigen uptake, but not with antigen processing, the stable 
accumulation of peptide-MHC complexes, or their efficient presentation to T cells*®"*"*®®. 

Maturation upregulates surface MHC class II and costimulatory molecules on the DCs as
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well as promoting their migration to draining lymph nodes. It also enhances the ability of 

the DCs to interact with antigen-specific T cells, promotes more efficient antigen 

processing and presentation, and cytokine release. Maturation is a simple concept 

rendered complex by the likelihood that not all mature (or activated) DC are equivalently 

immunogenic. There is evidence showing that expression of maturation markers on DC 

can occur without the cells being able to prime T cells and in some cases these cells can 

even induce tolerance to the presented antigens^^^. This process has been suggested to 

work via activation mediated by thymic stromal lymphopoietin (TSLP) in the thymus^^® and 

by Wnt in the periphery^®®.

There are three signals required for DC activation and immunogenicity. Upon encounter 

with a pathogen, dendritic cells upregulate expression of class II major histocompatibility 

molecules (MHC II) loaded with pathogen-derived antigenic peptides. This delivers the 

first activating stimulus to the T cell and is referred to signal 1. Interaction with the 

pathogen also induces expression of costimulatory molecules such as CD80 and CD86. 

These engage counter receptors on the T cell, particularly CD28, and transmit signals 

required for T cell proliferation and survival, this constitutes signal 2. Finally, activated DC 

also produce mediators that cause the T cell to differentiate into an effector T cell, defined 

as signal All three signals are required to generate mature and immunogenic DC 

(Fig. 1.5).
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PAMP/DAMP

Figure 1.5: T cell activation by DC requires three distinct signals.

Signal one is delivered through the interaction between the MHC-peptide complex expressed by 
the DC and interaction with the TCR on the T cell, which determines antigen specificity. The 
second signal is provided by the engagement of co-stimulatory molecules on the DC by CD28 
expressed on the T cell surface, this is required for T cell survival and proliferation. Finally the third 
signal stems from the cytokines produced by the DC. These are responsible for polarising T cell 
differentiation into one of the T helper cell subsets. Adapted from'®\
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1.4.1 Antigen presentation.

One of the defining functional features of DC is their high capacity to capture, process and 

present antigens. This process is fundamental for T-cell priming and consequently for the 

initiation of an adaptive immune response. Antigens are processed and presented by DC 

associated in most cases, with either MHC class I or MHC class II molecules. 

Recognition of antigens in the peptide-binding groove of surface-expressed MHC by 

specific T-cell receptors Is central to T cell activation. To fulfil their role, MHC proteins 

must first acquire peptide antigens, a function that is executed differently by the two main 

classes of MHC molecules.

In the case of MHC class I molecules, the objective is to present antigens of intracellular 

origin (such as viral infection, the presence of intracellular bacteria, cellular 

transformation, or mistranslated endogenous proteins) to CD8+ T cells (Fig. 1.6). MHC 

class I molecules are composed of heavy chains and an invariant light chain, known as 

P2-microglobulin^®^. Antigen processing and presentation by the MHC class I pathway is 

initiated by acquisition of antigenic peptides. These peptides can have a microbial origin, 

such as viral or bacterial proteins, or endogenous in the case of mistranslated self 
proteins. These are then tagged with ubiquitin for degradation by a multimeric protein 
complex called the proteasome. Following degradation, peptides produced are delivered 
to the endoplasmic reticulum (ER) by the transporter associated with antigen processing 

(TAP). Once in the ER, the antigenic peptides are loaded onto nascent MHC class I 
molecules; this process is facilitated by members of the peptide-loading complex, such as 

tapasin and two housekeeping ER proteins, known as calreticulin and ERp57. Finally, 
peptide-loaded MHC class I molecules are transported via the Golgi complex to the cell
surface162
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Figure 1.6 Antigen processing and presentation by MHC class I molecules. The first step in 
antigen presentation in the MHC class I context is the acquisition of antigens from the cytosol. 
These originate from mistranslated proteins and proteins from intracellular pathogens, which are 
then tagged with ubiquitin for degradation. Proteins tagged with a ubiquitin chain are degraded into 
peptides by the proteasome. These peptides are delivered to the endoplasmic reticulum (ER) by 
the transporter associated with antigen (TAP). Once inside the ER, the peptides are loaded onto 
MHC class one molecules. This process is facilitated by the ER proteins calreticulin and ERp57. 
Finally the peptide-loaded MHC class I molecules are transported via the Golgi complex to the cell 
surface. Figure modified from’®^.

By contrast, the MHC class II pathway is focused on the extracellular environment (Fig. 
1.7). The principal sources of antigen for this pathway are exogenous materials that are 

endocytosed from the extracellular environment, as well as endogenous components, 
such as plasma membrane proteins, components of the endocytic pathway and cytosolic 

proteins that access the endosomes by autophagy^®^. MHC class II molecules acquire 

peptide cargo that is generated by proteolytic degradation in endosomal compartments. 
Extracellular antigens are delivered to the cytosol within a membrane-delimited 

compartment, known as the phagosome. This phagosomal compartment undergoes a 
series of modifications that are in part dictated by its content and finally fuses with 

lysosomes to form the phagolysosome, in which the contents of the phagosome can 

interact with MHC class II molecules. Peptide-loaded MHC class II molecules are then 

transported to the cell surface where they engage antigen-specific CD4* T cells^®^.
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Figure 1.7 Contribution of pathogenic and host peptides to loading of MHC class II 
molecules. Following phagocytosis, TLR expressed on endocytic vesicles, sense bacteria and 
viruses and induce phagosome maturation. Mature phagosomes then fuse with lysosomes forming 
phagolysosomes. MHC class II molecules contained in the lysosomes are loaded with peptides of 
phagosomal origin. Host proteins contained in autophagosomes are also degraded within the 
phagolysosome. These allow endogenous peptides to be loaded onto MHC class II molecules for 
antigen presentation. Additional molecules such as tetraspanins are also transported to the cell 
surface. Image modified from^®^

Evidence suggests that the destination and fate of an endocytosed antigen might depend 

on the mechanism used for its internalization^®''. DC possess the unique capacity to 

stimulate naive T cells and can take up and degrade infected non-immune cells or cell- 

derived fragments and subsequently deliver the peptide fragments to the MHC class I 

pathway^®®. This property is known as cross-presentation and it requires the protein to 

translocate from the endosome to the cytosol for processing in the proteasome, followed 

by active transport to the ER where it associates with newly formed MHC class I 

molecules. The hypothesis that the endocytic pathway of antigen uptake in DC can lead 
to cross-presentation or to presentation on MHC class II molecules depending on the
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uptake mechanisms is supported by several reports. First, DC must constantly process 

the large amounts of extracellular proteins originating from constitutive endocytosis, this 

can lead to unspecific vesicle trafficking and MHC loading also many of their 

membrane proteins e.g. MHC molecules, have short half-lives^®^ however, some antigens 

can be remarkably long-lived^®® and can accumulate in 'storage' compartments^®®. 

Second, DC preferentially use phagosomes that contain TLR ligands as a source of 

peptide-MHC class II complexes over phagosomes that are devoid of such ligands^^°'^^\ 

Finally, the endosomal compartments that are reached by soluble proteins taken up by 

pinocytosis are different to those reached if the proteins are internalized by the mannose 

receptor^^^. These observations suggest that cross-presentation requires the delivery of 

antigen to specialized compartments, though it remains unclear which are the features of 

these putative compartments that enable cross-presentation.

1.4.2 Type I interferons.

Type I interferon (IFN) was first described over 50 years ago as the factor responsible for 

the phenomenon of viral interference, the ability of infection with a virus to induce 

resistance to subsequent infection with a different virus^^®. The best characterized and 

broadly expressed members of the type I IFN cytokine family in both mice and human are, 

IFN-a (represented by several partially homologous genes) and IFN-(3 (represented by a 

single gene)^^"*. All type I IFN share a ubiquitously expressed heterodimeric receptor 

composed of two chains, IFNAR1 and IFNAR2, which signal through two Janus family 

kinases, Tyk2 and Jakl. This results in recruitment of STAT1 to receptor-bound STAT2 

and formation of STAT1-STAT2 heterodimers that dissociate from the receptors and 

migrate into the nucleus^^®'^^®. In the nucleus, STAT1-STAT2 heterodimers associate with 

the transcription factor IFN regulatory factor 9 (IRF9) to form the trimeric IFN-stimulated 

gene factor 3 (ISGF3), which activates the transcription of IFN-inducible genes. The type I 

interferon receptor (IFNAR) can also signal by inducing the activation and nuclear 

translocation of STAT1 homodimers that bind to IFN-(3-activated sequences in the 

promoters of IFN-p-induced genes^^'*. Type I IFNs can be produced by virtually any cell 

type in the body in response to stimulation of an array of transmembrane and cytosolic 

receptors. In most cell types, the prevalent pathway of type I IFN induction is the 

activation of cytosolic receptors that recognize viral or other foreign nucleic acid, 

particularly double-stranded RNA (dsRNA)®®. Type I IFNs are produced in response to 

viral nucleic acid sensing by different intracellular receptors. Viruses that produce large 

amounts of dsRNA during their life cycle, such as picornaviruses, are sensed mainly by 

MDA5. On the other hand, negative-stranded RNA viruses, such as influenza virus, which
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produce barely detectable levels of dsRNA, are sensed by RIG-f^^, detection by both 

receptors culminates in type I IFN production. Bacterial infection can also induce type I 

IFN responses. Several genera of Gram-negative bacteria, including Chlamydia spp., S. 

typhimurium, S. flexneri and Escherichia spp., stimulate type I IFN synthesis upon binding 

to cells. However, in some cases cell invasion is a prerequisite for IFN synthesis^Type I 

IFN responses have also been associated with production of unwanted cellular toxicity in 

viral infections and suppression of innate immune responses to bacterial infections. For 

example in viral infections, HIV induces type I IFN which together with tryptophan 

catabolism, may drive T cell dysfunction, and also contribute to other aspects of the 

disease pathogenesis^^®. On the other hand in bacterial infection models, type I IFN 

receptor-deficient mice (IFNAR17) are more resistant to infection with Francisella 
tularensis and Listeria monocytogenes than WT mice^®°'^®\ Type I IFN are essential for 

organisms to survive acute viral infection. However, the organism pays a price for this 

effective innate resistance, as the toxicity of IFN causes acute and chronic morbidity and 

alters innate and adaptive defenses against other opportunistic infections.
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1.5 T cells.

T cells are a subset of lymphocytes and the main effector cells of the adaptive immune 

system. T cells provide exert effector functions such as providing help to B cells to 

produce antibodies, activating macrophages and killing cells infected with intracellular 

pathogens. They can be subdivided based on the expression of a heterodimeric receptor, 

named T cell receptor (TCR), expressed on their surface in association with CDS 

molecules and their specific effector functions. Helper T cells are characterized by 

expression of CD4 on their surface, which interacts with antigens loaded onto MHC class 

II molecules. CD4'^ T cells are responsible for activation of macrophages and providing B 

cells with help. Conversely, cytotoxic T cells (CTL) express CD8 on their surface, which is 

required for recognition of antigens presented in the context of MHC class I molecules. 

The principal function of CTL is killing cells infected with intracellular pathogens, such as 

bacteria and viruses. T cells can also be classified with respect to their TCR expression. T 

cells express a TCR which is a product of gene segment re-arrangement of somatic 

genes. Most T cells express a TCR composed of an a and a p chain, termed ap T cells. 

However there is a smaller population of T cells characterized by their expression of a 

TCR composed of y and 5 chains (y5 T cells) and their lack of expression of either CD4 or 

CDS. These cells have a role in maintaining immune homeostasis.

The role of DC in polarising immune responses culminates in the induction of different T 

helper cell subsets (Fig. 1.8). Upon activation, CD4'" T helper cells expand into various 

effector T cell subsets depending on the signals received by the DC during antigen 

presentation. T cell subsets are defined in terms of cytokine production, expression of 

transcription factors and involvement of signal transducer and activator of transcription 

(STAT) proteins in cell signalling. Since their initial binary description as Thi or Th2 cells, 

the number and heterogeneity of T cell subsets has increased considerably and now 

includes effector subsets such as Thi7 and Tfh, as well as regulatory subsets such as 

Treg subsets.
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Figure 1.8 CD4'^ T cell differentiation and cytokines associated with each subset. Depending 
on the cytokines present, CD4'" T cell can differentiate into diverse subsets of T helper cells. T 
helper cell subsets are usually defined according to the cytokines involved in their differentiation 
and maintenance (over the arrows) and with the respect to the expression of a characteristic 
transcription factor, also known as master regulator (Inside the cells).
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1.5.1 T helper 1 cell (Thi).

The initial definition of T helper cell subsets was proposed by Mossmann and Coffmann. 

They defined Thi and Th2 effector T-cell subsets, according to the cytokines that these 

cells produced and also observed that the differentiation of CD4'' T cells into either subset 

was dependent on the cytokines present in the milieu where naive T cells were being 

activated^®^. Thi cells predominantly secrete IFN-y and lymphotoxin, which mainly serve 

to activate macrophages at the site of inflammation. Thi cells are important for host 

defence against intracellular pathogens and induction of delayed-type hypersensitivity 

responses^®®. Soon after their initial description, it was shown that naive T ceils could be 

differentiated in vitro if IL-4 was neutralized and iL-12 was added to the culture^®''. T-bet is 

a transcription factor responsible for the induction of IFN-y production and Thi cell 

differentiation’’®®. Overexpression of T-bet either during Th2 differentiation or in fully 

differentiated Th2 cells causes such cells to produce IFN-y while, at the same time, 

suppresses their capacity to produce IL-4. T-bet induces IFN-y partly through remodelling 

the Ifng gene and by upregulating IL-12RP2 expression, thus promoting both IFN-y 

expression and selective Thi cell expansion in response to IL-12^®®. Tbx217” (T-bet 

deficient) cells have severe defects in Thi cell differentiation both in vitro and in wVo’®^ ’®®.

With respect to cytokine signalling, STAT4 is important in Thi responses both in vivo and 

in vitro and is activated by IL-12. STAT4 expression is higher in Thi than in Th2 cells and 

its expression is regulated positively by IFN-y and negatively by IL-4 and GATAS^®^’®®. 

Activated STAT4 can directly induce IFN-y production and expression of IL-12RP2 and T- 

bet during Thi differentiation’’®®. IL-12, by activating STAT4, together with IL-18, an NF-kB 

activator, induces TCR-independent IFN-y production’®\

1.5.2 T helper 2 cell (Th2).

While Thi cells are associated with host defence against intracellular pathogens, Th2 

cells have very different effector functions, as they are essential for clearing extracellular 

organisms. In addition, Th2 cells play an important role in eosinophilic inflammation and 

IgE production in allergic reactions and asthma^®®. The Th2 cell signature cytokines are IL- 

4, IL-5, IL-13, and some produce IL-9. Differentiation of naive T cells into Th2 cells in vitro 

can be promoted using IL-2 and IL-4 during cell culture^®®”^®®.

GATA3 , the first master regulator gene to be identified, shows upregulated expression 

during Th2 differentiation and downregulation during Thi differentiation^®®. Expression of 

retrovirally encoded GATA3 in Thi cells makes these cells competent to produce IL-4 and
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induces endogenous GATA3 production^®®. Th2 differentiation is totally abolished in vitro 

and in vivo in the absence of GATA3, as shown by the failure of such differentiation in 

mice in which Gata3 is deleted in peripheral CD4 T cells^®^.

STAT6 is the major signal transducer in IL-4-mediated Th2 differentiation and expansion. 

In vitro, STAT6 activation is necessary and sufficient for inducing high expression levels of 

GATA3^®®'^®®. Although STAT6 appears indispensable for Th2 differentiation, one can 

induce STAT6-independent Th2 cell differentiation in vitro by repeated polyclonal 

stimulation with anti-CD3. However, despite their STAT6 independence, these responses 

are still GATA3-dependent™. The Th2 responses to some parasites such as those 

elicited by Trichuris muris^°\ as well as the accumulation of Th2 cells in lung tissue in 

response to Nippostrongylus brasiliensis infection, depend on the IL-4/STAT6 pathway^®®. 

STAT6 may also be important for the amplification of Th2 responses at later stages and/or 

for the generation of Th2 memory cells in vivo^°^.

1.5.3 T helper 17 cell (Th17).

It was well over a decade after the initial description of T helper cell subsets that Th17 

cells were shown to exist^®^. They are characterized by the secretion of cytokines such as 

IL-17A, IL-17F, IL-22 and IL-2. IL-17 has an important role in the induction of tissue 

inflammation, thus Th17 cells have been implicated in autoimmunity, as well as protective 

immunity to pathogens^®®. In vaccinated animals, memory Th17 cells are implicated in 

induction of memory Thi responses and protection against TB®®''. Furthermore, Th17 

responses are required for protective immunity against extracellular bacterial pathogens®®® 

and the intracellular pathogen Francisella tuiarensis^°^^°^. Initially, differentiation of Th17 

cells was proposed to be driven by the combination of the cytokines TGF-(3 and IL-6®®®. 

However more recent reports indicate that IL-1(3 has a central role in Thi7 differentiation. 

IL-ip can synergize with IL-6 to induce murine Thi 7-cell differentiation®^® while IL-6 

enhances IL-1p - induced Th17 differentiation®^\ IL-6 signalling leads to the 

phosphorylation of STAT3, which is essential for complete Th17 differentiation®^®. IL-23 

also plays an important role in Th17 differentiation as it has been shown to increase IL-17 

production from activated CD4'" T cells®^®. Nevertheless the role of IL-23 in Th17 

differentiation is not to promote commitment to the Th17 lineage, but to promote its 

maintenance®^'*. This subset also produces IL-21, which acts in an autocrine fashion to 

amplify Th17 differentiation. Recent data suggest that both differentiation and self

amplification of Thi7 cells by IL-21 are mediated via interferon response factor 4 

(IRF4)®*®.
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Th17 cells do not express GATA3 or T-bet, instead they express high levels of RORyt^^®, 

which is induced in naive CD4"‘T cells within 8 h of TCR stimulation in association with 

TGF-P and IL-6. RORyt is the master regulator of Th17 cells; approximately 50% of 

activated cells overexpressing RORyt, produce IL-17, and RORyt-deficient cells produce 

very little IL-17^^® .The residual IL-17 production in RORyt-deficient cells appears to be 

dependent on the activity of a related nuclear receptor, RORa, which is also upregulated 

in Th17 cells^^^. Although deleting RORa resulted in minimal reduction of IL-17 

expression, deficiency of both RORyt and RORa completely abolished IL-17 production.

STATS is activated by IL-6, IL-21, and IL-23, cytokines that are involved in Th17 cell 

differentiation, amplification, and maintenance^^®'^^®. Deletion of StatS in mice and double 

negative STATS mutations in humans result in the loss of IL-17-producing CD4 T cells 

211,218 STAT3 binds to 1117 and 1121 and is responsible for the induction of RORyt and the 

IL-23R^^°. IL-6, IL-21, or IL-23, through the activation of STATS, together with IL-1,

induces TCR independent, cyclosporine A-independent IL- 17A production^^^"^^®.

1.5.4 Regulatory T cell (Treg).

Around the same time that Th17 cells were established as a separate T cell subset, it was 

shown that cells with the characteristics of regulatory T cells could be induced to 

differentiate in vitro from naive CD4'^T cells®®''. The regulatory T cell subset or Treg, can 

be divided into naturally occurring thymic-derived FcxpS”" Treg, or nTreg and peripherally 

generated FoxpS'^ Treg, or iTreg. In mice, iTregs exhibit similar functional activity to those 

of nTregs®®®. Although nTreg cells develop in a highly controlled thymic microenvironment, 

iTreg cells differentiate under more varied conditions and thus, our understanding of the 

different microenvironments of iTreg cell development in vivo is still incomplete. Fiowever, 

the minimal program for Foxp3+ iTreg cell development requires TCR stimulation and the 

cytokines TGF-p and IL-2, for both in vitro and in vivo generated iTreg cells®®®’®®®. With few 

exceptions, chronic infections have been associated with increased Foxp3+ Treg cell 

numbers. Given their suppressive effect on other effector T cell subtypes, expansion of 

Treg cells during infections could be responsible for a failure to clear the infection. This 

regulatory effect is mediated by the secretion of their signature cytokines IL-10 and TGF- 

p. Scurfy mice and patients with IPEX (immunodeficiency, polyendocrinopathy, and

enteropathy, X-linked syndrome) lack detectable nTregs. Both the mutant mice and the

patients have mutations in Foxp3®®®, which is reported to be the master transcriptional 

regulator for Tregs®®®. Continuous expression of Foxp3 in Tregs is required to maintain the

suppressive activity of such cells. In addition, conventional T cells transduced with
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retroviral Foxp3 acquired a Treg phenotype, including the inability to produce cytokines 

(anergy) and suppressive activity^^®. By contrast, limiting Foxp3 expression appears to 

divert cells that would have differentiated into Tregs to develop into Th2-like cells, implying 

a close relationship between the Th2 and Treg lineages®®®. Smad3 and NFAT, activated 

by TGF-(3 and TCR-mediated signalling, respectively, cooperate in Foxp3 gene 

remodeling and expression®®^ ®®®.

Treg signalling is characterised by recruitment of STATS and its activation by IL-2 is 

crucial for Treg development®®®. STATS may contribute to Foxp3 induction by binding to its 

promoter®®''. Finally, enhanced STATS activation suppresses Th1 and Th17 differentiation 

while Th2 and Treg differentiation is promoted, which correlates with higher expression 

levels of CD2S in Th2 and Treg cells®®®’®®®.

1.5.5 Follicular T helper cell (Tfh).

The most recent addition to the family of T helper cell subsets are the follicular helper T 

cells (Tfh), which modulate antibody responses by providing help to antigen-specific B 

cells. One of the distinctive features of Tfh cells is the expression of the chemokine 

receptor CXCR5, the expression of which is responsible for the migration of these cells to 

CXCL13-rich follicular areas in the lymph nodes®®® Within the follicular areas Tfh cells 

have been implicated in the induction of antibody isotype switching in antigen-specific B 

cells, although the process requires multiple cell divisions to complete®®®. The signature 

cytokine produced by Tfh cells is IL-21, but they have also been shown to produce IFN-y 

in response to viral infection®®® and IL-4 during parasitic infection®''®. IL-21 and IL-21 R 

deficiency impacts the development of B cell immunity with impaired isotype switch and 

deficient germinal center development®'". In this context, Tfh cells are known to produce 

abundant amounts of IL-21®''®’®''®, acting in an autocrine manner with concomitant 

expression of IL21R®'" TGF-p was not required for effector Tfh cell induction and RORyt 

was not expressed by Tfh cells or needed for Tfh cell development in wVo®'". Additionally 

IL-6 was shown to induce IL-21 production by Tfh cells in a STAT3-dependent manner. 

The same report showed that STAT3 deficient mice showed greatly reduced numbers of 

Tfh cells compared to controls when immunised with KLH and CFA. Moreover, STAT3 

deficiency in T cells led to defective germinal-center B cell generation and reduction of 

KLFI-specific IgG and IgM production®®®’®''''’®''®.

A master regulator for Tfh cells has not been formally identified to date, however recent 

publications suggests that Bcl-6 is indispensable for Tfh development. Bcl-6 is a 

transcriptional repressor, and its absence leads to defective GC formation and induction of
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T cell-dependent antibody responses, in addition to an ultimately fatal inflammatory 

syndrome. Three recent studies clearly demonstrate that T cell-specific deficiency in Bcl-6 

prevents the generation of Tfh cells and subsequently the formation of GC and production 
of antibodies^''®. Th cells lacking Bcl-6 failed to express Tfh cell-related markers upon 

activation in vitro or in vivo. These studies also demonstrate that constitutive 

overexpression of Bcl-6 in Th cell precursors was sufficient to induce expression of Tfh 

cell-related genes, including those that encode CXCR5, CXCR4, PD-1, and ICOS.

1.6 T cell memory

The ultimate goal of vaccination is to develop long-lasting immunological protection 

against infectious diseases. A key requirement for the induction of long-lived 

immunological responses is the ability of the immune system to respond with greater vigor 

upon re-encounter with the same pathogen. This ability ultimately leads to enhanced 

memory responses that either prevent or greatly reduce the severity of disease. Memory 

responses depend on the generation of memory T cells after initial encounter with an 

antigen. This T cell subset originates from the progeny of antigen-specific naive T cells 

that have been clonally expanded in the course of an immune response and survive once 
antigen has been eliminated^''^.

Even though memory T cells are originally indistinguishable from their naive counter parts, 

they posses several physiological differences that account for their ability to induce a 

heightened recall response against infection. First, as a consequence of clonal expansion 

during primary infection, experimental findings have shown increases of up to 1000-foid in 

the precursor frequency of antigen-specific T cells in immune animals compared with 
naive animals^"*®. Second, changes in chromatin structure and transcription factor 

expression establish differences in the gene-expression profile of naive and memory T 

cells. For example, molecules such as IFN-y, perforin and granzyme B are not expressed 
in naive T cells, but are constitutively expressed in memory T cells^''®. Third, memory T 

cell populations are maintained for long time periods. Most T cells exit the cell cycle as 

they become terminally differentiated. However, memory T cells have the ability to 

proliferate in response to homeostatic signals. These signals cause memory T cells to 

continually progress through the cell cycle, but at a slower rate, which helps maintain 
memory T cell numbers^®®.

Phenotypic subpopulations of memory T cells have been previously described^®', 

however the homing properties of T cells are a key factor in the definition of memory T 

cell subsets. Specifically, differential expression of L-Selectin (CD62L) and chemokine
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receptor 7 (CCR7) provide the functional distinction between central memory T cells and 

effector memory T cells. CD62L interacts with peripheral-node addressin (PNAd) on high 

endothelial venules, which facilitates the entry of T cells into secondary lymphoid 

organs^^^. CCR7 binds to the chemokines CCL19 and CCL21 that are presented on the 

luminal surface of endothelial cells in lymph nodes^®^.

Central memory T cells are characterized by expression high levels of CD62L and CCR7 

(CD62L^'CCR7''). Thus, the enhanced expression of CD62L and CCR7 allows central 

memory T cells to migrate efficiently to peripheral lymph nodes. In contrast, effector 

memory T cells are rarely found in secondary lymphoid organs. They are characterized by 

their low level expression of CD62L and CCR7 (CD62L'°CCR7 ) and are responsible for a 

more immediate memory response, given they are generally found surveying non

lymphoid tissues and other entry sites for the presence of pathogen^^. These memory T 

cell subsets can also be distinguished by their cytokine production profile. Upon 

stimulation, human central memory T cells have been shown to produce IL-2 but not IL-4, 

IL-5 or IFN-y. In contrast, human effector memory T cells rapidly produced IL-4, IL-5 and 

IFN-y upon restimulation, while they produced less IL-2^®^. This finding supports the idea 

that the main function of central memory T cell is to proliferative and stimulate dendritic 

cells, while effector memory T cells are mostly responsible for the immediate response to 

pathogens in non-lymphoid tissues through the production of effector cytokines.

1.7 B cells

B cells can be defined as a population of cells that express clonally diverse cell surface 

immunoglobulin (Ig) receptors recognizing specific antigenic epitopes 256

B cells develop from haematopoietic stem cells within the foetal liver and adult bone 

marrow^^^'^®®. Immature B cells are characterised by their expression of IgM on their cell 

membrane and their propensity to undergo apoptosis following B cell receptor (BCR) 

ligation^®®'^®®. Immature B cells leave the bone marrow and migrate towards different 

circulatory areas of the body to initiate the maturation process. During this series of 

events, they migrate to specific anatomical sites to develop into one of three subsets: B1 

cells, follicular B cells (FB) or marginal zone B cells (MZ). Upregulation of membrane- 

bound IgD and the ability to proliferate in response to antigen stimulation are markers of B 

cell maturation^®’’'^®^.

B1 cells populate the pleural and peritoneal cavities and have the ability to produce 

antibodies in the absence of T cell help^®®. This type of B cell activation occurs in 

response to antigens which display multiple identical epitopes on their surface, such as
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glycolipids and polysaccharides. As a result, these antigens are able to cross-link the BCR 

and induce antibody production, circumventing the need for stimulatory signals such as 

CD40L^®'’. Based on their responsiveness to antigens, B1 cells can be further classified 

two subgroups. B1a cells mediate protection against bacterial infections, while B1b cells 

provide long-term adaptive humoral responses against T cell-independent antigens^®®.

Follicular B cells (FB) circulate through the B cell zones of secondary lymphoid organs 

such as the spleen, lymph nodes and Payer’s patches^®^'^®®. Upon BCR stimulation, FB 

migrate to the T cell zones within the lymphoid organs and interact with antigen specific T 

cells^®®’^®^. Following activation FB can follow one of two fates. They can differentiate into 

short-lived plasma cells, which are terminally differentiated B cells that produce large 

quantities of antigen-specific antibodies^®^. Conversely, they can return to the B cell 

follicle, where they form the germinal centre^®®.

Marginal zone B cells (MZ) reside in the marginal sinus of the spleen. They posses the 

ability to mediate T cell-independent responses to blood-borne pathogens, during which 

they can differentiate into plasma cells^®®’^^®. It has been suggested that MZ could be 

activated directly by T cells, based on their high level expression of costimulatory 

molecules including CD80 an CD86^^\

The initial step in B cell activation is the engagement of the B-cell receptor (BCR) by a 

specific antigen. B cells can recognize and respond to both soluble and membrane- 

associated antigen, although recent insights suggest that membrane-associated antigens 

are more important for B-cell activation in vivo^^^. Following antigen recognition, B cells 

can process and present antigen within MHC class II molecules to CD4 T helper cells, 

which in turn, stimulate B-cell proliferation and differentiation^^®. Prior to this event, 

antibody production by naive B cells is limited to two classes of immunoglobulins, IgM and 

IgD. Following activation, B cells undergo DNA recombination of their immunoglobulin 

genes that leads to changes in the effector function of the antibodies produced. The 

process affects expression of the heavy chain, or constant region of the immunoglobulin, 

while keeping the light chain, or variable region unmodified. This allows the antibodies to 

retain their antigen specificity while changing their effector function, this process is defined 

as immunoglobulin class switching®^'^. The type of cytokines secreted by T cells can direct 

the type of antibodies produced by triggering class switch recombination within B cells in 

the germinal centre. For example IL-4 has been shown to induce increased expression of 

AID, an enzyme necessary for the heavy chain switchMice, rats and humans 

possess five classes of immunoglobulins: IgM, IgD, IgG, IgE and IgA. The IgG class 

comprises four subclasses, IgGl, lgG2a, lgG2b and lgG3 in the mouse and lgG1, lgG2, 

lgG3 and lgG4 in human. Activated B cells are characterised by secretion of IgG, IgA and
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IgE subtypes. IgG subclass expression is influenced by multiple factors, including the 

prevailing cytokine environment. For example, the Th2 cytokine IL-4 preferentially induces 

switching to IgGI and IgE, whereas TGF-B induces switching to lgG2b and IgA^^^. In 

contrast, the Thi cytokine IFN-y results in lgG2a, 2b, and 3 switching^^^.

1.8 B cell memory

The enhanced immune response upon re-encounter with a pathogen is not only mediated 

by T cell memory, B cells have a pivotal role in the maintenance of long-lived humoral 

responses. B cell memory is composed of two distinct B cell subtypes, plasma cells and 

memory B cells. Plasma cells secrete large amounts of effector molecules, i.e. specific 

antibodies for long periods of time (over a year), while remaining as non-diving cells in the 

bone marrow Plasma cells are responsible for immediate against a previously 

encountered pathogen, secreting antibodies in an antigen-independent manner thus 

maintaining constant amounts in serum and body fluids.

In contrast, memory B cells do not constitutively produce effector molecules. Instead, 

antigenic stimulation induces rapid proliferation and differentiation of memory B cells, 

which then generate a burst of short-lived plasma cells and a marked but transient 

elevation in serum antibody levels. Phenotypic characterization of memory B cells in 

humans is based mostly on expression of cell surface markers of antigenic experience. 
Initially human memory B cells were distinguished based on the lack of expression of IgD 

(IgD ), which indicated that the cells had undergone class-switch recombination^^®. In 

addition to the IgD' phenotype, memory B cells have been found to express the tumor 
necrosis factor receptor family member CD27®®°. The vast majority of B cells that have 

undergone immunoglobulin class switching, express CD27. Upregulation of this marker 

occurs upon B cell activation, as these cells enter the germinal center in the lymph nodes.

However the expression of these memory B cell markers should be interpreted with 
caution. Immunoglobulin class switching has been reported in IgD"" cells®®®, while a study 

using influenza virus antigens identified CD27' memory B cells representing up to one 
third of IgGI'" cells and half of lgG3'" ®®\ Furthermore in the mouse system, phenotypic 

classification of memory B cells lacks established markers. In the murine system most 

IgG'" B cells are CD27', and thus in this context CD27 serves as a marker for recent B cell 
activation rather than a marker for memory®®®.

Collectively these studies show that neither in man nor mouse, the memory B cell 

compartment can be classified as a homogenous cell population and further studies might
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shed light on which are the specific characteristics that identify the B cells involved in the 

long-term humoral immune response.

1.9 Challenges in vaccine development.

Acquired immune deficiency syndrome (AIDS), malaria and tuberculosis collectively cause 

more than five million deaths per year, but no highly effective vaccine against these 

diseases is currently available. Historically successful vaccines have been developed 

mostly against those pathogens that can be treated by antibodies. HIV, malaria and 

tuberculosis vaccines do not fall within this group of successful vaccines, because of their 
requirement of T-cell immunity for protection^®^. In these cases, vaccines that promote 

both a potent cellular immune response as well as antibodies might be crucial.

1.9.1 HIV.

Since 1981, more than 25 million people have died of Acquired immune Deficiency 

Syndrome (AIDS). As of 2011, the WHO estimates that 34.2 million now live with human 

immunodeficiency virus type-1 (HIV) infection, and 2.5 million become newly diagnosed 
with HIV-1 each year^®''. Human immunodeficiency virus (HIV) infects several cell types, 

including CD4+ T cells, monocytes and dendritic cells. The infectious cycle begins with the 

adsorption of viral particles to the receptor CD4. This interaction, which is mediated by the 

HIV envelope (Env) protein gp120, leads to subsequent interaction of gp120 with a co
receptor, usually CCR4 or CXCR5^®®. Once inside the cell, the virion-associated reverse 

transcriptase is activated and begins synthesizing viral cDNA, which is transported to the 

cell nucleus, into the host genome. Following cDNA transcription, translation of HIV 

mRNAs leads to the production of Env proteins and capsid (Gag) and viral polymerase 

(Pol) proteins. These proteins are ultimately transported to the cell membrane, where viral 

progeny begin assembling and bud from the infected cells. HIV vaccine development has 

been hindered due to the unique properties of the virus: its enhanced antigenic diversity, 

its preferred target is human CD4+ T cells, and it rapidly establishes a persistent reservoir 
of latently infected cells^®®. Initially subunit vaccines derived from the HIV envelope were 

developed and tested in phase I and phase II clinical studies. However, in vitro studies 

showed that the antibodies induced by the vaccines only neutralized the virus strain used 

to make the vaccine and did not neutralize divergent viruses or primary viruses isolated 
from patients^®^. Recently a phase III clinical trial with 16,000 volunteers was conducted in 

Thailand. This trial was based on a prime-boost regime: priming with a canarypox 

expressing the subtype B HIV Gag, Pro and the subtype E gp120 (ALVAC-HIV) and
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boosting with the alum adjuvanted mix of gp120 AIDSVAX B/E Unfortunately the trial 

resulted in a iimited 31% prevention of HIV infection.

1.9.2 Malaria.

Half of the world’s population (more than 3 biliion people) live in malaria-endemic areas, 

and an estimated 243 million cases of malaria led to nearly 863,000 deaths in 2008 

Malaria is caused by species of the protozoan parasite Plasmodia that have complex life 

cycles involving various species of female Anopheline mosquitoes. Humans are infected 

via a mosquito bite, which injects the parasite in the form of a sporozoite that rapidly 

migrates to the liver. After 6-7 days the sporozoite are released in a different form, called 

a merozoite, which infects red blood cells and multiplies within them. Eventually a new 
form of the parasite (gametocyte) is generated and is taken up by mosquitoes again^®°. 

The different stages of the parasite have different antigenic compositions and the 

variability of antigens within each stage has been one of the major obstacles to vaccine 

development. Current efforts are focused on subunit vaccine based on circumsporozoite 

proteins (CS) which are expressed prior to parasite's liver stage. The RTS,S vaccine was 
developed as virus-like particle comprising hepatitis B virus viral surface proteins (HBsAg, 
also known as S antigen) and CS proteins^®\ Unlike the hepatitis B vaccine which is 

highly immunogenic with conventional alum-based adjuvants, RTS,S was not as 
immunogenic unless it was formulated in novel adjuvants^®^. In its current version, the 

RTS,S vaccine is adjuvanted with monophospholipid A (MPL) and the saponin QS-21 and 
its efficacy being evaluated in a phase III clinical trials^®®.

1.9.3 Tuberculosis.

Tuberculosis (TB) is second only to HIV/AIDS as the greatest killer worldwide due to a 

single infectious agent. In 2011, 8.7 million people fell ill and 1.4 million people died from 
infection with Mycobacterium tuberculosis (Mtb) ®®®. The infection is initiated when Mtb 

bacilli are inhaled and phagocytosed by resident alveolar macrophages. The resulting 

inflammatory response triggers the infected cells to invade the subtending epithelium 

forming a granuloma. The granuloma can form an additional layer of extracellular matrix 

material that is laid down outside the macrophage layer. Lymphocytes appear to be 

restricted primarily to this peripheral area. Ultimately, infectious bacilli are released into 
the ainways when the granuloma collapses into the lungs®®'*. Infection with Mycobacterium 

tuberculosis (Mtb) does not necessarily lead to active TB disease. Most infected 

individuals remain healthy remain latently infected. It has been estimated that 1/3 of the
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world population, i.e., somewhere around 2.2 billion individuals on this globe, are latently 

Mtb infected^^. Approximately 10 % of the infected individuals are at risk of developing 

disease. Under these circumstances, future vaccines are satisfactory if they induce an 

immune response in susceptible individuals comparable to that evoked by natural Mtb 

infection in resistant ones^®^. The only widely available vaccine is a live attenuated strain 

of Mycobacterium bovis developed by Calmette and Guerin, named Bacillus Calmette 

Guerin (BCG). Although effective in conferring protection against some childhood forms of 

TB, BCG confers widely variable protection against adult pulmonary tuberculosis that 

varies between 0 and 80%^®®. There are various types of vaccines against tuberculosis 

currently in clinical trials. Some are subunit vaccines consisting of recombinant antigens 

such as the Ag85-TB10.4 fusion protein delivered with the adjuvant IC31®®^. Another 

approach to improving tuberculosis vaccines is to re-engineer BCG to achieve better 

protection. The rBCGSO strain was engineered to overexpress antigen 85B to make it 

more immunogenic. In clinical trials rBCGSO was found to induce better CD4 responses 

against Ag85B compared to wild-type BCG®®®. On of the most advanced TB vaccine 

candidates is the viral-vectored TB vaccine MVA85A/Aeras-485. It is composed of the 

modified vaccinia virus Ankara (MVA) expressing the Ag85A antigen (MVA85A/Aeras- 

485) and is currently part of a phase lib clinical trial®®®.

1.10 Adjuvants.

Adjuvants are usually defined as substances that can increase and/or modulate the 

intrinsic immunogenicity of an antigen, and the term adjuvant is itself derived from the latin 

adjuvare, meaning to help. This requirement for “help” in vaccine development stems from 

a shift in the components used to induce immunity. In the past, most vaccine formulations 

had been based on live attenuated/inactivated bacteria or virus. These vaccines generally 

induce strong humoral and cell-based immunity. Despite being highly immunogenic, these 

vaccines also induced unwanted side effects, raising safety concerns. Aditionally, 

attenuated vaccines have not been developed for many diseases such as HIV infection 

and malaria. HIV has been extremely challenging for vaccine development as the viral 

pathogenesis is via multiple forms and routes®®®. Another hurdle in vaccine development is 

development of malaria vaccines. The malaria parasite is a complex organism evolving 

through different genetic stages, which makes the process of determining when in the 

lifecycle to intervene, and how to target vaccine delivery and modulate immune 

responses, rather challenging®®^ ®®®. In the case of tuberculosis, even though a live- 

attenuated vaccine (BCG) has been available for over 80 years, BCG only protects 

against childhood forms of tuberculosis and fails to protect against pulmonary tuberculosis
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in adult populations. Additionally, its causative agent Mycobacterium tuberculosis can 

establish and maintain latency for many years by altering gene expression of the host, 

which possibly leads to changes in the antigenic repertoire displayed to the immune 
system^“. These limitations have led to initiatives to develop vaccines based on nonliving 

vaccine antigens, especially purified or recombinant subunit vaccines. While this type of 

vaccine is much less reactogenic and their component are clearly defined, they are also 

poorly immunogenic and require additional components to help stimulate protective 

immunity based on antibody and T cell mediated effector immunity.

There are two distinct reasons for the need of adjuvants in vaccine development; the first 

one is to enhance the ability of a vaccine to induce strong and durable immune 

responses. Adjuvants are currently used clinically to: (1) increase the response to a 

vaccine in the general population, increasing mean antibody titers and/or the size of the 

population that becomes protectively immunized; (2) increase seroconversion rates in 

populations with reduced responsiveness i.e. infants, the elderly, and immune- 

compromised individuals;(3) facilitate the use of smaller doses of antigen, the ability of an 

adjuvant to permit comparable responses with substantially lower amounts of antigen 

could be important if there was a need for urgent large-scale vaccination and limiting 

production facilities, as in the emergence of a pandemic influenza strain; and (4) permit 
immunization with fewer doses of vaccine, which reduces compliance issues and 

overcomes significant logistic challenges

The second reason for incorporating an adjuvant into a vaccine is to modulate the immune 

response. For vaccines currently under development, adjuvants are increasingly used to 

promote specific types of immunity. For example, adjuvants have been used in preclinical 

and clinical studies to: provide functionally appropriate types of immune response (e.g., 

Th1 cell versus Th2 cell, CD8+ versus CD4+ T cells, specific antibody isotypes); increase 
the generation of memory, especially T cell memory^°®'^°^; and the increase of the speed 

of initial response, which may be critical in a pandemic outbreak of infection^°®.

Very few vaccine adjuvants have been licensed for prophylaxis in human. Among them 

alum (aluminum salts) has been widely used for more than 70 years and until recently 

represented the only adjuvant approved in the United States. Oil in water emulsions 

(MF59 and AS03) are licensed for adjuvanted influenza vaccines in Europe. AS04, a 

combination adjuvant composed of monophosphoryl lipid A (MPL) adsorbed to alum is 

approved for HBV and HPV vaccines in Europe and has been recently licensed in the 
USA®°®.
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1.10.1 Alum.

Alum has been in use as an adjuvant for more than 80 years. In 1926, Alexander T. 

Glenny and colleagues reported that precipitation of antigen onto insoluble particles of 

aluminium potassium sulphate, known as 'potash alum', before immunization produced 

better antibody responses than soluble antigen alone, providing the first clue to the 
adjuvant properties of aluminium salts^°®. While there are many different alum 

compositions, nowadays aluminum hydroxide and aluminum phosphate are the most 

commonly used adjuvants. These aluminum salts increase stability and immunogenicity of 

antigens following adsorption onto the alum particulates. Alum is the most widely used 

adjuvant and is found in numerous vaccines , including hepatitis A virus (HAV), hepatitis B 

virus (HBV), human papilloma virus (HPV), Diptheria and Tetanus (DT), Haemophilus 
influenza type B (HIB) and pneumococcal conjugate vaccines®^®.

Despite decades of use, the exact mechanism of action of these aluminium salts has 

remained elusive. During Glenny’s original experiments it was observed that upon mixture 

of alum and the antigen, diphtheria toxoid, a precipitate was formed and the supernatant 

remained antigen free. This led to the idea that the antigen must be completely adsorbed 
by the adjuvant, in order to increase the immune responses®^\ Based on these 

observations it was suggested that particulate vaccine adjuvants worked by forming an 

antigen 'depot' at the site of injection, thereby prolonging the amount of time that cells of 

the immune system have to interact with the antigen. In contrast to the depot theory, 
antigen-aluminium salt nodules can be removed from the injection site with no subsequent 

effect on antibody titres®^®. Furthermore, biodistribution studies have shown that the 

majority of the antigen is rapidly cleared from the injection site within hours of 
immunisation®^®"®^®.

Several studies have now demonstrated that alum mediates immunostimulatory effects. In 

particular, alum induces a profoundly polarized Th2 cell response, with Th2 cell- 

dependent antibody isotypes, to nearly all protein antigens. The mechanism of this Th2 

bias is still unknown. However, previous studies have shown that the ability of aluminium- 
containing adjuvants to drive potent Th2 responses is independent of IL-4 and IL-6®’'®. 

Injection of alum has also been shown to increase the local production of pro- 

inflammatory mediators, including 11-1(3, CC-chemokine ligand 2 (CCL-2), CCL-11 and IL- 
5, as well as the recruitment of neutrophils and inflammatory monocytes®^^. The bias 

observed with alum-adjuvanted vaccines towards Th2 type responses also supports the 

idea that these adjuvants exert specific effects on the immune system.

One of the main attributes associated with alum as an adjuvant is its ability to strongly 

enhance humoral immunity. This enhancement in antibody responses has been shown to
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be independent of TLR signalling, particularly in its induction of antigen-specific IgE and 

lgG2 in wVo^^®. Even though our understanding of the mechanisms underlying the 

adjuvanticity of alum is incomplete, there have been reports suggesting a role for uric acid 

and the NLR protein NLRP3. It was demonstrated that alum injection results in the local 

release of uric acid, subsequently promoting the recruitment of inflammatory monocytes to 
the injection site^^®’^^°. Indeed, injection of uricase has been shown to block the 

immunopotentiating effect of alum administered by the intraperitoneal route^^°"^^^ The 

inflammatory DC found at the injection site were shown to play a key role in the activation 

of CD4'' T cells, suggesting that alum-mediated uric acid release is central to the 

promotion of cell-mediated responses by alum. Several studies have demonstrated the 

ability of alum to activate the NLRP3 inflammasome resulting in enhanced secretion of IL- 
ip320“322 -|-|.^jg process appears to involve phagocytosis of alum crystals, lysosomal 

rupture and release of cathepsin B into the cytoplasm, where the enzyme localizes at the 
site of caspase-1-associated inflammasome activity®^ ®^ In vivo studies have shown that 

NLRP3-deficient mice show a decrease in the secretion of antigen-specific IL-5 in local 

lymph nodes following immunisation with alum-adjuvanted Ova®^^. These studies suggest 

that in addition to uric acid, NLRP3 activation by alum may be a key step in the promotion 

of cell-mediated responses. Despite these studies the role of NLRP3 in alum-mediated 

enhancement of humoral responses is unresolved. Eisenbarth and colleagues have 

reported that NLRP3-deficient mice immunised with alum produce significantly less 
antigen-specific lgG1 and IgE, while lgG2 levels remain unaffected®^^. |n contrast to these 

findings, others have demonstrated that NLRP3- and caspase-1-deficient mice show no 

significant difference in antigen-specific IgGI, lgG2 and IgE levels when compared to wild 
type mice®^^ jhe exact explanation of this discrepancy is unclear and could be founded 

on differences in the experimental models used, or the existence of redundant pathways 

modulating the adjuvanticity of alum.

The key advantage of alum is that it has been used for over 80 years and has a proven 

safety record. However, pre-clinical and clinical studies have shown that alum is often less 

potent than other adjuvants, like oil in water emulsions, in inducing cellular immune 

responses. In addition, alum is a poor inducer of protective Thi associated immune 

responses, which are crucial for the development of vaccines against diseases such as 

tuberculosis, malaria and HIV, which require long lasting antibody responses along with 

potent cell-mediated immunity, based on CD4'" and CDS'" T cell responses^^''.
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1.10.2 Emulsions.

In the 1930s, Freund developed paraffin-oil-based emulsions with or without heat-killed 
Mycobacteria, producing Freund’s complete and incomplete adjuvants respectively^^^. 

Freund’s adjuvant is an example of a water-in-oil emulsion (W/0) which is made up of 

antigen-containing water droplets in a continuous oil phase. Oil-in-water emulsions (0/W) 
are composed of antigen in a water phase with oil droplets in the solution^^® . The most 

common used oils in W/0 emulsions are light mineral oils such as Drakeol 6 VR, Bayol F 

and Marcol 52. These are complex mixtures but usually contain varying proportions of 

paraffin and naphthene derivatives. Objection to the use of mineral oils for vaccines for 

food animals has led to the search for metabolizable alternatives. One of the preferred 

alternatives is Squalene, an intermediate in the biosynthesis of cholesterol.

A number of W/O formulations have been shown to be generally efficient adjuvants. The 

antigen must be located in the microdroplets of water within the oil phase, but such 

emulsions can be formed regardless of the size and charge of the antigen, provided it is 

water soluble. However it is argued that antigens may denature during the emulsification 

process and W/O emulsions are less suited for antigens where preservation of 
conformational epitopes is vitaP^^. W/O emulsions are highly efficient in inducing T cell 

responses and antibody responses to linear B cell epitopes. After injection, the antigen is 
continuosly sampled from the depot formed at the site by mononuclear cells^^®. 

0/W emulsions are generally less potent than W/O formulations, at least regarding the 
duration of the immune response®^®. In 0/W emulsions, hydrophobic and amphipathic 

antigens are presented in an organized particulate form, however it is believed that non

ionic co-polymers such as trehalose dimycolate (TDM) are essential for optimum antigen 
presentation®^''.

Herbert showed that oil-in-water emulsions have the ability to retain antigens at the site of 
injection, allowing prolonged exposure to the immune system®®®. 0/W emulsions have 

shown the best safety profile, while W/O emulsions have proven too toxic for human use, 
even though they are more efficient at enhancing immune responses®®'. Syntax adjuvant 

formulation or SAF, is an 0/W adjuvant developed in the 1980s as a possible replacement 

for Freund’s adjuvant. SAF contains the biodegradable oil squalene, but was too toxic for 

clinical use due to the presence of muramyl dipeptide and induced severe local 

reactogenicity in humans. The Ribi adjuvant system or RAS is a preformed 0/W emulsion 

containing various combinations of monophosphoryl lipid A (MPL), cell wall skeleton 

(CWS) and TDM, which like SAF only requires mixing with aqueous antigen. Aqueous 

forms of MPL generally stimulate antibody responses, and TDM and CWS tend to 
enhance cell mediated responses®®®.
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MF59 (Novartis) and AS03 (GlaxoSmithKline) are both OAA/ emulsions based on 

squalene, an oil that can be readily metabolized and both are present in approved H1N1 

pandemic flu vaccines As a result, there is a body of human data comparing flu 

vaccination with these adjuvants to the same vaccine without adjuvant or with alum^^^’^^^. 

Before the H1N1 pandemic flu outbreak, clinical trials demonstrated that avian H5 

pandemic flu vaccines containing an OAA/ emulsion are superior to alum-adjuvanted or 

non-adjuvanted H5 vaccines in the induction of protective antibody titers^^'*. In particular, 

AS03 and MF59 allow for increased seroconversion and cross-protection after only two 

doses^^®. These emulsions permit fewer doses, antigen dose sparing, and generate 

marked memory responses, with a mixed Th1-Th2 cell phenotype^^®.

The precise mechanism of MF59 adjuvanticity is still unclear. Studies conducted with 

fluorescently labelled MF59 have shown that 4 h after intramuscular administration, a 

mere 36% of injected adjuvant was still present in the muscle and that the peak of 

localization in the corresponding lymph nodes was reached 2 days after injection. Two 

days after intramuscular injection, MF59 localized in the draining lymph node was shown 

to be partially located in T-cell areas within lymph node-resident cells that had the 

characteristics of APC®®^. Although it is conventionally assumed that adjuvants act on DC, 

e.g., by providing danger signals, it has been shown that neither fresh myeloid DC nor 

monocyte-derived DC are very receptive to MF59. In contrast, it appears to intervene 

further upstream in the immune response, with an impact mainly on macrophages, 

monocytes, and granulocytes, on recruitment and on differentiation of precursors into 

qq338,339 Administration of MF59 also induced influx of macrophages at the site of 

injection. It has been previously established that chemokine C-C motif ligand 2 (CCL-2) is 

one of the key chemoattractants for monocytes into sites of inflammation .Moreover, 

macrophage influx at the site of administration after immunization with MF59, was 

significantly suppressed in mice deficient for chemokines receptor 2 (CCR2) This 

suggests that one of the effects of MF59 is to trigger the production of chemokine in cells 

resident at the injection site. Monocyte recruitment into peripheral tissue is followed by 

their rapid differentiation toward macrophages or toward DC. The factors that are decisive 

in the differentiation of monocytes into macrophages or DCs are under intense 

investigation. Proinflammatory cytokines like IL-6, LPS or other TLR agonists were shown 

to drive monocyte-differentiation toward macrophages and block DC development®®®. The 

macrophages generated in such conditions respond to strong inflammatory stimuli and 

amplify such signals by releasing cytokines like IL-1, IL-6, TNF-a, and IL-12®''®. However, 

in absence of other stimuli, MF59 induces phenotypic changes on monocyte differentiation 

that suggest a differentiation program towards immature DC®®®. In contrast to their control 

counterparts, these DC stimulate a slightly higher T cell proliferation and secretion of
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slightly more IFN-y and slightly less IL-5. This finding is in line with reports showing that 

MF59 enhances immune responses without a bias towards Thi orTh2^'’'*.

MF59 is a potent adjuvant with an acceptable safety record for use with human vaccines. 

More than 27 million doses have already been administered in humans and it has been 

shown both in animal models and humans to be a potent stimulator of the cellular and 

humoral immune response to a variety of antigens. Toxicology studies in animal models 

together with preclinical studies and clinical studies have shown MF59 to be a safe and 

potent vaccine adjuvant, resulting in the licensure of an MF59-adjuvanted influenza 
vaccine (Fluad®) in more than 20 countries^''®.

1.10.3 MPL.

Bacterial lipopolysaccharides have long been recognized as potent adjuvants, but their 

pyrogenic activity has precluded use as an adjuvant in man. Early work in LPS 

purification, led to the development of less toxic preparations of LPS, and ultimately to the 
detoxified derivative monophosphoryl lipid A (MPL)®"*®. MPL is isolated from the 

lipopolysaccharide (LPS) of Salmonella minnesota R595 and retains much of the 

immunostimulatory properties of the parent lipopolysaccharide without the inherent 
toxicity®'*^'®'’® . This is achieved by sequential acid and base hydrolysis to remove 

saccharide groups and all but one phosphate present in LPS®''®. The adjuvant effects of 

both LPS and MPL require TLR4®®°, and although TLR signaling may not be critical for 

enhanced antibody responses under all conditions®®®, TLR agonists do show particular 

promise as adjuvants promoting cytotoxic T cell activity. While both LPS and MPL signal 

via TLR4, MPL leads to signalling only through the TRIP adaptor, whereas LPS leads to 
TLR4 activation through both the TRIP and MyD88 pathways®®\ the latter pathway 

resulting in high levels of many inflammatory cytokines, prominently TNF-a. The 

recruitment of TRIP in MPL signalling was shown in an adoptive transfer experiment in 

which OVA-specific T cells from OT-I and OT-II mice were injected into MHC matched 

recipients, prior to immunisation with adjuvant plus OVA. In terms of cytokine responses, 

interleukin-10 (IL-10) production was strong in both MPLA- and LPS-adjuvanted mice. 

However, when grouped according to dependence on either of the two TLR4 signalling 

pathways, differences emerged.LPS induced the release of both MyD88-dependent 

mediators (IFN-y, IL-ip, IL-6 and MIP-1a) and TRIF-dependent mediators (G-CSF, IP-10, 

MCP-1, RANTES), whereas MPL induced mainly the latter®®® Furthermore, it is capable of 

up-regulating expression of human leukocyte antigen (HLA)-DR,CD83 and activation 

markers CD80, CD86, CD40 on dendritic cells in .
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MPL has also been used in combination with other adjuvants to develop novel adjuvant 

formulations. A combination of this TLR4 agonist with alum was developed by 

GlaxoSmithKline (GSK) named AS04. Recent studies to elucidate the mechanism of 

action of AS04 revealed a transient and local activation of NF-kB activity and cytokine 

production, thus providing an innate immune signal for optimal activation of APC^®® AS04 

is currently a component in two licensed vaccines, one against the cervical precancerous 

lesions and cancer containing virus-like particles (VLP) of the L1 protein from human 
papillomavirus (HPV)-16 and HPV-18 oncogenic strains of HPV (Cervarixf®® and the 

second against hepatitis B virus (Fendrix)^^^. A third vaccine against herpes simplex 2 

virus is in phase III clinical trials. Fendrix, which has been approved for use in Europe 

[392]., making MPL the first TLR ligand approved for use in humans as a vaccine 

adjuvant.

1.10.4 Saponins.

Saponins are believed to form the main constituents of many plant drugs and folk 
medicines, and have numerous pharmacological properties^®®. Notably, saponins can 

activate the mammalian immune system, which has led to significant interest in their 

potential as vaccine adjuvants. The adjuvant properties of saponins are mostly focused on 
the extracts derived from the bark of the South American tree Quillaja saponaria^^^^^\ 

The use of Q. saponaria extract as adjuvants began with experiments performed with an 

enriched mixture of saponins (Quil A) and it was shown that Quil A stimulated both 
humoral and cellular immunity ®®^. While being suitable for veterinary applications, Quil A 

was less acceptable for human applications as it causes local reactions, typically 

consisting of transient mild or moderate pain, tenderness, and induration. Aditionally, 

Quillaja saponins have serious drawbacks such as high toxicity, undesirable haemolytic 

effects and instability in aqueous phase, which limits their use as adjuvants in human 
vaccination®®®. The mechanism behind the adjuvanticity of Quil A remains to be clarified. 

However, it has been shown that Quil A can activate the NLRP3 inflammasome, 
suggesting a role for this NLR as a sensor for Quil A®®"*. Since Quil A was a heterogenous 

mixture of saponins it was possible that the various components may produce different 

levels of adjuvanticity and toxicity that could be exploited to produce useful adjuvants for 

human vaccines. Saponin fractions were isolated by RP-HPLC and it was demonstrated 

using bovine serum albumin as the antigen that 10 of the fractions including the major 

peaks QS-7, QS-17, QS-18, and QS-21 had adjuvant activity. While the adjuvant and 

physical properties of these saponins are similar, their toxicity varies considerably. QS-18 

is lethal in mice at doses as low as 25 pg, while QS-21 shows only some lethality at 500

51



This lead candidate saponin adjuvant, QS-21,has been included as adjuvant in 

vaccine formulations against HIV^®®, cancer^®^ and malaria^®® in human and respiratory 

syncytial virus®®®, and cytomegalovirus®®® in mice. In a study involving the synthetic 

malaria peptide vaccine in humans, it was reported that vaccine formulations containing 

QS-21 induced a 45- to over 200-fold increase in antigen-specific IgG titers over the alum 

formulation after the second and third doses, respectively®®^

QS-21 has also been used in vaccine formulations in combination with other adjuvants. 

The adjuvant AS02 developed by GSK combines an OAA/ emulsion with MPL and QS21 

and has been developed to promote strong T-cell responses in order to provide 

protection. Each component of AS02 is designed to exert a specific effect on the immune 

response: the 0/W emulsion for humoral and cellular responses, QS21 for antigen- 

specific CTL responses and MPL for the TLR4-dependent immune responses®®®. The 

AS02 adjuvant has been included in a vaccine candidate against malaria named RTS,S. 

This vaccine has been shown to confer protection to a significant number of volunteers as 

well as in malaria-exposed adults and children in Africa®^®.

ISCOMs (immune stimulating complexes) are spherical, micellar assemblies of 

approximately 40 nm. They are composed of Quil A, cholesterol and phospholipids and 

contain amphiphilic antigens like membrane proteins. Quil A molecules have, unlike 

phospholipids and cholesterol which are ‘bipolar’, three distinct areas with respect to 

polarity: hydrophilic-hydrophobic-hydrophilic. It is thought that this three-block structure 

enables the formation of non-bilayer structures like ISCOMs®^\ ISCOMATRIX™ is a 

particulate adjuvant comprising cholesterol, phospholipid and saponin but without antigen. 

It has essentially the same structure of ISCOMs. Antigens can be formulated with the 

ISCOMATRIX™ to produce ISCOMATRIX™ vaccines that can exert similar antigen 

presentation and immunomodulatory properties as ISCOMs, but with much broader 

application as they are not limited to hydrophobic membrane proteins®^®. ISCOMs and 

ISCOMATRIX™ combine the advantages of a particulate carrier system with the presence 

of a built-in adjuvant (Quil A). Critically, formulations of ISCOMs and ISCOMATRIX™ 

retain the adjuvant activity of Quil A, while increasing its stability, reducing its haemolytic 

activity, and producing less toxicity®^®.

ISCOMs and ISCOMATRIX™ vaccines have been shown in numerous studies to be 

potent inducers of both T-helper (CD4'^) and CTL (CDS'") T-cell responses to a wide 

variety of antigens including naturally occurring immunogens, recombinant proteins and 

peptides®^''. ISCOMs have been demonstrated to induce CD8+ MHC class I restricted CTL 

responses to a number of antigens after immunization by several different routes of 

administration. In studies which have included comparison with other adjuvants and
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delivery systems, ISCOMs vaccines have generally been superior at inducing cellular 

immune responses, in particular CTL In a study performed with an HCV

ISCOMATRIX™ vaccine in rhesus macaques, strong CD4+ and CD8+ T-cell responses 

against a broad range of epitopes were observed in 100% and 60% of vaccinated 

animals, respectively^^®. Strong cellular immune responses have also been shown in 

studies with ISCOM based vaccines against HIV-1 gp160 and Influenza®^®.

Due to their ability to rapidly generate antigen-specific CTL and T helper cell responses, 

ISCOM® and/or ISCOMATRIX™ vaccines have great potential as cancer therapeutics. 

ISCOMATRIX™ vaccines have been shown to mediate protection in a variety of murine 

tumour models. ISCOMs and ISCOMATRIX™ vaccines were evaluated using an OVA- 

expressing tumour cell line challenge mouse modeP®. While both vaccines reduced 

tumour size in mice, the ISCOMs vaccine elicited the strongest immune response as 

measured by CTL induction. However, the protection generated was tumour-specific and 

not cross-protective against different tumour cell lines®^^.

Although ISCOMs are potent enhancers of Th cells, they do not impose a bias to either a 

Thi or Th2 cell response. ISCOMs appear to destabilize the endosomal membrane, 

allowing greater cytoplasmic access for co-delivered antigens compared to other forms of 

antigen delivery®^®. Given that the induction of CTL responses generally requires that 

antigens are processed in the cell cytosol, and are presented in the context of MHC class 

I molecules, this might also explain the potency of ISCOMs in inducing strong CTL 

responses.

However, to date, no vaccine containing ISCOMs or ISCOMATRIX has been licensed for 

human use. Despite this, in clinical trials, over 1000 people have been injected intra

muscularly with ISCOM-based vaccines and it was reported that they were safe and 

generally well-tolerated and side effects were found to be self-limiting [438]. Several 

ISCOM-based vaccine formulations are currently in development, including viral proteins 

from influenza and purified recombinant proteins, such as human papiloma virus 16 (HPV) 

E6E7 fusion protein and NY-ESO-1, an antigen expressed in a wide variety of cancers.

1.10.5 Chitosan

Chitosan [(1-4) 2-amino 2-deoxy 3-D giucan], a copolymer of glucosamine and N- 

acetylglucosamine, is obtained by deacetylation of chitin, a naturally abundant polymer. 

The precursor for chitosan production is chitin, a linear polysaccharide which is one of the 

most abundant polysaccharides in nature and is derived from the exoskeleton of 

crustaceans®^®'®®®, and from fungi®®'' ®®®. Chitosan has been widely used as a biomaterial
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because of its biodegradability, biocompatibility, non-toxicity, and bioadhesive properties. 

This polymer and its derivatives have received increasing attention in biomedical research 

over the past decade and show an attractive safety profile as well as a range of 
possibilities for further modifications^^. Chitosan has also been approved by the US Food 

and Drug Administration, specifically for its use in hemostatic gauze dressings, and has 
been used in drug delivery, tissue engineering, and cosmetics^®'*'^®^.

The chemical groups in the structure of chitosan render it useful for pharmaceutical 

applications. The interaction of its protonated amine groups with cell membranes results in 

a reversible structural re-organization of tight junctions which is followed by their 

opening®®® Specifically, interaction between chitosan and epithelial cells induces a 

redistribution of cytoskeletal F-actin and the tight junction protein ZO-1 resulting in 

opening of cellular tight junctions, increasing the paracellular permeability of the 

epithelium®®^’®®®. Its cationic nature also makes chitosan an attractive candidate for 

interaction with mucosa. Ionic interactions between positively charged groups and the 

acidic sialic moieties of mucins can lead to strong mucoadhesion, an effect which is also 

seen with other, chemical groups that form hydrogen bonds with the mucus gel, such as 
hydroxyl, amine, sulphate and carboxyl groups, are present®®®.

Besides interacting with mucosal surfaces, chitosan may also stimulate the immune 

system. Early work on the immunological activity of several chitin derivatives in vivo, 

showed that partially deacetylated chitin was effective in the induction of cytotoxic 
macrophages after intraperitoneal administration in mice®®®. This polymer also increased 

survival in mice against bacterial infection with Vibrio vulnificus^^; 70% deacetylated chitin 

was shown to possess adjuvant activity for the induction of cytotoxic T cells and 

circulating antibody formation against bacterial a-amylase in mice and guinea pigs®®\ In 

other studies, this chitin derivative induced protection against Sendai virus when it was 
nasally administered prior to virus infection®®®. Another report demonstrated that only 

phagocytosable chitin or chitosan particles were able to induce significant IFN-y levels and 

alveolar macrophage priming after intravenous administration. Thus phagocytosis 
appeared to be very important for the activation of non-specific cell-mediated immunity®®®.

It was reported that chitosan mediated enhancement of humoral immune response is 
dependent on both antigen and chitosan being administered simultaneously®®'*. 

Furthermore, it was observed that a chitosan-polyvinyl pyrrolidone hydrogel, enhanced 
expression of CD11b, CD45 and CD14 on macrophages compared to controls®®.

From the above mentioned studies it can be concluded that the specific adjuvant activity 

of chitosan derivatives seems to be dependent on both the degree of deacetylation and 

the type of formulation. If phagocytosable chitosan particles are used, it may stimulate the
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activation of macrophages. Soluble and fully deacetylated chitosan may be less effective 

as an adjuvant^®''. However the mechanism underlying the induction of innate and 

adaptive immunity by chitosan is poorly understood and requires further research.

1.11 Aims and objectives.

One of the leading current vaccine strategies involves the combination of adjuvants with 

subunit antigens in order to ensure safety, reduce costs and enhance effectiveness. Alum 

is the most commonly used adjuvant, however it is a poor driver of adaptive cellular 

immune responses and mainly drives Th2 responses in its recipients. Diseases such as 

HIV, malaria and tuberculosis have sparked the need to develop adjuvants that can drive 

proinflammtory, particularly Thi and Th17 T cell responses, since this is key for protection 

against these maladies. The use of chitosan as a vaccine adjuvant has been mainly 

limited to mucosal immunizations, eliciting mostly antibody responses. However its unique 

characteristics suggest that chitosan either alone or with other adjuvants may also have 

potential as a driver of cellular immunity in injectable vaccines.

This project aims to address the following questions:

1. - Does chitosan modulate DC maturation and cytokine production?

2. - Can the potential of chitosan to modulate innate and adaptive immune responses be 

exploited to develop adjuvants that promote proinflammatory Thi and Thi7 responses?

3. - What are the receptors and signaling pathways engaged by chitosan based adjuvants 

in immune cells?

1.12 Hypothesis.

Chitosan modulates innate and adaptive immune responses and has potential as a 

vaccine adjuvant to promote cell mediated immunity.
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2. MATERIALS AND METHODS.

2.1 Mice.

BALB/c and C57BL/6 mice of 6-8 weeks of age were purchased from Harlan Olac 

(Bicester, U.K.). NLRP3''' mice were provided by Prof Jurg Tschopp and bred in the TCD 

Bioresources Unit. IFNARI'^' mice were provided by Colm Cunningham from Trinity 

College Institute of Neuroscience and bred in LUCE hall Bioresources Unit. Animals were 

maintained according to the regulations of the European Union and the Irish Department 

of Health.

2.2 NLRP3 mice genotyping.

In order to confirm the genotype of the NLRPS'^' mice bred in the TCD Bioresources unit, 

tissue samples were isolated from mice, DNA was extracted from the samples and PCR 
was performed to determine the NLRP3''' genotype according to the following procedure.

2.2.1 DNA Isolation.

Tissue samples were obtained from earpunches and these were incubated for 3 hrs at 

55°C in 500pl of tissue digestion buffer (see Appendix I A8) per sample. After this 500 pi 

of 1:1 phenol/chloroform was added to each of the samples and mixed by inversion for 5 

min. Then the samples were spun at 18000 g at room temperature for 1 min. Following 

centrifugation, the aqueous layer of the mixture was removed with a micropipette using a 

yellow tip with its distal 1 cm cut off. The DNA in the aqueous layer obtained from the 

previous step was precipitated by addition of 500 pi of isopropanol and mixture by 

inversion for 5 min. Then the samples were spun at 6000 g at room temperature for 30 s 

and the pellet was washed with 500 pi of 70% v/v ethanol in dH20. Following the wash 

with ethanol, cells were spun at 6000 g at room temperature for 30 s and the pellet was 

resuspended in 80 pi of MilNQ dH20. Finally, the samples were incubated at 65°C for 30 

min to evaporate any residual ethanol.
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2.2.2 PCR reaction and Electrophoresis.

The following reagents were used in the PCR reaction mix:

Reagent
Volume per sample 
(pl) Concentration

DNA template 1 -

Reaction buffer 5 -

MgCIa 2 25 mM

dNTP mix 4 2.5 mM

Forward primer 1 10 pM

Reverse primer 1 10 pM

Taq polymerase 0.25 5 U/ml

dHzO 10.75 -

Reaction buffer (5x Green GoTaq Flexi buffer), MgC^ (MgCIa mix) and Tag polymerase 

(GoTaq polymerase) were purchased from Promega. dNTP was used at 2.5mM each 

(A,C,T,G) and purchased from Bioline. Primers were purchased from Eurofins MWG 

Operon.

Primer sequence was obtained from®®.

Primer Sequence

Forward 

Reverse 1 

Reverse 2

5’-GCTCAGGACATACGTCTGGA-3’

5’-TGAGGTCCACATCTTCAAGG-3’

5’-TTGTAGTTGCCGTCGTCGTCCTT-3’
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The following PCR reaction program was followed

Temperature (°C) Time (s)

98 120

98 10

62 30

72 40

This was repeated for 34 cycles and the reaction was concluded with a final step at 72°C 

for 8 minutes. To separate the amplification products by eletrophoresis, a 1.5% w/v 

agarose gel with 1.7 pg/ml of ethidium bromide was prepared in TAE buffer, (see 

Appendix I A8). Finally the gel was placed in an agarose gel electrophoresis chamber, the 

amplification products were loaded in the lanes and the electrophoresis was run at 100V 

for 30 min.

2.3 Cell counts.

Cell viability was determined by trypan blue exclusion. A 10 pi sample of the cell 

suspension was loaded into a Hycor Glasstic counting slide (Hycor) and the number of 
viable cells was determined using a light microscope. The cell concentration was 

calculated using the following formula:

Number of cells/ml = viable cell number x 10'* x dilution factor.

2.4 Isolation and culture of murine bone marrow-derived dendritic cells.

Mice were sacrificed by cervical dislocation and bone marrow was isolated from the 

femurs and tibiae of mice using sterile dissection tools. The tissue was flushed out of the 

bones using a 27 gauge needle. Cell aggregates were disrupted by repeated passage 

through a 19 gauge needle. The cell suspension was centrifuged at 500 g at room 

temperature for 5 min and cell pellet was resuspended in 0.16M NH4CI solution for 2 

minutes to lyse red blood cells. The suspension was centrifuged at 500 g at room 

temperature for 5 min, the pellet was resuspended in 5 ml of medium and the cells were 
counted. Cells were seeded at 6.25 x 10® cells/ml in sterile plastic tissue culture flasks 

(Greiner Bio-one) in medium (see Appendix I A9) supplemented with granulocyte
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macrophage colony-stimulating factor (GM-CSF) at 20 ng/ml. Cell cultures were 

maintained in a humidified incubator at 37°C and 5% v/v CO2.

Three days after seeding, the cells were fed by addition of 30 ml of medium containing 

GM-CSF (20 ng/ml). On day 6, the medium was gently removed from the flasks, to which 

30 ml of pre-warmed phospate-buffered saline (PBS, Biosera) were added. The contents 

of the flasks were gently agitated and the PBS containing loosely adherent cells was 

transferred to 50 ml tubes containing 10 ml of medium. Then, 30 ml of pre-warmed 

ethylenediaminetetraacetic acid solution (EDTA solution. Sigma) were added to each 

flask, and these were incubated at 37° C in a CO2 incubator for 10 min. After incubation, 

the flask was agitated and the EDTA cell suspension was transferred to 50 ml tubes with 

10 ml of medium. Cell suspensions from both the PBS and EDTA washes were spun at 

500 g for 5 min and cell pellets were pooled in 10 ml of medium. Cells were counted using 

the trypan blue exclusion method and cells were seeded at 6.25 x 10^ cells/ml in medium 

supplemented with 20 ng/ml of GM-CSF.

On day 8, 30 ml of medium containing 20 ng/ml of GM-CSF were added to each flask. On 

day 10, loosely adherent cells were removed from the flasks by gentle pippeting and spun 

at 500 g for 5 min. The cell pellet was resuspended in 10 ml of medium and cells were 
counted by trypan blue exclusion. Then cells were plated in medium at either 6.25 x 10® or 

1x10® cells/ml with GM-CSF at 10 ng/ml in either 96 well plates or 12 well plates and left 

incubating overnight at 37° and 5% v/v CO2. Finally on day 11, cells were treated as 

required.

2.5 Culture of J558 cell line.

The J558 cell is a variant of the X63-Ags plasmacytoma cell line that has been transfected 

with a mammalian expression vector containing the mouse gene for granulocyte- 

monocyte colony stimulating factor (GM-CSF). These cells secrete large amounts of GM- 

CSF into their growth medium, which can be used to expand DC from bone marrow 

cultures.

Cells were thawed from frozen stocks (liquid nitrogen) and cultured in complete medium 

containing G418 (Geneticin, Gibco) at 1 mg/ml for two passages at 37° and 5% v/v CO2. 
After the second passage, cells were washed in complete medium, re-seeded at 1 x 10® 

cells/ml and cultured for 5 days. After this, the cell line was re-seeded at a lower 

concentration (2.5 x 10® cells/ml) for future passages. From each passage until passage
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number nine, supernatants were collected and the GM-CSF concentration was quantified 

by ELISA (R & D Systems).

2.6 Preparation of chitosan solutions for in vitro and in vivo use.

Chitosan chloride (Ultrapure PROTASAN CL213, Novamatrix, Norway) was dissolved in 

sterile phospate-buffered saline (PBS, Biosera) at 37°C for 2h in a water bath. This 

solution was prepared to a concentration of 10 mg/ml and was used as a stock solution. 

For in vitro experiments, the stock solution was diluted with sterile phospate-buffered 

saline (PBS, Biosera) to a concentration of 1 mg/ml. For in vivo experiments, mice were 

injected with solutions containing the corresponding antigen concentration as well as 100 

pi of the chitosan stock solution (1 mg of chitosan) per mouse.

When combined with TLR agonists for its use in vitro, chitosan was mixed together with 

the corresponding TLR ligand before use in dendritic cell stimulation. Similarly, the 

combination of CpG-chitosan used in vaccination studies was produced by mixing CpG 

with chitosan together with the corresponding antigen.

2.7 Detection of cytokine production by ELISA (Enzyme-linked Immunosorbent 
Assay).

Purified anti-cytokine antibody was added (40 pl/well) to the wells of 96 well high binding 

ELISA plates (Greiner Bio-One) and incubated at 4'’C overnight. Plates were washed 4 

times with wash buffer (see Appendix I A10). After this, non specific antibody interactions 

were blocked by incubating the plates for 2hrs at room temperature with 100 pl/well of the 

corresponding blocking solution (see Appendix I A10). After the incubation with blocking 

solution, plates were washed 4 times and 40 pi of cell supernatant, medium or cytokine 

standard was added to each well. Medium alone was added to 3 wells in each plate to act 

as a negative control for the assay. In order to generate a standard curve for cytokine 

concentrations, recombinant mouse cytokines were serially diluted in doubling dilutions 

across 12 wells in triplicate. Once the plates were loaded with samples and standard, 

plates were incubated at 4°C overnight. The next day, plates were washed 4 times and 

incubated with 40 pl/well of detection antibody at room temperature for Ihr (iL-6 and IL- 

12p40) or 2hrs (IL-1a, IL-ip, IL-10, IL-12p70, and IL-23). The plates were washed 4 times 

and 40 pl/well Streptavidin Horseradish Peroxidase solution (see Appendix I A7) was
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added to the plate and incubated in the dark at room temperature for 20 min. Plates were 

washed 4 times and incubated with 40 pl/well of developing solution (see Appendix I A10). 

The enzymatic reaction was stopped by addition of 20 pl/well of Stop solution (see 

Appendix I A10). Finally absorbance was measured at 492nm in a microplate reader 

(Multiskan FC, Thermo Scientific) and cytokine concentration was calculated by 

interpolation of absorbance values from the cytokine standard curve.

2.8 Determination of IFN-p mRNA expression by qPCR.

DC from C57BL/6 or Dectin-T^' mice (1 x 10® cells/ml) were plated on 12 well plates and 

stimulated with chitosan. After incubation at 37°C and 5% v/v CO2, from 1 to 48 hrs, 

supernatants were discarded and cells were scraped off the plate and resuspended in 

lysis buffer (Roche). Total RNA was isolated from cells using High Pure RNA isolation kit 

(Roche) and following the manufacturer’s recommendations. RNA samples were stored at 

-80°C. Once RNA was isolated, Reverse Transcriptase PCR (RT-PCR) was performed to 
obtain cDNA from RNA samples. cDNA was synthesized using the following reagents:

Reagent Volume (pi) Concentra on

Sample/dHzO 5 -
Primer 0.5 0. 5 pg/pl
Reverse Transcriptase 2 2000 U/pl

dNTPs 2 2.5 mM (each)
Ribonuclease inhibitor 0.25 40 U/pl

cDNA was synthesized with random hexamer (0.5 ug/ul) as primer (Eurofins MWG 

Operon). Reverse transcriptase (m-MLV RT H (-) point mutant, Promega) was used at 

2000 U/pl. Deoxynucleoside triphosphate mix i.e. A,C,T,G (dNTPs, Bioline) were used at 

2.5mM each. RnaseOUT (invitrogen) was used as the ribonuclease inhibitor. RT-PCR 

included a dH20 (replacing sample) control and a control without reverse transcriptase. 

Once all components were added to 0.2 ml tubes, the reaction was run at 25°C for 10 

min, then at 42°C for 40 min and finally at 95°C for 3 minutes in a thermal cycler (Thermo 

Hybaid PxE, Thermo Scientific). The obtained cDNA was stored at -20°C for later use in 

the qPCR reaction. qPCR was performed in Thermofast 96 well qPCR plates (Thermo
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Scientific) using reagents from a GoTaq qPCR master mix kit (Promega) and a qPCR 

thermal cycler (7500 Fast Real-time PCR System, Applied Biosystems).

The following reagents were used in the qPCR reaction mix.

Reagent Volume (p.l)

cDNA 1

Forward primer 0.5

Reverse primer 0.5

GoTaq qPCR 2.5

dH20 5.5

Primers were added at 5 pmol/pl and the following sequences were used for their design.

Gene Forward Primer Reverse Primer
p-actin
IFN-3

5’-TCCAGCCTTCCTTCTTGGGT-3’
5’-ATGGTGGTCCGAGCAGAGAT-3’

5’-GCACTGTGTTGGCATAGAGGTC-3’
5’-CCACCACTCATTCTGAGGCA-3’

All primers were directed against mouse genes and designed to be intron-spanning to 

avoid amplification of genomic DNA. They were purchased from Eurofins MWG Operon. 

The qPCR reaction was run at 95°C for 20 sec, then 95°C for 3 sec and 60°C for 40 

cycles.

Relative quantification (RQ) was performed using the Applied Biosystems 7500 Fast 

System Software v.1.3.1 and the comparative Ct method. Calculations were based on 

comparing the cycle numbers, where fluorescence crossed a certain threshold (Ct). Low 

Ct values represent a high expression of target mRNA. To eliminate variations in cDNA 

input sample concentration, each target sample was normalised to the reference gene p- 

actin as an internal control using the following equation:

Act — Cttarget " Ctp-actin
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Next, the the target gene expression relative to the mean of the control sample (e.g. 

unstimulated cells) was determined;

^Ctmean control ~ (ACtcontroll ^Ctcontrol2 ^Ctcontrois)

AACt = Act - ACtmean control

RQ =

The mean RQ values were calculated from three biological replicates and presented as 

fold induction relative to the control sample (set to 1). The standard deviation was 

displayed by the error bar and was calculated by the GraphPad Prism 5 software.

2.9 IFN-p ELISA.

Purified anti-IFN-P antibody (IFN-p Coating Antibody, rat, #sc-57201, Santa Cruz 

Biotechnologies) was diluted in carbonate buffer (1/1000 dilution, see Appendix I A10) 

was added (40 pl/well) to the wells of 96 well high binding ELISA plates (Greiner Bio-One) 

and incubated at 4°C overnight. Plates were washed 4 times with wash buffer (see 

Appendix I A10). After this, non specific antibody interactions were blocked by incubating 

the plates for 2hrs at 37°C withlOO pl/well of 10% FCS/PBS. After the incubation with 

blocking solution, plates were washed 4 times and 40 pi of cell supernatant, medium or 

cytokine standard was added to each well. Medium alone was added to 3 wells in each 

plate to act as a negative control for the assay. In order to generate a standard curve for 

IFN-P concentrations, recombinant IFN-P (Murine recombinant IFN-p, Alpha 

Technologies) were serially diluted in doubling dilutions across 12 wells in triplicate 

starting from 5 U/ml of IFN-p. Once the plates were loaded with samples and standard, 

plates were incubated at 4°C overnight. The next day, plates were washed 4 times and 

incubated with 40 pl/well of diluted (1/2000 dilution in 10% FCS/PBS) IFN-P detection 

antibody (Murine IFN-P Detection Antibody, rabbit, #32400-1, PBL Interferon Source) and 

incubated at 4°C overnight. The plates were washed 4 times and 40 pl/well of diluted 

(1/2000 in 10% FCS/PBS) was added to the plate and incubated in the dark at room 

temperature for 20 min. Plates were washed 4 times and incubated with 40 pl/well of 

TMB developing solution (see Appendix I A10). The enzymatic reaction was stopped by

63



addition of 20 |il/well of Stop solution (see Appendix I A10). Finally absorbance was 

measured at 450nm in a microplate reader (Multiskan FC, Thermo Scientific) and IFN-3 

concentration was calculated by interpolation of absorbance values from the IFN-P 

standard curve.

2.10 Vaccination protocol and tissue isolation.

C57BL/6, NLRPS'^', or IFNAR’^' mice were immunized intraperitoneally with antigen alone 

(OVA or FI1), with CpG (50 pg), chitosan (Img) or with CpG and chitosan (1 mg chitosan 

+ 50 pg CpG) on days 1 and 21. T cell responses were measured from restimulated cells 

isolated from peritoneal exudates (PECs), mediastinal lymph nodes, spleens and 

mesenteric lymph nodes from mice 7 days after boost. In particular mediastial lymph 

nodes were examined in light of a study by Kool et al which showed that the mediastinal 

lymph nodes drain the peritoneal cavity after intraperitoneal injection^®®. The time point for 

tissue isolation (7 days after boost) was chosen following previous studies that have 

evaluated T cell responses after intraperitoneal vaccination 7 days after boost^®®'^®^. 

Restimulation of isolated cells was performed by culturing cells in the presence of antigen, 

anti-CD3 antibody or anti-CD3 and phorbol 12-myristate 13-acetate (PMA) for 72 h. PMA 

is an activator of protein kinase C (PKC) and was chosen as an inducer of non-specific T 

cell responses due to its ability to mimic early signal transduction pathways and activate T 

cells to secrete large quantities of interleukin-2 (IL-2) and to proliferate®®®.

2.11 Determination of antibody end point titer by ELISA.

Antigen coating solution (50 pl/well) (see Appendix I A10) was added onto the wells of 

Medium binding 96 well ELISA plates (Greiner Bio-One) and incubated at 4°C overnight. 

Plates were washed 4 times with wash buffer. Non specific antibody interactions were 

blocked by incubating the plates for 2hrs at room temperature with 100 pl/well of 10% w/w 

Skimmed milk (Fluka) in PBS. After the incubation with blocking solution, plates were 

washed 4 times with wash buffer and 50 pi of diluted serum sample or PBS were added to 

each well. Samples were diluted across the plate in 12 consecutive doubling dilutions. 

Samples were added; the plates were covered in tin foil and incubated at 37°C for 2 hrs. 

Plates were washed 4 times and 50 pl/well of biotinylated antibody was added at the 

appropriate concentration (see Appendix I A5) to each well and plates were incubated at 

37°C for Ihr. Following this, plates were washed 4 times and then incubated for 20 min at
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room temperature in the dark with 50 pl/well of Streptavidin Horseradish Peroxidase 

solution at 0.7 pg/ml (Xtravidin, Sigma). Then, plates were washed 4 times and incubated 

with 50 pl/well of developing solution (see Appendix I A10). The enzymatic reaction was 

stopped by the addition of 20 pl/well of 1M H2SO4. Finally the absorbance was measured 

at 492nm in a microplate reader (Multiskan FC, Thermo Scientific).

To determine the end point antibody titers, best fit linear regression curves were 

calculated for the absorbance values obtained for each serum titration. These curves were 

extrapolated to find their intersect point with the titration from sera obtained from PBS 

immunized mice. These points were used to find the corresponding dilution at which the 

absorbance values reached PBS control levels.

2.12 Flow cytometry.

Fluorochrome staining compensations were prepared using Anti-Rat and Anti-Hamster Igx 

Negative Control Compensation Particles (BD). To distinguish auto-fluorescent cells from 

cells expressing low levels of individual surface markers, thresholds for auto fluoresce 

were established by staining samples with fluorescence-minus-one (FMO) control stain 

sets in which a fluorochrome for a channel of interest was omitted.

Single cell suspensions were analyzed using a BD Canto II flow cytometer. In all prepared 

samples debris was excluded by analyzing FSC-A vs. SSC-A plots and all debris were 

excluded from further analysis. To exclude artifacts caused by cell doublets, cells were 

analyzed on FSC-A vs. FSC-H plot. Samples were acquired using FACSCanto II (BD 

Biosciences) and data were analyzed using FlowJo software.

2.12.1 Flow cytometric analysis of intracellular cytokine staining after 

immunization.

Cells were isolated from peritoneal exudates or from spleen of immunized mice. The cell 

suspension was centrifuged at 1200rpm at room temperature for 5 min and cell pellet was 

resuspended in 0.16M NH4CI solution for 2 minutes to lyse red blood cells After 
determination of cell numbers via trypan blue exclusion, 1x10® cells/ml were plated in 96 

well plates containing HI at 2 pg/ml and incubated at 37°C and 5% v/v CO2 for one hour. 

Brefeldin A (Sigma) was added at a final concentration of 7.5 pg/ml and cells were further 

incubated at 37°C and 5% v/v CO2 for 5 hours. Cell suspensions were centrifuged at 500
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g for 5 min and washed with FACS buffer. Cells were resuspended in 50pl of FACS buffer 

and incubated at 4°C for 10 minutes with anti-CD16/CD32 monoclonal antibodies to block 

FcyRII/III. Cells were then stained with fluorochrome-labelled antibodies against surface 

markers diluted in 50pl of FACS buffer, at at 4°C for 30 min in the dark. After 30 minutes, 

cells were washed with 200^1 per well of FACS buffer and resuspended in 50 pi per well 

of fixative (Reagent A, ADG fix and perm kit, Austria). Cell suspension was incubated for 

at room temperature for 15 min. Cells were washed with FACS buffer and resuspended in 

50 pi per well of permeabilization reagent (Reagent B, ADG fix and perm kit, Austria) 

containing fluorochrome-labelled antibodies against cytokines and incubated at 4°C for 15 

min in the dark. Cells were washed in FACS buffer, spun at 1200rpm at room temperature 

for 5 min and resuspended in 100 pi of FACS buffer before being analyzed by flow 

cytometry.

2.12.2 Detection of cell surface marker expression by flow cytometry.

DC from C57BL/6 mice (1 x 10® cells/ml) were plated in wells of 12 well plates and 

stimulated with adjuvant or medium only. After 24 hours, supernantants were discarded 

and cells were scraped off the plate, transferred to FACS tubes and resuspended in FACS 

buffer. Non specific binding was blocked by the addition of purified anti-mouse 

CD16/CD32 at 2.5 pg/ml and incubated at 4°C for 10 min. Cells were stained with anti 

mouse CD80-FITC, CD86-PE, I-A/I-E-A780, CD40-APC and CDIIc -PerCPCy5.5 (see 
Appendix I A3) and incubated at 4°C for 30 minutes. Following this incubation, cells were 

washed with 2 ml of FACS buffer, centrifuged at 500 g at room temperature for 5 min and 

later resuspended in 200 pi of FACS buffer (see Appendix I A11).

2.13 Endotoxin removal from OVA.

Endotoxin levels in commercially available OVA are high enough that they induce immune 

responses that may mask the effect of other compounds used during in vitro and in vivo 

studies. Therefore endotoxin was removed from OVA before it was injected into mice.

Detoxi-Gel™ endotoxin removing kit (Thermo Scientific) was used according to the 

manufacturer’s recommendations as outlined below. The Detoxi-Gel™ resin column was 

regenerated by washing the resin bed with 5 bed volumes (1 ml each) of 0.22 Sodium 

Deoxycholate, followed by 5 bed volumes of pyrogen-free distilled FI2O (Baxter) to remove 

the detergent. After the regeneration, the OVA solution was added to the columns. The
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first bed volume of eluent was discarded as this represents the bed volume of water used 

previously to remove the sodium deoxycholate solution.

The OVA solution was run sequentially three times, through three columns. Following 

elution of the OVA solution, the column was washed with one bed volume of pyrogen-free 

H2O to collect any residual OVA left in the resin. The protein concentration of the OVA 

solution was determined with a bicinchoninic acid assay kit (BOA assay kit. Thermo 

Scientific).

2.13.1 Endotoxin concentration determination.

Endotoxin levels in the OVA solution were measured using PyroGene recombinant factor 

0 assay (Lonza). The following procedure was carried out according to the manufacturer’s 

recommendations

An endotoxin standard provided with the was vortexed for 5 min, and then serial dilutions 

ranging from 10 EU/ml to 0.01 EU/ml were prepared. After bringing all reagents to room 

temperature, 100 pi of standards and samples were added in triplicate to a 96 well plate. 

Samples were spiked with 1 EL) of endotoxin/ml. The plate was then incubated at 37°C 

for 10 min. During the incubation, the working reagent was prepared from the FC enzyme 

solution, assay buffer and substrate provided with the kit. 100 pi of this reagent were 

added per well. Fluorescence was read at time zero and the plate was incubated at 37°C 

for Ihr. After this incubation the fluorescence was measured again and the results were 

analysed using Softmax Pro software. A standard curve was generated and this was used 

to determine endotoxin concentrations in the samples.

2,14 Statistics.

Statistical analyses were performed using Prism 5 software (Graphpad Software). 

Statistical differences between experimental and control groups were determined by one

way ANOVA. Where significant differences were found, the Tukey-Kramer multiple 

comparisons test was used to identify differences between individual groups. P- values of 

0.05 or less were considered to be significant.
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3. Evaluation of the immunostimulatorv potential of
chitosan in vitro.

3.1 Introduction.

Chitosan [(1-4) 2-amino 2-deoxy P-D glucan], is a copolymer of glucosamine and N- 

acetylglucosamine produced from the deacetylation of chitin. Chitin is the second most 

abundant polysaccharide in nature, cellulose being the most abundant, and is found in the 
exoskeleton of Crustacea, insects, and some fungi^^^. Recent interest in applications 

involving chitosan has been driven by its availability from an abundant renewable 

resource, and the evidence that it is non-toxic and biocompatible. The US Food and Drug 

Administration has approved its use in hemostatic gauze dressings as well as other 
applications including drug delivery, gene therapy, tissue engineering, and cosmetics^®^.

The first use of chitosan as an adjuvant dates to the early 1980s, with initial experiments 

showing enhanced helper T cell function and NK cell activity following injection of chitosan 
into mice and guinea pigs®®®.However chitosan currently finds its main application as an 

adjuvant in the development of mucosal vaccines. Chitosan is a cationic polymer and this 

makes it particularly attractive as a mucosal adjuvant. Ionic interactions between positively 

charged groups on chitosan and the acidic sialic acid moieties of mucins can lead to 
strong mucoadhesion®®''. Moreover, interaction between chitosan and epithelial cells 

induces a redistribution of cytoskeletal F-actin and the tight junction protein ZO-1, 

resulting in the opening of cellular tight junctions and increasing the paracellular 
permeability of the epithelium®®'*.

In contrast to chitosan, alum has been employed clinically as an adjuvant for almost a 

century. In 1926, Alexander T. Glenny and colleagues reported that precipitation of 

tetanus toxoid with aluminium potassium sulphate, known as 'potash alum', before 

immunization elicited stronger humoral responses than antigen alone, providing the first 
indication of the adjuvant properties of aluminium salts®®®. The increased stability and 

immunogenicity of antigens combined with alum has resulted in the widespread use of 

alum in vaccine formulations, including hepatitis A virus (HAV), hepatitis B virus (HBV), 

human papilloma virus (HPV), Diptheria and Tetanus (DT), Haemophilus influenza type B 
(HIB) and pneumococcal conjugate vaccines'*®®.

Despite its widespread use, the mechanism of alum adjuvanticity is not fully understood. 

In vitro, alum is unable to induce increased expression of costimulatory molecules or

detectable secretion of T cell polarizing cytokines by DC401 However, it has been 
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documented that alum can promote the production of prostaglandin by macrophages'*®^. 

Prostaglandins are lipid compounds derived from fatty acid metabolism and are involved 

in the modulation of inflammatory responses. Specifically alum is known to induce 

prostaglandin E2 (PGE2) which has been shown to suppress Th1 type responses in both 

DC and macrophages by elevating intracellular cAMP concentrations and inhibiting the 

production of IL-12 and IFN-y'*®^. Even though alum is known to promote Th2 responses, 

its effect on cytokine production by APC is indirect. On its own, alum does not induce 

cytokine production but it can induce IL-ip and IL-18 processing in DC previously primed 
with TLR agonists®^^.

The immunomodulatory effects of chitosan have been the subject of recent studies. 

Chitosan treatment induced IL-8 secretion by the neutrophil cell line HL60-PMN cells in 
vitro*°^. IL-8 is a potent neutrophil chemotactic factor, which suggests that chitosan may 

mediate neutrophil-dependent inflammation. Additionally chitosan has been shown to 

induce chemokine secretion, specifically MIP-1a and RANTES in primary bone marrow- 

derived macrophages'*®'*.

The production of mature IL-ip by macrophages treated with either alum or chitosan has 

been reported and in both cases this was dependent on activation of the NLRP3 
inflammasome®®^. The inflammasomes comprise multiprotein scaffolds formed from an 

NLR protein, an adaptor protein and the protease caspase-1. Once activated, caspase-1 

cleaves the precursors of the cytokines IL-1p and IL-18, which ultimately leads to their 

secretion in their active form and initiates a proinflammatory response®"*. In particular, the 

NLRP3 inflammasome is composed of the NLRP3 protein, the adaptor protein ASC and 

caspase-1. Activation of the NLRP3 inflammasome can be triggered by a myriad of 

stimuli. Endogenous stimuli such as uric acid crystals, cholesterol, and amyloid deposits; 

exogenous particulate matter such as asbestos, silica crystals and aluminium salts; and 

microbial stimuli such as bacterial RNA, LPS and pore forming toxins can successfully 
activate the NLRP3 inflammasome'*®®. Alterations in cell homeostasis have also been 

shown to play a role in NLRP3 activation, including lysosomal damage and activity of the 
lysosomal cysteine protein, cathepsin B®®. Specifically, mitochondrial damage is involved 

in NLRP3 activation. Mitochondrial disruption is an important source of intracellular 

reactive oxygen species (ROS). Dostert and colleagues have shown that ROS generated 
by NADPH oxidases are implicated in NLRP3 activation®*.Given the diverse origin of 

NLRP3 activators it has been suggested that NLRP3 does not interact directly with these 

agonists, but that the process most likely involves an intermediate messenger elicited by 

these activating compounds. The current dogma describes caspase-1 activation via 

NLRP3 as a two-step process in which an initial signal induces upregulation of NLRP3

and pro-IL-ip, and signal 2 induces NLRP3 activation leading to IL-ip processing and its
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subsequent release. However, the mechanism behind NLRP3 activation, and the nature 

of the signal that links the initial stimulus with activation remains to be identified.

The aims of this chapter are as follows:

- To determine the optimal concentration of chitosan and TLR agonists required for 

the induction of Th1/Th17 polarizing cytokines in DC.

To compare the efficacy of chitosan and alum in DC activation, either alone or in 

the presence of TLR agonists.

- To investigate the role for NLRP3 in the modulating effects of chitosan on DC and 

its mechanism in CpG-chitosan mediated effects on cytokine production by DC in 

vitro.
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3.2 Results

3.2.1 Chitosan enhances TLR agonist mediated production of cytokines in DC.

The first step in the study of the immunostimulatory potential of chitosan was to assess its 

ability to induce cytokine production by DC. For that purpose, DC were stimulated with 

either chitosan (2 pg/ml) alone or in combination with a TLR agonist. A panel of varied 

TLR agonists was used i.e. Pam3CSK4 (TLR1/2), zymosan (TLR2), poly l:C (TLR3), 

R837 (TLR 7/8) and CpG (TLR 9). Additionally a broad range of concentrations, spanning 

a 100-fold difference between the highest and the lowest, was used with each of the TLR 

agonists.

Treatment of DC with chitosan alone did not induce appreciable IL-1a levels, similar to 

what was observed for medium treated cells (Fig 3.1). Low levels of IL-1a secretion were 

observed in TLR agonist only stimulated cells, with the highest inducer of IL-1a being 

zymosan at 100 pg/ml. However, the combination of TLR agonists and chitosan 

significantly enhanced IL-1 a production compared to TLR agonist alone. This effect was 

observed with all the TLR agonists assayed. There was a clear dose-response in cells 

treated with chitosan and LPS or CpG at all the TLR agonist concentrations tested.

Similar to the effects of chitosan on IL-1 a secretion, chitosan had no effect on IL-ip 

production by DC when administered alone (Fig 3.2). In general, TLR agonists alone had 

a moderate effect on IL-ip secretion. Pam3CSK4 and R837 induced IL-ip secretion at the 

highest concentrations tested (200 ng/ml and 10 pg/ml respectively), while CpG induced 

IL-ip secretion across the complete range of concentrations tested (0.4-40 pg/ml). 

Nonetheless, IL-ip secretion by DC was greatly enhanced in cells treated with each TLR 

agonist, in combination with chitosan (Fig. 3.2). Chitosan enhanced Pam3CSK4 and CpG 

induced IL-ip secretion at all concentrations tested. Conversely, poly l:C treated cells 

showed chitosan-mediated enhancement only at 4 pg/ml, while chitosan further enhanced 

zymosan induced IL-ip production at 20 pg/ml and 2 pg/ml. While R837 strongly 

promoted IL-ip secretion at 10 pg/ml, this was further enhanced by chitosan.

In the case of IL-6, there was no detectable cytokine secretion by DC treated with 

zymosan at 0.2 pg/ml, or poly l:C at 0.4 pg/ml, while all other TLR agonists at all 

concentrations tested induced IL-6 (Fig. 3.3). However, in contrast to its effect on IL-1, 

chitosan did not significantly enhance DC IL-6 production with any of the TLR ligands 

tested (Fig 3.3).
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As with IL-6 and in contrast to IL-1, chitosan did not generally enhance TLR induced 

secretion of IL-10. In fact TLR agonist induced IL-10 secretion was significantly reduced 

by chitosan in the case of zymosan at 20 i^g/ml (Fig. 3.4), though it did not alter IL-10 

secretion induced by the other TLR agonists assayed.

Treatment of DC with both TLR ligands and chitosan produced varied effects on IL-12p40 

production, depending on the TLR agonist (Fig 3.5). IL-12p40 was induced by treatment 

with TLR agonist alone at the two highest concentrations and for all TLR agonists tested 

when combined with chitosan. Zymosan + chitosan induced (20 pg/ml) production of IL- 

12p40 was reduced when compared to the TLR agonist alone. In the case of poly l:C at 4 

pg/ml, R837 at 10 and 1 pg/ml, and CpG at 40 and 4 pg/ml, chitosan did not significantly 

alter IL-12p40 secretion.

In the case of IL-12p70 production by DC, the effects of chitosan varied depending on the 

TLR agonist and its concentration (Fig 3.6). Pam3CSK4, zymosan, and Poly l:C, induced 

IL-12p70 at all concentrations tested, and co-treatment with chitosan produced 

comparable results. IL-12p70 production by DC was enhanced in cells treated with R837 

(1 pg/ml) and particularly with CpG (4 pg/ml) when combined with chitosan (Fig. 3.6). As 

in the case of IL-12p70, chitosan selectively enhanced TLR agonist-induced IL-23 

production by DC (Fig 3.7). An increase in cytokine production was seen in cells treated 

with Pam3CSK4 (200 ng/ml) and chitosan when compared to the TLR agonist alone. This 

effect was maintained at a lower concentration of Pam3CSK4 (20 ng/ml). The same effect 

was also observed with the two highest concentrations of CpG used (40 and 4 pg/ml); 

however, only treatment with CpG at 4 pg/ml induced a statistically significant increase 

compared to control. Conversely there was a reduction in the secretion of IL-23 by cells 

stimulated with poly l;C at 40 pg/ml, while IL-23 production was unaffected by chitosan 

and R837 treatment at all concentrations tested (10, 1 and 0.1 pg/ml). No IL-23 production 

was detected in cell cultures treated with zymosan (20, 2 and 0.2 pg/ml).

Based on these preliminary findings, the optimal concentrations of a range of TLR 

agonists were incubated with DC (Pam3CSK4 at 20 ng/ml, zymosan at 20 pg/ml, poly l:C 

at 40 pg/ml, R837 at 1 pg/ml and CpG at 4 pg/ml) alone or in combination with chitosan (2 

pg/ml). As observed in the previous experiments, secretion of both IL-1a and IL-ip by DC 

was enhanced following treatment with chitosan and TLR agonist, in comparison to 

treatment with TLR agonist alone (Fig. 3.8). Chitosan enhanced IL-1 secretion by DC 

when combined with all TLR agonists tested, with the exception of poly l:C at 40 pg/ml 

(Fig. 3.8). IL-6 secretion was significantly increased in cells treated with Pam3CSK4 (20 

ng/ml) and chitosan, compared to cells treated with Pam3CSK4 alone. Conversely, IL-6
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secretion by DC was significantly reduced following treatment with both poly 1:C (40 pg/ml) 

and chitosan when compared to poly l:C alone. DC treated with all other TLR agonists 

and chitosan (zymosan at 20 pg/ml, R837 at 1 pg/ml and CpG at 4 pg/ml) secreted similar 

levels of IL-6 to DC treated with TLR agonist alone (Fig. 3.8).

IL-12p40 production by DC remained comparable to controls when treated with chitosan 

and Pam3CSK4 (20 ng/ml), zymosan (20 pg/ml), poly l:C (40 pg/ml) and R837 (1 pg/ml). 

In a similar manner, secretion of IL-12p40 by DC incubated with chitosan and CpG (4 

pg/ml) resembled levels induced by TLR agonist alone (Fig. 3.8).Similarly, treatment of 

DC with chitosan + Pam3CSK4 (20 ng/ml), zymosan (20 pg/ml) or poly l:C (40 pg/ml) had 

no significant effect on IL-12p70 production when compared to treatment with TLR 

agonist alone. In contrast, treatment with R837 (1 pg/ml) + chitosan or CpG (4 pg/ml) + 

chitosan enhanced IL-12p70 secretion by DC when compared to the TLR agonist alone 

(Fig. 3.8).

Finally in the case of IL-23, there was no detectable cytokine production by cells treated 

with chitosan + zymosan (20 pg/ml), while IL-23 levels were reduced in DC cultures 

treated with chitosan + poly l:C (40 pg/ml) (Fig. 3.8). Collectively these studies on cytokine 

secretion show that while treatment of DC with chitosan alone does not induce cytokine 

secretion, when used in combination with TLR agonists it significantly modulates cytokine 

production. Of all the TLR ligands analysed, CpG (4 pg/ml) appeared to be the optimal 

ligand to combine with chitosan (2 pg/ml) in order to promote the secretion of Th1 and 

Th17 cell polarizing cytokines IL-1a, IL-ip, IL-12p70 and IL-23.

In order to determine whether lower concentrations of CpG could also promote of 
Th1/Th17 polarizing cytokines in combination with chitosan, a broad range of CpG 

concentrations (0.4 ng/ml - 4 pg/ml, +/- chitosan) were incubated with DC for 24 After 24 

hrs supernatants were collected and cytokine concentrations were determined by ELISA. 

Similar to the results obtained in previous experiments, CpG-chitosan enhanced cytokine 

secretion by DC (Fig. 3.9). In most cases the higher CpG concentrations (0.4 and 4 pg/ml) 

were more effective, yet concentrations of CpG as low as 0.04 pg/ml were able to induce 

IL-12p40 secretion (Fig. 3.9). Chitosan was most effective at promoting IL-1p secretion, 

but IL-12p70 and IL-23 production were also clearly enhanced, while IL-6 secretion levels 

were comparable between CpG only and CpG-chitosan treated cells (Fig. 3.9).
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3.2.2 Alum inhibits but chitosan enhances CpG-induced IL-12 and IL23.

The data described in the previous section show that chitosan enhances TLR-mediated 

cytokine production by DC. However, to assess whether these effects are specific to 

chitosan or are shared with other particulates, DC were stimulated with CpG (4 pg/ml) 

together with either alum or chitosan. In these studies the range of concentrations of the 

particulates was extended across 6 doubling dilutions; with alum starting at 5mM and 

chitosan at 2 pg/ml. After 24 hours, supernatants of the stimulated cell cultures were 

collected and cytokine concentrations was evaluated.

Both alum and chitosan enhanced CpG-mediated IL-1a secretion (Fig 3.10). While alum 

enhanced IL-1a production above control levels at concentrations as low as 0.63 mM, 

chitosan exerted a similar effect at 63 ng/ml. However, in the case of CpG-mediated IL-6 

production, alum exerted a significantly suppressive effect at concentrations as low as 

1.25 mM (Fig 3.1 OA). Conversely chitosan did not suppress CpG-mediated IL-6 

production at any of the concentrations tested (Fig 3.1 OB). There was also a striking 

difference between chitosan and alum in terms of their effect on CpG-induced IL-23 

production. Alum (2.5 and 5 mM) significantly suppressed IL-23 production. At 

concentrations of alum lower than 2.5 mM, IL-23 secretion was comparable to that seen 

with CpG alone. In contrast to alum, chitosan significantly enhanced IL-23 secretion by 

CpG-treated cells (Fig 3.1 OB). Moreover, the chitosan-mediated enhancement of IL-23 

secretion was detected over a range of concentrations (from 0.5 pg /ml to 2 pg/ml).

In the case of IL-12p40, alum at 2.5mM significantly decreased CpG-induced cytokine 

production when compared to CpG alone (Fig 3.11). At concentrations lower than 2.5 mM, 

alum stimulated cells secreted IL-12p40 at a level similar to that of control cells (Fig 

3.11A). Conversely, chitosan did not discernibly enhance CpG-mediated IL-12p40 

secretion, nor did it suppress it. This was consistent across the complete range of 

concentrations tested (16 ng/ml to 2 pg/ml). Alum also suppressed CpG-mediated 

secretion of IL-12p70, yet unlike its effect on IL-12p40, alum exerted a striking dose 

dependent inhibitory effect on IL-12p70 secretion (Fig 3.11 A). In contrast, chitosan did not 

suppress IL-12p70 secretion when used at concentrations between 16 ng/ml and 2 pg/ml 

(Fig3.11B).

Collectively these data show that while CpG-chitosan can enhance CpG mediated 

production of IL-1, IL-6, IL-12 and IL-23, alum strongly inhibits CpG-induced IL-12, IL-6 

and IL-23 secretion. This suggests that chitosan has a distinct advantage over alum in 

promoting Th1/Th17 polarising cytokine secretion by DC.
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3.2.3 The chitosan-mediated enhancement of IL-1p secretion is NLRP3-dependent.

Having established that chitosan enhances TLR-induced cytokine secretion, including the 

proinflammatory cytokine IL-1p, experiments were conducted to dissect its mechanism of 

action. Firstly, to determine if the IL-ip enhancing effect of chitosan was limited to co

stimulation with TLR agonists, the effect of chitosan on NLR agonist-induced cytokine 

secretion was investigated. DC were stimulated with MDP (NOD2 agonist, 2 pg/ml) or 

MtriDAP (NOD1 agonist, 20 pg/ml) either alone or in combination with chitosan (2 pg/ml) 

(Fig 3.12). Chitosan enhanced NLR agonist-mediated IL-ip secretion, albeit to a lesser 

extent when compared to its effect in combination with TLR agonists. The combination of 

MtriDAP and chitosan induced an increase in IL-ip production when compared to 

MtriDAP alone (Fig. 3.12). A similar effect was observed with the combination of chitosan 

and MDP, although the magnitude of the enhancement was less dramatic than previously 

seen. In contrast to what was observed with TLR ligand-stimulation, IL-6 secretion was 

significantly enhanced when cells were stimulated with NLR agonists and chitosan; MDP 

and chitosan induced greater production of IL-6 than MtriDAP with chitosan (Fig. 3.12). 

These data show that chitosan not only enhances pro-inflammatory cytokine secretion 

when used with TLR agonists, but it also plays a role in upregulating NLR-mediated IL-ip 

secretion.

To dissect the mechanisms behind the IL-1 enhancement induced by chitosan, the role for 

NLRP3 in both IL-ip and IL-1 a secretion was evaluated. DC from both WT and NLRP3‘'‘ 

mice were stimulated with CpG alone or in combination with chitosan. Stimulation with 

chitosan alone was insufficient to induce IL-1 production by DC, but CpG-chitosan 

induced IL-1 a secretion was significantly higher than that observed in cells treated with 

CpG alone (Fig. 3.13A). In the case of NLRP3'''DC, IL-1a production in response to CpG- 

chitosan was unaffected and comparable to that observed in WT DC (Fig 3.13A). Similar 

to what was observed for IL-1 a, IL-ip secretion was also increased in Chitosan-CpG 

stimulated WT cells. However, this effect was abrogated in the NLRP3'^' DC cultures (Fig 

3.13B).

The role for NLRP3 in the CpG-chitosan mediated enhancement in IL-ip production was 

not limited to these stimuli. A panel of TLR/NLR agonists was used to stimulate DC alone 

or in combination with chitosan. Specifically Pam3CSK4 (TLR1), zymosan (TLR2), poly 

l:C (TLR3), MPLA (TLR4), R837 (TLR7), R848 (TLR8), CpG (TLR9) and MDP(NOD2) (Fig 

3.14). Confirming previously observed effects, IL-ip production was dramatically 

increased in WT cells treated with TLR/NLR agonists and chitosan. The effect on IL-ip 

secretion was not as striking for NLR agonist stimulated cells as it was for TLR agonist
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treated cells. Pam3CSK4 and poly l:C were the strongest inducers of IL-ip, while MPLA 

had a moderate effect by comparison. The chitosan mediated effect on IL-1p secretion 

was greatly reduced in NLRP3T DC. Additionally, secretion of IL-1p in response to the 

potent NLRP3 activator LPS+ATP was also abrogated (Fig. 3.14). Hence, the evidence 

points to a defined role for the NLRP3 inflammasome in CpG-chitosan induced production 

of IL-ip.

3.2.4 Cpg-chitosan induced inflammasome activation is dependent on efflux and 

cathepsin B.

To determine the mechanism of NLRP3 activation by CpG-chitosan, cells were stimulated 

with CpG-chitosan in the presence of an array of NLRP3 activation inhibitors. The 

phagocytosis inhibitor, cytochalasin D (5mM, Fig 3.15A) significantly decreased IL-ip 

production in CpG-chitosan treated DC. In an equivalent manner, inhibiting intracellular 

potassium efflux by supplementing cell culture media with KCI (50 mM) also reduced the 

chitosan mediated effect on enhancement of IL-ip secretion (Fig 3.15B). Lysosomal 

acidification has also been described to play a role in NLRP3 activation. Treatment of DC 

with the lysosomal acidification inhibitor bafilomycin A (250nM) significantly suppressed 

the enhancement in IL-ip secretion induced by CpG-chitosan (Fig 3.16A). Similarly, 

inhibition of the lysosomal cysteine protease, cathepsin B, through treatment with CA-074- 

Me (10 pM) also prevented the increase in CpG-chitosan induced IL-ip secretion (Fig 

3.16B). In contrast the reactive oxygen species (ROS) inhibitor N-acetyl-L-cysteine 

(25mM) did not significantly modify the chitosan mediated IL-ip production.

Collectively these data help to clarify the mechanism behind the CpG-chitosan induced 

enhancement of IL-ip production by DC. The results clearly indicate a role for NLRP3, 

which is not limited to stimulation of DC by CpG-chitosan, but is also involved in the 

activation of DC by chitosan and other TLR/NLR agonists. Moreover, this NLRP3 

inflammasome-dependent effect relies on activation via cathepsin B, phagocytosis, 

lysosomal acidification and potassium efflux but is independent of ROS.
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Figure 3.1; Chitosan significantly enhances TLR agonist mediated production of IL-1a 
in DC.

Chitosan (2 pg/ml) was added to C57BL/6 DC alone or in combination with different TLR 
agonists at a range of concentrations; Pam3CSK4 (20-2000 ng/ml), zymosan (1-100 pg/ml), 
poly l:C (0.4- 40 pg/ml), R837 (0.1-10 pg/ml) or CpG (0.4- 40 pg/ml). Supernatants were 
collected after 24hr and IL-1a determined by ELISA. Chitosan + TLR agonist versus TLR 
agonist, *** p<0.001. ). Data are shown as mean ± SEM for triplicate samples. Data 
representative of 3 independent experiments.
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Figure 3.2: Chitosan significantly enhances TLR agonist mediated production of IL-ip 
in DC.

Chitosan (2 pg/ml) was incubated with C57BL/6 DC alone or in combination with different TLR 
agonists at a range of concentrations: Pam3CSK4 (2-200 ng/ml), zymosan (0.2-20 pg/ml), 
poly l:C (0.4- 40 pg/ml), R837 (0.1-10 pg/ml) or CpG (0.4- 40 pg/ml). Supernatants were 
collected after 24hr and IL-ip determined by ELISA. Chitosan + TLR agonist versus TLR 
agonist,*** p<0.001. Data are shown as mean ± SEM for triplicate samples. Data 
representative of 3 independent experiments.
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Figure 3.3: Chitosan does not significantly modulate TLR agonist mediated production 
of IL-6 by DC.

Chitosan (2 pg/ml) was incubated with C57BL/6 DC alone or in combination with different TLR 
agonists at a range of concentrations: Pam3CSK4 (2-200 ng/ml), zymosan (0.2-20 pg/ml), 
poly l;C (0.4- 40 pg/ml), R837 (0.1-10 pg/ml) or CpG (0.4- 40 pg/ml). Supernatants were 
collected after 24hr and IL-6 determined by ELISA. Chitosan + TLR agonist versus TLR 
agonist, * p<0.05, ** p<0.01, *** p<0.001. Data are shown as mean ± SEM for triplicate 
samples. Data representative of 3 independent experiments.
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Figure 3.4; Chitosan does not enhance TLR agonist mediated production of IL-10 by 
DC.

Chitosan (2 pg/ml) was incubated with C57BL/6 DC alone or in combination with different TLR 
agonists at a range of concentrations; Pam3CSK4 (2-200 ng/ml), zymosan (0.2-20 pg/ml), 
poly l:C (0.4- 40 pg/ml), R837 (0.1-10 pg/ml) or CpG (0.4- 40 pg/ml). Supernatants were 
collected after 24hr and IL-10 determined by ELISA. Chitosan + TLR agonist versus TLR 
agonist, *** p<0.001. Data are shown as mean ± SEM for triplicate samples. Data 
representative of 3 independent experiments.
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Figure 3.5: Chitosan does not significantly enhance TLR agonist mediated production 
of IL-12p40 by DC.

Chitosan (2 pg/ml) was added to C57BL/6 DC alone or in combination with different TLR 
agonists at a range of concentrations: Pam3CSK4 (2-200 ng/ml), zymosan (0.2-20 pg/ml), 
poly l:C (0.4- 40 pg/ml), R837 (0.1-10 pg/ml) or CpG (0.4- 40 pg/ml)- Supernatants were 
collected after 24hr and IL-12p40 determined by ELISA. Chitosan + TLR agonist vs TLR 
agonist, * p<0.05, ** p<0.01, *** p<0.001. Data are shown as mean ± SEM for triplicate 
samples. Data representative of 3 independent experiments.
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Figure 3.6: Chitosan significantly enhances TLR agonist mediated production of IL-12p70 
by DC.

Chitosan (2 pg/ml) was added to C57BL/6 DC alone or in combination with different TLR 
agonists at a range of concentrations: Pam3CSK4 (2-200 ng/ml), zymosan (0.2-20 pg/ml), poly 
l:C (0.4- 40 pg/ml), R837 (0.1-10 pg/ml) or CpG (0.4- 40 pg/ml). Supernatants were collected 
after 24hr and IL-12p70 determined by ELISA. Chitosan + TLR agonist versus TLR agonist, ** 
p<0.01. Data are shown as mean ± SEM for triplicate samples. Data representative of 3 
independent experiments.
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Figure 3.7; Chitosan significantly enhances TLR agonist mediated production of IL-23 by 
DC.

Chitosan (2 pg/ml) was added to C57BL/6 DC alone or in combination with different TLR 
agonists at a range of concentrations: Pam3CSK4 (2-200 ng/ml), zymosan (0.2-20 pg/ml), poly 
l:C (0.4- 40 pg/ml), R837 (0.1-10 pg/ml) or CpG (0.4- 40 pg/ml). Supernatants were collected 
after 24hr and IL-23 determined by ELISA. Chitosan + TLR agonist versus TLR agonist, *** 
p<0.001. Data are shown as mean ± SEM for triplicate samples. Data representative of 3 
independent experiments.
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Figure 3.8: Chitosan selectively enhances TLR agonist mediated production of cytokines 
by DC

Chitosan (2pg/ml) was added to C57BL/6 DC alone or in combination with different TLR 
agonists: Pam3CSK4 (20 ng/ml), zymosan (20 pg/ml), poly l:C (40 pg/ml), R837 (1 pg/ml) or 
CpG (4 pg/ml). Supernatants were collected after 24hr and cytokines determined by ELISA. 
Chitosan + TLR agonist versus TLR agonist, * p<0.05, ** p<0.01, *** p<0.001. Data are shown 
as mean ± SEM for triplicate samples. Data representative of 3 independent experiments.
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Figure 3.9: Chitosan enhances CpG mediated production of cytokines by DC at a range 
of CpG concentrations.

Chitosan (Zpg/ml) was added to C57BL/6 DC alone or in combination with CpG (0.4 ng/ml - 4 
pg/ml). Supernatants were collected after 24hr and cytokines determined by ELISA. Chitosan 
+ CpG versus CpG, *** p<0.001. Data are shown as mean ± SEM for triplicate samples. Data 
representative of 3 independent experiments.
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Figure 3.10: In contrast to alum, chitosan does not suppress CpG-mediated 
production of IL-6 and IL-23 by DC.

C57BL/6 DC (6.25 xIO® cells/ml) were stimulated with CpG (4 pg/ml) and (A) alum or (B) 
chitosan. Particles were titrated in two-fold decreasing concentrations within a range of 
0.16mM to 5mM (alum) and 0.063 pg/ml to 2 |ig/ml (chitosan). Supernatants were collected 
after 24 hrs and IL-1a,IL-6 and IL-23 levels were determined by ELISA. CpG + alum or CpG 
+ chitosan versus CpG, * p<0.05, ** p<0.01, *** p<0.001. Data are shown as mean ± SEM 
for triplicate samples. Data representative of 3 independent experiments.
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Figure 3.11; In contrast to chitosan, alum significantly inhibits IL-12 secretion by DC.

DC were stimulated with CpG (4 pg/ml) alone or together with alum (A) or chitosan (B). IL- 
12p70 and IL-12p40 concentrations were determined in 24 h supernatants by ELISA. CpG + 
alum or CpG + chitosan versus CpG, *p<0.05, ***p<0.001. Data are shown as mean ± SEM 
for triplicate samples. Data representative of 3 independent experiments.
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Figure 3.12: Chitosan enhances NLR agonist mediated IL-ip and IL-6 production.

DC from Balb/c mice (6.25 x 10® cells/ml) were treated with chitosan (2 |ig/ml) one hour prior 
to stimulation with MDP (2 pg/ml) or MtriDAP (20 pg/ml). After 24 hrs of incubation, 
supernatants were collected and assayed for IL-ip by ELISA. Chitosan + NLR agonist versus 
NLR agonist, * p<0.05, *** p<0.001. Data are shown as mean ± SEM for triplicate samples. 
Data representative of 3 independent experiments.
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Figure 3.13: In contrast to IL-ip, the CpG-Chitosan mediated increase of IL-1a 
secretion is NLRP3 independent.

DC from C57BL76 or NLRP3'^' mice were incubated with chitosan (2|ig/ml), CpG (4|ig/ml) or 
chitosan (2ng/ml) and CpG (4pg/ml). After 24hr, supernatants were collected and (A) IL-1a 
and (B) IL-ip concentrations were determined by ELISA.WT CpG versus WT CpG-chitosan, 
###p<0.001.WT CpG-chitosan versus NLRP3'^' CpG-chitosan, ***p<0.001. Data are shown 
as mean ± SEM for triplicate samples. Data representative of 3 independent experiments.
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Figure 3.14; Chitosan synergises with TLR/NLR agonists to promote secretion of IL- 
ip in a NLRP3 dependent manner.

DC from C57BL/6 or NLRP3'^' mice were incubated with TLR or NLR agonists alone or 
together with chitosan (2^g/ml). CpG (40 ug/ml), MDP (20 ug/ml), MPLA (100 ng/ml), 
PamSCSK (200 ng/ml), Poly l:C (40 ug/ml), R837 (10 ug/ml), R848 (4.5 ug/ml) or Zymosan 
(20 ug/ml). Cells were primed with LPS (5 ng/ml) for 23 hrs and were stimulated with 5mM 
ATP for an hour before supernatants were collected (LPS + ATP). For all other stimulations, 
24hr supernatants were collected and IL-ip concentrations were determined by ELISA. Data 
are shown as mean ± SEM for triplicate samples.
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Figure 3.15: Inhibitors of efflux and phagocytosis reduce CpG-chitosan induced IL- 
ip secretion.

DC were pretreated with (A) cytochalasin D (5mM) for 1h prior to stimulation with CpG 
(4pg/ml), chitosan (2pg/ml) or CpG-chitosan (CpG 4pg/ml + chitosan 2pg/ml). CpG + 
chitosan versus CpG + chitosan + cytochalasin D, *** p<0.001. (B) DC were incubated with 
complete RPMI medium alone or supplemented with KCI (50 mM) for 30 min before 
addition of CpG (4 pg/ml), chitosan (2 pg/ml) or CpG (4pg/ml) + chitosan (2pg/ml). CpG + 
chitosan versus CpG + chitosan + KCI, *** p<0.001. Data are shown as mean ± SEM for 
triplicate samples. Data representative of 3 independent experiments.
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Figure 3.16; CpG-chitosan mediated IL-ip secretion by DC is dependent on lysosomal 
acidification and cathepsin B activity, but not on reactive oxygen species

DC were pretreated with (A) bafilomycin A (250 nM), (B)the cathepsin B inhibitor CA-074- 
Me (10 pM) or (C) N-acetyl-L-cysteine (NAC) (25mM) for for 1h prior to stimulation with 
CpG (4pg/ml), chitosan (2pg/ml) or CpG-chitosan (CpG 4pg/ml + chitosan 2pg/ml). CpG + 
chitosan versus CpG + chitosan + bafilomycin A, *** p<0.001. CpG + chitosan versus CpG + 
chitosan + CA-074-Me, *** p<0.001. CpG + chitosan vesus CpG + chitosan + NAC, *** 
p<0.001. Data are shown as mean ± SEM for triplicate samples. Data representative of 3 
independent experiments.
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3.3 Discussion.

Most purified protein and peptide antigens are poorly immunogenic, so adjuvants must be 

included in vaccines to induce and direct adaptive immune responses. Particulate 

adjuvants include alum, calcium phosphate and emulsions and are the most commonly 

used vaccine adjuvants'*”®. Chitosan exhibits great potential as a particulate adjuvant 

because of its history of clinical use, biocompatibility and documented ability to induce 

innate immune responses. However the mechanism by which chitosan modulates immune 

responses is poorly understood. Chitosan alone does not have an appreciable effect on 

cytokine secretion by DC and requires combination with a TLR agonist. However, in 

combination with TLR agonists, chitosan significantly enhances secretion of cytokines by 

DC. Chitosan in combination with a range of TLR agonists resulted in enhanced IL-1a and 

IL-1(3 secretion. In contrast to the other TLR ligands, R837 has been documented to 

induce IL-1(3 in a NLRP3 dependent manner in both peritoneal and bone marrow-derived 
macrophages'*”^. In this study, R837 induced IL-1P secretion was further enhanced by 

chitosan, suggesting that chitosan could augment NLRP3 inflammasome activation by its 

agonists. Both Pam3CSK4 and zymosan are TLR2 ligands, yet only zymosan at high 

concentrations was able to induce IL-1a secretion in the absence of chitosan. However, 
when combined with chitosan, both TLR2 agonists induced significantly increased IL-1a 

production. This is possibly explained by the complex nature of zymosan as a PAMP. 

Both chitosan and zymosan are p-glucans and while no specific receptor has been 

identified for chitosan, zymosan has a dual role as a PAMP since it engages both TLR2 

and the C-type Lectin receptor Dectin-1. Furthermore, Adachi and colleagues showed that 
co-ligation of TLR-2 and Dectin-1 by zymosan induced enhanced NF-kB activation in 

HEK293 cells'*”®. This suggests that co-ligation of PRR may be responsible for increased 

IL-1 secretion and perhaps explains the amplification of IL-1 production by TLR2 agonist 

Pam3CSK4 and chitosan. While chitosan significantly enhanced both zymosan and 

Pam3CSK4 induced IL-lp secretion, these ligands failed to enhance IL-12p70. In 

contrast, the combination of chitosan and CpG, and to a lesser degree R837, had the 

ability to enhance IL-1, IL-12 and IL-23 production. Collectively, the effects observed in 

DC stimulated with CpG and chitosan show a synergistic increase on secretion of IL-1, IL- 

12 and IL-23, which is possibly due to simultaneous engagement of multiple PRR; 

specifically TLR and a yet unidentified CLR responsible for the recognition of the P-glucan 

chitosan.

Among the main cellular innate host defense mechanisms are phagocytosis and killing of 

bacteria and fungi by neutrophilic granulocytes, monocytes, and macrophages and the
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lysis of viral-infected cells. Upon recognition of a microorganism, proinflammatory 

cytokines such as TNF-a, IFN-y, IL-18, and IL-1|3 are secreted by immune cells. The IL-1 

family, most notably IL-1P, plays a very important role in antimicrobial host defense. IL-1 a 

and IL-ip, which both signal via IL-1R1, initiate the release of other proinflammatory 

cytokines such as TNF-a and IL-6, and can promote a Th17 biased cellular adaptive 

responses^”®. As with other particles like alum, chitosan enhanced the secretion of IL-1 a 

and IL-p when used in combination with TLR agonists. The ability of alum to promote IL-1 

has been previously reported^^^‘'°®, but its suppressive effect on the secretion of IL-6, IL- 

12 and IL-23 is a novel finding. A recent report has shown that alum-induced inhibition of 
IL-12 is dependent on PIS kinase‘*^°. However, the suppression of IL-6 and IL-23 with 

concomitant release of IL-1 may be due to cell death, since this process has been shown 

to induce release of IL-1

Inflammasome activation is vital for the processing of prolL-ip into its active form. Its 

activation induces auto-catalytic cleavage of procaspase-1 into active caspase-1, which in 

turn, cleaves the pro-forms of both IL-lp and IL-18 into their active forms.

As mentioned previously, the NLRP3 inflammsome is activated by a plethora of stimuli of 

both endogenous and exogenous nature. The latter aid in understanding how particulate 

vaccine adjuvants can induce NLRP3 mediated inflammation. Sharp and colleagues have 

shown that the particulate adjuvant, polystyrene and poly(lactide-co-glycolide) 
microparticles activate the NLRP3 inflammasome'’^^. However, particle-induced IL-ip 

secretion required the presence of a TLR agonist, while TLR agonists alone are generally 

poor drivers of IL-ip and do not induce direct NLRP3 activation. Thus the current dogma 

is that activation of the NLRP3 inflammasome requires two signals. The first signal is 

induced by an endogenous or microbial molecule that activates NF-kB and promotes 

NLRP3 expression. The second signal is elicited by particulate matter, certain pore
forming toxins or ATP and culminates in NLRP3 activation'’”®. CpG-chitosan induced 

secretion of IL-ip was dependent on NLRP3 while NLRP3 was not required for IL-1 a 

production by CpG-chitosan. This confirms previous reports that state that IL-ip but not 

IL-1 a is a target for processing by caspase-1'””. The events following NLRP3 

inflammasome activation are well described, but the exact mechanism that triggers its 

activation is unclear. Several processes such as lysosomal disruption, extracellular ATP, 

changes in cytosolic ionic concentrations, disruption of phagocytosis and production of 

reactive oxygen species (ROS) have been implicated in NLRP3 activation. Lysosomal 

disruption in the form of destabilization of the acidic lysosomal compartment induced by 

bafilomycin, and inhibition of the lysosomal cysteine protease cathepsin B, abrogated 

CpG-chitosan induced increase of IL-ip production. Similar results were observed by
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inhibiting potassium efflux via potassium supplementation of the cell culture meclia®\ IL-1(3 

production induced by CpG-chitosan was also reduced by inhibiting of phagocytosis with 

cytochalasin D. Conversely the ROS inhibitor N-acetyl-L-cysteine did not reduce the CpG- 

chitosan mediated effect on IL-1P secretion. Collectively these findings suggest that the 

enhancement of IL-1P production and NLRP3 activation induced by CpG-chitosan is 

dependent on potassium efflux, phagocytosis and lysosomal maturation, while being 

independent of ROS production. Notwithstanding, these results should be interpreted with 

caution. Supplementation of cell culture media with KCI prevents potassium efflux, but 

also affects extracellular sodium homeostasis. Extracellular sodium has also been 

reported to be a requirement for NLRP3 activation''^'*, thus it is not trivial to discern if the 

activation of NLRP3 is due to elevated levels of potassium or the low levels of 

extracellular sodium. Outputs for cathepsin B inhibition should also be interpreted with 

caution given that cathepsin B-deficient mice show no defect in particulate-induced 
activation of NLRP3''*®. ROS production has been implicated in NLRP3 activation and this 

process was blocked by using ROS scavengers and NADPH-oxidase inhibitors®*. 

Specifically, thioredoxin-interaction protein (TXNIP) has been proposed as a direct NLRP3 
activator following induction of ROS®^, but these findings have yet to be independently 

confirmed and there is evidence that ROS scavengers may interfere with NLRP3 
inflammasome priming rather than activation'**®.Collectively assessing the mechanisms 

involved in NLRP3 inflammasome activation, it is tempting to hypothesize that its 

activation is a process induced by cellular stress. Most likely this involves a combination of 

different activating stimuli that induce distinct signals, ultimately leading to activation of the 

inflammasome.

In conclusion the unique ability of chitosan to enhance CpG-induced secretion of IL-1, IL- 

12 and IL-23 underscores its potential as a Th1/Th17 driving adjuvant. Its ability to induce 

expression of costimulatory molecules, and in combination with CpG, to enhance 

secretion of IL-1, IL-12 and IL-23, underscores the potential of CpG-chitosan as a 

Thi/Thi7-driving adjuvant. This possibility is addressed in Chapter 4.
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4. Effects of vaccination with chitosan on the adaptive
immune response.

4.1 Introduction.

The results discussed in the previous chapter highlight the immunostimulatory potential of 

chitosan. Specifically, the chitosan-mediated enhancement of TLR agonist-driven 

secretion of the Th1/Th17 polarizing cytokines IL-1, IL-12 and IL-23 by DC indicate the 

potential of this adjuvant as a driver of cellular immunity. In particular chitosan may induce 

Th1 responses, due to its enhancing effect on IL-12, as well as Th17 responses, given 

that it enhances the secretion of the Th17-polarizing cytokines IL-1 and IL-23 by DC. 

Studies on the immunological activity of several chitin derivatives in vivo have mostly 

centered on mucosal vaccination. For example, chitosan has been shown to promote 

protective immunity in mice against Sendai virus when administered nasally prior to virus 
infection^®”. However, chitosan-mediated effects on the immune response following 

vaccination are not limited to mucosal studies. Wen and colleagues reported that 

subcutaneous injection with OVA and chitosan resulted in enhanced antigen-specific IFN- 

Y production when compared to injection of antigen alone'*^^.

Whilst the documented potential of chitosan as an experimental vaccine adjuvant is clear, 

direct comparison with a clinically approved adjuvant is required to fully gauge its potency 

and to assess the nature of the response induced. Alum has been used successfully in 

vaccines for almost 90 years, including those against hepatitis A virus, hepatitis B virus, 

human papiloma virus, diphtheria, tetanus and pneumococcal disease. In fact, alum is 
present in over 50% of the vaccines listed by the World Health Organization (WHO)^^°. 

Alum strongly promotes antigen-specific antibodies, thus alum-adjuvanted vaccines are 

most effective against diseases where neutralising antibodies are required for protection. 

However, alum is regarded as a poor inducer of cellular immune responses and therefore 

unsuitable for vaccines against HIV, malaria or tuberculosis, where strong cell-mediated 
responses are essential for protective immunity^®^. The fact that chitosan promotes 

secretion of Th1/Th17-polarising cytokines is suggestive of a greater ability to promote 

cellular immune responses than alum.

While studies with the model antigen OVA can provide a valuable indication of the 

potential of an adjuvant in vaccine formulations, it is important to investigate adjuvant 

efficacy in combination with an antigen that allows for future development in established
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infection models. In the current study, the use of the Hybrid 1 (H1) TB antigen provided a 

valuable means to assess the ability of chitosan to promote Th1/Th17 responses, which is 

relevant given the requirement for cellular responses for protection against infection with 

Mycobacterium tuberculosis'^^^. The Hybrid-1 antigen (H1) is a fusion protein of two 

immunodominant antigens from M. tuberculosis: Ag85B and the 6-kDA early secretory 

antigenic target (ESAT-6). In combination with the adjuvant IC31, this antigen has been 

shown to drive Thi responses, as well as elevated lgG2b titres in C57BI/6 mice'*^®. 

Additionally, an early phase clinical trial of HI combined with IC31 on naive volunteers, 

showed the vaccine was well tolerated and induced strong Thi responses that persisted 

for more than 2.5 years post vaccination''^®.

The detailed study of the role of NLRP3 in chitosan-induced production of IL-lp explored 

in the previous chapter posits the question of whether this role carries through into in vivo 

settings. The role for NLRP3 in protection against pathogenic challenge has been 

demonstrated previously. Infection with the fungal pathogen Candida albicans elicits host 

responses dependent on signalling through the IL-1R1 and mice deficient in NLRP3 were 

more susceptible to mortality than their WT counterparts®®. Similarly, a requirement for 

NLRP3 in protection against gram-positive bacterial infection has been reported. McNeela 

and colleagues showed that protection against nasal infection with Streptococcus 

pneumoniae in mice was dependent on NLRP3''^'. However, in the case of infection with 

gram-negative Salmonella typhimurium, host defense is redundantly dependent on both 

NLRP3 and NLRC4 inflammasomes®®. On the other hand, the role of NLRP3 in 

adjuvanticity remains to be clarified. Reports showing a requirement for NLRP3 in the 

adjuvanticity of alum have been described in the iiterature®^®. However this has since been 

contradicted by studies showing that NLRP3 is in fact dispensable for alum-induced 

antibody responses®'^. These findings make it difficult to predict the requirement for 

NLRP3 in chitosan-mediated effects in vivo, which may be adjuvant- and/or antigen- 

dependent.

The aims of this chapter are the following:

To determine the effect of chitosan alone and in combination with CpG on both 

cellular and humoral immune responses using the model antigen OVA.

To compare the adjuvanticity of chitosan and CpG-chitosan with the clinically used 

adjuvant alum in combination with OVA.
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To study the adjuvanticity of chitosan and CpG-chitosan in combination with the 

candidate TB antigen Hybrid 1 (H1)

To clarify the role for NLRP3 in the adjuvanticity of chitosan and CpG-chitosan with 

different antigens, specifically determining the requirements for NLRP3 in the 

cellular and humoral response induced to OVA or H1.

4.2 Results

4.2.1 Co-injection of CpG-chitosan with OVA induces Thi and Th17 cellular 
responses.

To determine the efficacy of CpG-chitosan as a promoter of antigen-specific T cell 

responses, C57BL/6 mice were immunized intraperitoneally with OVA alone, or OVA with 

CpG, chitosan or with CpG-chitosan on days 1 and 21. Antigen-specific cytokines were 

measured in antigen-restimulated cells isolated from peritoneal exudates (PECs), spleens 

and mediastinal and mesenteric lymph nodes. Antigen-specific IL-4 production was not 

detected in supernatants from cells isolated from any of the analyzed tissues (Fig. 4.1). In 

contrast, the production of OVA-specific IL-5 was detected, although limited to one 

source: cells recovered from PECs (Fig. 4.2A). Secretion of IL-5 was observed in animals 

treated with OVA at all antigen concentrations used for restimulation. Antigen-specific IL-5 

was also noted in cells from mice immunized with chitosan and OVA, however at levels 

lower than in OVA-immunized mice. Cells from mice treated with chitosan exhibited 

significantly lower OVA-specific IL-5 production when compared to cells from OVA- 

injected mice restimulated with OVA at 100 pg/ml (Fig. 4.2). IL-17 production was 

detected in supernatants from restimulated cells derived from mediastinal and mesenteric 

lymph nodes as well as from spleen and PECs of immunized mice (Fig. 4.3). The highest 

IL-17 concentrations were detected in the supernatants of cells from CpG-chitosan 

injected mice restimulated with OVA at 500 pg/ml. At this antigen concentration, CpG- 

chitosan injection with OVA significantly enhanced IL-17 secretion in cells isolated from all 

tissues analyzed. This significant enhancement was not limited to a single antigen 

concentration, since both PECs and splenocytes also showed significant IL-17 production 

in cells restimulated with OVA at 100 pg/ml (Fig. 4.3A and 4.3C). Chitosan injection 

induced IL-17, albeit to a lesser extent than CpG-chitosan. Chitosan-mediated IL-17 

production was mostly limited to cells restimulated with OVA at 500 pg/ml and in cells 

isolated from mesenteric lymph nodes, spleen and PEC (Fig. 4.3). In splenocytes 

restimulated with the highest OVA concentration tested, cells from mice immunized with
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CpG-chitosan produced significantly higher levels of IL-17 than these from mice injected 

with chitosan alone (Fig. 4.3C). Finally, as in the case of antigen-specific IL-17 production 

from PECs, IFN-y production was detected in supernatants from PECs isolated from CpG- 

chitosan treated animals. Significant IFN-y production was detected in supernatants from 

cells restimulated with OVA concentrations of 100 pg/ml and 500 pg/ml (Fig 4.4A). 

Additionally chitosan alone induced OVA-specific IFN-y production (Fig. 4.4). However, 

CpG-chitosan-mediated secretion of IFN-y was significantly higher than that detected for 

chitosan alone (Fig. 4.4).

4.2.2 Co-injection of CpG-chitosan with OVA enhances IL-17 and IFN-y secretion by 

cells restimulated with anti-CD3.

The effect of chitosan and CpG-chitosan on anti-CD3 induced cytokine responses was 

assessed. Specifically, female C57BL/6 mice were injected intraperitoneally with OVA 

alone or together with chitosan, CpG or chitosan-CpG on days 1 and 21. Cytokines were 

measured in supernatants from cells from PECs, spleen and mediastinal and mesenteric 

lymph nodes following re-stimulation with anti-CD3 antibody or anti-CD3 with phorbol 

myristate acetate (PMA).

In contrast to OVA-specific responses, IL-4 production was detected in supernatants from 

cells derived from mesenteric and mediastinal lymph nodes restimulated with anti CD3 

and PMA (Fig. 4.5). However, in both cases cytokine production was comparable to lymph 

node-derived cells from mice treated with PBS (Fig. 4.5B and 4.5D). In the case of IL-5, 

cytokine production was detected in PECs, as well as cells isolated from mesenteric and 

mediastinal lymph nodes. IL-5 production from PECs restimulated with anti-CD3 and PMA 

was similar for OVA and chitosan treated animals (Fig. 4.6A). However, in anti-CD3 

restimulated PECs both chitosan and CpG-chitosan induced significantly lower levels of 

IL-5 than OVA alone (Fig. 4.6A). Nonetheless, in cells derived from the mesenteric lymph 

nodes restimulated with anti-CD3 and PMA, IL-5 secretion induced by chitosan was 

significantly higher than that induced by injection of OVA alone (Fig. 4.6D), while in cells 

isolated from mediastinal lymph nodes CpG-chitosan treated mice showed significantly 

higher production of IL-5 (Fig. 4.6B). Conversely, in cells from mesenteric lymph nodes 

treated with anti-CD3 chitosan induced significantly higher IL-5 than antigen alone (Fig. 

4.6D). IL-10 production was detected, yet it was comparable to PBS-immunized mice for 

all vaccinated groups and tissues studied (Fig. 4.7). Following stimulation with anti-CD3, 

IL-17 production was detected in cells from chitosan and CpG-chitosan-treated animals in 

all tissues tested, but these responses were only higher than those from PBS-injected
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mice in the case of cells derived from mediastinal and mesenteric lymph nodes (Fig. 4.8A 

and 4.8D). In cells derived from the mediastinal lymph node, CpG-chitosan treated 

animals exhibited the significantly higher IL-17 production in both anti-CD3 and anti-CD3 

and PMA restimulated cells, compared with antigen only or antigen with chitosan (Fig. 

4.8B). Conversely, in cells derived from mesenteric lymph nodes, IL-17 secretion was 

comparable between chitosan- and CpG-chitosan-injected mice (Fig. 4.8D). Similar to IL- 

17, CpG-chitosan also significantly enhanced IFN-y production in anti-CD3 restimulated 

cells (Fig. 4.9). A particularly marked response was noted in PECs, where CpG-chitosan 

induced IFN-y was the highest of all treatments tested and was significantly higher than 

that induced by injection of antigen alone, in both anti-CD3 and anti-CD3 and PMA 

restimulated cells (Fig. 4.9A). Additionally, CpG-chitosan induced significantly higher 

levels of IFN-y than those detected in cells from animals injected with chitosan only (Fig. 

4.9A). In mediastinal lymph node-derived cells injection of CpG, chitosan or CpG-chitosan 

enhanced IFN-y production. Mice injected with CpG-chitosan exhibited the highest 

cytokine production of all groups in both anti-CD3 and anti-CD3 and PMA restimulated 

cells (Fig. 4.9). Nonetheless, in contrast to the effects observed in PECs, the differences 

were not statistically significant.

4.2.3 Injection of CpG-chitosan with OVA enhances antigen-specific IgG titres.

To fuliy gauge the effects of chitosan as an adjuvant in vivo, chitosan-mediated humoral 

responses were also determined. C57BL/6 mice were immunized intraperitoneally with 

OVA alone or OVA with CpG, chitosan or CpG-chitosan on days 1 and 21. Seven days 

after boost, blood was collected from sacrificed animals, serum was isolated and antibody 

titers were determined by ELISA. Total IgG, IgGI and lgG2b OVA-specific antibody titres 

were significantly higher in response to chitosan with OVA than in mice immunized with 

OVA alone (Fig. 4.10). However, CpG-chitosan induced significantly higher OVA-specific 

titres for all isotypes tested (Total IgG, IgGI, lgG2b and lgGc2) when compared with 

injection of OVA alone (Fig. 4.10). The combination of chitosan and CpG was the only 

treatment to promote significantly higher lgG2c antigen-specific titres than injection of 

OVA alone.

4.2.4 Comparison of the adjuvanticity of alum and chitosan in vivo.

Given the evident immunostimulatory effects of chitosan in vivo, the adjuvanticity of 

chitosan was compared to that of alum. To directly gauge the magnitude of the chitosan- 

mediated effect on the immune response we used alum due to its broad clinical 

application. C57BL/6 mice were immunized intraperitoneally with OVA alone, OVA with
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alum, OVA with chitosan alone or in combination with CpG on days 1 and 21. Antigen- 

specific cytokines were measured in antigen-restimulated cells, (OVA at 100 pg/ml) and 

isolated from PECs, spleen and mediastinal lymph nodes.

Immunization of mice with OVA and either CpG, alum, or chitosan alone did not induce 

significant antigen-specific IL-17 responses in the mediastinal lymph nodes or spleen, but 

CpG-chitosan and CpG-alum did promote an antigen-specific IL-17 response in PECs 

(Fig. 4.11). CpG-chitosan promoted a significantly higher antigen-specific IL-17 production 

by mediastinal lymph node cells and splenocytes compared to CpG-alum (Fig. 4.11 A and 

Fig. 4.1 IB). Indeed, CpG-chitosan significantly enhanced antigen-specific IL-17 

production in restimulated splenocytes, lymph node cells, and PECs (Fig.4.11). In a 

manner similar to that observed for OVA-specific IL-17 responses, injection of OVA and 

either CpG, alum, or chitosan alone did not induce significant antigen-specific IFN-y 

responses in the mediastinal lymph nodes or spleen (Fig. 4,12). However, CpG-chitosan 

and CpG-alum did promote an antigen-specific IFN-y response in peritoneal exudate cells 

(PECs) (Fig. 4.12). Moreover, CpG-chitosan promoted a significantly higher antigen- 

specific IFN-y response in PECs compared to CpG-alum (Fig. 4.12C). Additionally, CpG- 

chitosan significantly enhanced antigen-specific IFN-y production by cells isolated from 

mediastinal lymph nodes (Fig. 4.12A).

In order to determine the contribution of alum and chitosan to the induction of OVA- 

specific humoral responses, antibody titers were determined as previously described. All 

adjuvants used, with the exception of CpG alone, induced significantly higher levels of 

OVA-specific IgGI than those induced by injection of antigen alone (Fig. 4.13). In 

contrast, only CpG-alum and CpG-chitosan significantly enhanced OVA-specific lgG2c 

titres when compared to OVA alone.

4.2.5 Effects of chitosan on HI-induced immune responses.

4.2.5.1 Co-injection of CpG-chitosan with HI significantly decreases Hi-specific IL- 
10 production.

Given that CpG-chitosan effectively promotes antigen-specific Th1/Th17 responses to 

OVA, the potential of chitosan and CpG-chitosan to enhance cellular immunity to the 

candidate vaccine antigen Hybrid 1 (HI) was addressed. This antigen is a fusion protein 

of the virulence factor ESAT-6 and antigen 85B from Mycobacterium tuberculosis and has 

been used in clinical trials. Thus, HI serves as a robust platform from which to study 

chitosan-induced adjuvanticity with a relevant vaccine antigen.
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C57BL/6 mice were immunized i ntra peritonea I ly with H1 alone, CpG, chitosan or CpG- 

chitosan on days 1 and 21. Antigen-specific cytokines were measured in antigen 

restimulated cells isolated from PECs, spleen, and mediastinal lymph nodes. When 

combined with CpG, chitosan did not promote a Th2 response, as reflected by the lack of 

Hi-specific IL-4 secretion in mediastinal lymph node cells and PECs (Fig. 4.14A and 

4.14C). However, chitosan alone did induce low levels of antigen-specific IL-4 secretion 

by splenocytes. Moreover, at the highest antigen concentration (HI at 10 pg/ml), chitosan 

induced significantly higher Hi-specific IL-4 than HI alone (Fig. 4.14B). In contrast to this 

chitosan mediated effect, CpG-chitosan induced significantly lower levels of Hl-specifc IL- 

4 than chitosan alone (Fig. 4.14B). Chitosan significantly enhanced IL-10 secretion from 

cells isolated from mediastinal nodes (Fig. 4.15A). in splenocytes Hi-specific IL-10 

production was induced to an equivalent degree by CpG, chitosan and CpG-chitosan, 

comparable at all antigen concentrations tested (0.4, 2 and 10 pg/ml) (Fig. 4.15B). IL-10 

production by PECs was significantly decreased in the CpG-chitosan group compared to 

chitosan alone (Fig. 4.15C). A significant reduction in IL-10 production by cells from CpG- 

chitosan injected mice, when compared to chitosan alone, was also noted in cells isolated 

from mediastinal lymph nodes (Fig. 4.15A).ln both cases the reduced IL-10 secretion was 

only observed with HI at the highest concentration (10 pg/ml).

4.2.5.2 CpG-chitosan induces Hi-specific Thi and Th17 responses.

Co-injection of CpG-chitosan significantly enhanced HI-specific IL-17 production in 

restimulated splenocytes, PECs and mediastinal lymph node cells. In the case of spleen- 

derived cells, HI-specific IL-17 was detected in chitosan and CpG-chitosan-treated 

animals. However only with CpG-chitosan were statistically significant levels of H1- 

specific IL-17 production observed (Fig. 4.16B). In the case of chitosan, there is a slight 

dose response correlating increased production of IL-17 with increasing concentrations of 

antigen (0.4, 2 and 10 pg/ml). However, the differences between different antigen 

concentrations were not statistically significant. IL-17 levels measured in CpG-chitosan- 

treated mice were significantly higher than those observed in chitosan-treated mice in all 

tissues analyzed (Fig. 4.16). For both splenocytes and mediastinal lymph node cells, H1- 

specific IL-17 production was comparable at all concentrations of HI used for 

restimulation (0.4, 2 and 10 pg/ml). The most dramatic effect on IL-17 secretion was 

observed in supernatants of cells isolated from the mediastinal lymph nodes (Fig. 4.16A). 

IL-17 production was only detected in chitosan and CpG-chitosan treated groups, with 

CpG-chitosan-treated animals displaying a significantly higher level of IL-17 secretion than 

the chitosan-treated mice at all antigen concentrations tested (0.4, 2 and 10 pg/ml) (Fig.
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4.16). CpG-chitosan also significantly enhanced antigen-specific Thi responses. 

However, unlike IL-17 production, chitosan alone was an effective adjuvant for promoting 

Hi-specific Thi responses in PECs, splenocytes and cells isolated from mediastinal 

lymph nodes (Fig. 4.17). Levels of secreted cytokine were similar across the 3 antigen 

concentrations used for restimulation, although the highest IFN-y production was observed 

in the CpG-chitosan treated groups (Fig. 4.17). In the case of mediastinal lymph node 

cells, both chitosan and CpG-chitosan treatments induced significantly higher IFN-y than 

HI alone (Fig. 4.17A). Restimulation of mediastinal lymph node cells with HI (2 pg/ml) in 

CpG-chitosan treated mice induced significantly higher IFN-y secretion than In mice 

treated with chitosan alone (Fig. 4.17A). The same effect was observed In PECs, but in 

this case CpG-chitosan-induced production of IFN-y was significantly higher than that 

induced by treatment with chitosan alone at all antigen concentrations used for 

restimulation (Fig. 4.17C). While chitosan-mediated IFN-y secretion in PECs was 

significantly lower than that induced by CpG-chitosan in splenocytes, this difference was 

not statistically significant. However, CpG-chitosan did induce significantly higher 

secretion of IFN-y in splenocytes when compared to HI alone (Fig. 4.17B).

4.2.5.3 Co-injection of chitosan with HI primes mediastinal lymph node cells for 

enhanced secretion of IL-17 and IFN-y in response to anti-CD3 stimulation.

The modulatory effects of injecting mice with CpG, chitosan or CpG-chitosan in response 

to anti-CD3 stimulation were also investigated. In the case of IL-4, enhanced anti-CD3- 

induced secretion was detected in CpG, chitosan and CpG-chitosan-treated groups in 

PECs (Fig. 4.18C). Chitosan elicited IL-4 production in cells restimulated with both anti- 

CD3 concentrations assayed (O.lpg/ml and 0.5pg/ml) (Fig. 4.18). When chitosan was 

combined with CpG, IL-4 secretion by PECs was lower than that observed with chitosan 

alone upon stimulation with anti-CD3 at 0.5pg/ml. In splenocytes, stimulation of cells with 

anti-CD3 in groups treated with chitosan or CpG-chitosan resulted in decreased IL-4 

secretion when compared to antigen alone, although this effect was not statistically 

significant (Fig. 4.18B).

In contrast to the modest effect on IL-4, injection of chitosan with HI significantly 

enhanced anti-CD3-lnduced production of IL-10 in mediastinal lymph node cells (Fig. 

4.19A). Moreover, in cells restimulated with anti-CD3 at 0.5pg/ml, IL-10 production 

Induced by CpG-chitosan was significantly decreased when compared to chitosan alone. 

This chitosan-mediated enhancement in anti-CD3-induced IL-10 was not only detected in 

cells isolated from mediastinal lymph nodes but also in PECs (Fig. 4.19C). This effect on
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IL-10 production was absent in mice injected with CpG-chitosan. These effects were not 

statistically significant in PECs at either of the anti-CD3 concentrations used for 

restimulation (Fig. 4.19C).

In accordance to what was observed in H1-specific production of IL-17, co-injection of H1 

with CpG-chitosan significantly enhanced IL-17 production in response to anti-CD3 

stimulation (Fig. 4.20). However, in contrast to the antigen-specific IL-17 responses, co

injection of HI with chitosan significantly enhanced anti-CD3 induced IL-17 by mediastinal 

lymph node cells at both antibody concentrations used for restimulation (0.1 and 0.5 

pg/ml) (Fig. 4.20A). Statistically significant IL-17 production was not limited to treatment 

with chitosan, but was also observed in mice injected with CpG-chitosan in cells isolated 

from mediastinal lymph nodes (Fig. 4.20A), although the difference in IL-17 production 

between these two groups was not statistically significant. Anti-CD3-induced IL-17 

production in groups treated with chitosan or CpG-chitosan alone was also detected in 

PECs and splenocytes, but was not statistically different levels from controls. As observed 

for IL-17 production, anti-CD3-induced IFN-y production was significantly higher in 

mediastinal lymph node cells from chitosan and chitosan-CpG treated groups (Fig. 4.21 A). 

There was no statistically significant difference in IFN-y levels between chitosan and CpG- 

chitosan treated mice. In a similar manner to that observed in anti-CD3-induced IL-17 

production, IFN-y secretion was also detected in PECs and splenocytes, although levels 

induced by injection of chitosan or CpG-chitosan were not statistically significant when 

compared with HI alone (Fig. 4.21).

4.2.5.4 Chitosan promotes Hi-specific IFN-y production from CD3*CD4* T cells 

isolated from splenocytes and PECs.

To further dissect the nature of the HI-specific cellular immune response elicited by 

chitosan, isolated cells were utilized for intracellular cytokine staining and analyzed by 

flow cytometry. Briefly, isolated cells were stimulated with antigen for one hour, and then 

Brefeldin A was added for 5 hrs. Following this stimulation ceils were washed and stained 

for extracellular markers and finally fixed, permeabilized and stained for intracellular 

cytokines. Cells were stained for the extracellular markers CD3, CD4, CDS and y5 TCR, 

while intracellular staining was used to detect IL-17 and IFN-y. Representative flow 

cytometry plots of individual mice are presented in Fig. 4.23 and Fig. 4.24. The gating 

strategy is outlined in Fig. 4.22. Briefly, cells were gated from plots showing side scatter 

versus forward scatter, the gate was set to exclude cellular debris and other artifacts from 

the analysis. In order to exclude cell aggregates and doublets a population was gated

104



from plots showing pulse width versus forward scatter. Based on this population of single 

cells, gates were defined to identify CD3+ and subsequently CD3''CD4'' T cells.

In cells isolated from spleen neither H1 alone nor CpG induced enhanced H1-specific IFN- 

y production when compared to control. However, IFN-y production was found in 

CD3''CD4'^ T cells from mice treated with chitosan and CpG-chitosan (Fig. 4.23). A higher 

percentage of CD3‘"CD4'"IFN-y'" T cells was detected in splenocytes from chitosan-injected 

mice when compared to CpG-chitosan (Fig. 4.23). A more marked trend was observed in 

PECs. In contrast to spleen-derived cells, peritoneal CD3'"CD4'" T cells from CpG-injected 

mice did produce IFN-y (Fig. 4.24). In the case of chitosan-treated groups, both chitosan 

alone and CpG-chitosan induced high levels of CD3''CD4'"IFN-y'' T cells, with CpG- 

chitosan inducing IFN-y production in up to 13% of CD3'^CD4'' T cells acquired (Fig. 4.24)

Production of HI-specific IL-17 was not detected in splenocytes or PECs. However, IFN-y 

production was detected in CD3‘" T cells isolated from the spleen. Production of IFN-y was 

detected in both CD3''CD4'" and CD3‘"CD8'" T cells from splenocytes isolated from mice 

injected with either chitosan or CpG-chitosan (Fig. 4.25A and Fig. 4.25B). However, Hi- 

specific production of IFN-y was significantly higher only in CD3'"CD4'" T cells isolated 

from the spleens of chitosan-injected mice, when compared to injection of HI alone (Fig. 

4.25A). CD3'" T cell production of HI-specific IFN-y was not limited to splenocytes: 

treatment with either chitosan or CpG-chitosan elicited significant peritoneal lavage T cell 

IFN-y production when compared with antigen alone (Fig. 4.26A).

4.2.5.5 CpG-chitosan enhances HI-specific IgGI and lgG2 antibody titres.

Similar to immunization with OVA, co-injection of chitosan enhanced HI-specific 

responses when compared to antigen alone. Significantly increased antibody titres were 

observed for IgGI and lgG2c in chitosan-treated animals, with a higher induction of IgGI 

than lgG2 (Fig. 4.27). The combination of chitosan-CpG induced significantly higher 

antibody titres for all subclasses assayed (Fig. 4.27). HI-specific IgGI titres were 

comparable between chitosan and CpG-chitosan treated mice (Fig. 4.27A). In contrast, 

CpG-chitosan was a more effective adjuvant for promoting HI-specific lgG2b and lgG2c 

titres (Fig. 4.27B and 4.27C). These results are in line with the T cell data suggesting that 

CpG-chitosan has a strong potential as an inducer of Thi-type responses, including lgG2 

subclass antibody isotypes (section 4.3.3).
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4.2.5.6 The induction of Th1 and Th17 responses by CpG-chitosan is NLRP3 

dependent.

Given the key role of NLRP3 in the enhancement of IL-1 secretion by chitosan-CpG seen 

in chapter 1, studies were performed to determine if there was a role for NLRP3 in 
chitosan and chitosan-CpG mediated cellular immunity. C57BL/6 and NLRP3'^‘ mice were 

immunized intraperitoneally with PBS, OVA alone, or OVA with chitosan, CpG or CpG- 

chitosan on days 1 and 21. Antigen-specific cytokines were measured in antigen 

restimulated cells isolated from PECs, spleens and mediastinal and mesenteric lymph 

nodes. OVA-specific IL-17 production was detected in supernatants from restimulated 

cells derived from mediastinal and mesenteric lymph nodes as well as from spleen and 

PECs (Fig. 4.28). The highest IL-17 concentrations were detected in CpG-chitosan- 

treated WT animals, with significant OVA-specific IL-17 production in the supernatants of 

cells restimulated with OVA at 500 pg/ml(Fig. 4.28). Moreover, this enhancement of IL-17 

production was significantly decreased in cells derived from splenocytes, mediastinal and 
mesenteric lymph nodes of CpG-chitosan-treated NLRP3''‘ mice (Fig. 4.28B-D). IFN- 

Y production was significantly higher in PECs from CpG-chitosan and OVA injected WT 

animals when compared to treatment with OVA alone (Fig. 4.29A). As with antigen- 

specific IL-17 production, this enhancement was significantly decreased in CpG-chitosan 
treated NLRP3''' mice. At all concentrations of OVA used for re-stimulation, CpG-chitosan 

induced IFN-y production in PECs from WT mice was significantly higher than that 

observed in NLRP3 deficient animals(Fig. 4.29A).

4.2.5.7 CpG-chitosan injection primes PECs and mediastinal lymph node cells for 

enhanced NLRP3 dependent IL-17 and IFN-y production in response to anti-CD3 

restimulation.

Mediastinal lymph nodes cells from CpG-chitosan -treated WT animals exhibited 

significantly higher IL-17 production in response to both anti-CD3 and anti-CD3/PMA 

when compared to cells from mice injected with antigen alone (Fig. 4.30). As seen with 
OVA-specific IL-17 responses, IL-17 production was decreased in the NLRP3‘'‘ mice 

injected with CpG-chitosan. IL-17 production by anti-CD3 restimulated PECs was also 

detected (Fig. 4.30A). However, cytokine levels were not statistically different to those 

produced by cells from mice injected with OVA. Differences between groups in IFN- 

y production were observed in PECs and mediastinal lymph nodes (Fig. 4.31). Peritoneal 

exudate cells from mice injected with OVA and CpG-chitosan produced significantly more 

IFN-y than cells from mice injected with OVA alone, in response to both anti-CD3 and anti-
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CD3/PMA. Similar to that observed with antigen-specific IFN-y responses, cytokine 

production induced by restimulation of PECs with anti-CD3, was reduced in CpG-chitosan 
treated NLRP3'' mice when compared to WT mice (Fig. 4.31 A). Significantly higher levels 

of IFN-y were also produced by mediastinal lymph node cells from CpG-chitosan 

vaccinated animals; but this effect was only significant in the case of restimulation of with 

anti-CD3/PMA (Fig. 4.31 B).

4.2.5.8 Chitosan induced OVA-specific humoral responses are independent of 
NLRP3.

Given the key role of NLRP3 in CpG-chitosan driven cellular immunity, studies were 

performed to determine if there was a role for NLRP3 in chitosan and CpG-chitosan- 
mediated antibody responses. C57BL/6 and NLRP3‘^' mice were immunized 

intraperitoneally with PBS, OVA alone, OVA and chitosan alone, OVA and CpG alone or 

OVA and chitosan-CpG on days 1 and 21. Seven days after the boost, serum was 

collected and antigen-specific antibody titers were calculated. Both chitosan and CpG- 

chitosan enhanced antigen-specific IgGI, lgG2c, lgG2b and total IgG titers compared to 

OVA alone (Fig. 4.32). Total IgG, lgG2c and lgG2b responses to CpG-chitosan were 

moderately higher than those observed in chitosan-treated mice, although not significantly 

(Fig. 4.32). There was no significant difference in the induction of OVA-specific antibody 

titres in NLRP3 deficient mice by CpG-chitosan.

4.2.5.9 NLRP3 is required for chitosan-induced H1-specific Thi responses.

In light of the clear requirement for NLRP3 in CpG-chitosan-induced cellular immunity 

when using OVA, the next step was to determine if these effects are present in the case of 

vaccines incorporating chitosan and FI1. C57BL/6 and NLRP3''‘ mice were immunized 

intraperitoneally with HI alone, with HI and CpG, or HI and chitosan on days 1 and 21. 

Antigen-specific cytokines were measured in supernatants from antigen restimulated cells 

isolated from mediastinal lymph nodes.

Antigen-specific production of both IFN-y and IL-17 was detected in supernatants of cells 

isolated from mediastinal lymph nodes from animals co-injected with chitosan at all 

antigen concentrations used for restimulation (Fig. 4.33). However, Hi-specific IFN-y was 

significantly decreased in NLRP3'^' mice, indicating a requirement for NLRP3 in this 

adjuvant effect (Fig. 4.33). in the case of IL-17 secretion, there is a reduction in Hi- 
specific IL-17 when comparing chitosan injected WT mice to NLRP3'^' mice, although this
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was not statistically significant. A similar pattern can be observed in cells re-stimulated 

with anti-CD3 antibody (Fig. 4.34), where both IFN-y and IL-17 secretion was increased in 

WT animals immunized with chitosan and this effect was decreased in the case of NLRP3' 

mice and in this case the differences in cytokine production are statistically significant.

Co-administration of chitosan with H1 resulted in significantly increased titres of all 

antibody subtypes assayed compared to FI1 alone (Fig. 4.35). FI1-specific antibody titres 
in WT and NLRP3''' mice were comparable in the case of lgG1 (Fig. 4.35A). Although 

there was a slight decrease in both lgG2 subtypes: lgG2b and lgG2c (Fig. 4.35B and 
4.35C) in the NLRP3'^' mice compared to WT mice, this difference was not statistically 

significant.

4.2.5.10 CpG-chitosan induces Hi-specific Thi and Th17 responses in a NLRP3 

dependent manner.

Following on from the studies with chitosan alone, we evaluated the potential of CpG- 

chitosan to enhance Hi-specific Th1/Th17 responses. Antigen-restimulated cells isolated 

from both mediastinal lymph nodes (Fig. 4.36A) and PECs (Fig. 4.36B) of mice immunized 

with CpG-chitosan and HI produced higher levels of IL-17 and IFN-y than cells from mice 

immunised with HI alone. The enhancing effect of CpG-chitosan on Th1/Th17 responses 

was reduced in NLRP3''' animals compared to WT mice. Additionally the enhancing effect 

of CpG-chitosan on IFN-y production seen earlier with OVA (section 4.2.1) was confirmed, 

particularly in restimulated PECs (Fig. 4.36B).

In anti-CD3 restimulated cells a pattern similar to the antigen-specific response can be 

observed. Immunization with CpG alone or with CpG-chitosan modulated the 

responsiveness of lymph node cells and PECs compared with cells from mice immunized 

with antigen alone (Fig. 4.37). In particular, high levels of IL-17 production were detected 

in supernatants from in the mediastinal lymph node cells (Fig. 4.37A) of WT mice 
immunized with CpG-chitosan and this response was comparable in cells from NLRP3'^' 

mice. A decrease in the Thi7 response was more evident in the PECs (Fig. 4.37B) than in 

mediastinal lymph node cells (Fig. 4.37A). However, this reduction in IL-17 secretion upon 

treatment with CpG-chitosan was not statistically significant. The decreased antigen- 

specific Thi response seen in the NLRP3''' mice is absent in anti-CD3 stimulated 

mediastinal lymph node cells (Fig. 4.37A) and a modest reduction was seen in the PECs 

(Fig. 4.37B).ln both cases, the difference in anti-CD3-induced cytokine secretion between 

WT and NLRP3 deficient mice was not significant.
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Similar to chitosan-treated animals, co-injection of CpG-chitosan with HI promoted 

enhanced antigen-specific antibody titres (Fig. 4.38). CpG-chitosan significantly enhanced 

lgG1, lgG2b and lgG2c titres when compared to antigen alone. Antibody titres induced in 
NLRP3'^' mice treated with CpG-chitosan were comparable to WT mice (Fig. 4.38).
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Figure 4.1: Injection of CpG-chitosan does not promote antigen-specific IL-4 secretion 
in vivo

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg), 
chitosan (Img) or with CpG and chitosan (1 mg chitosan -i- 50 pg CpG) on days 1 and 21. 
Antigen-specific IL-4 production was measured from antigen restimulated cells isolated from 
(a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) mesenteric 
lymph nodes from mice, 7 days after boost. Supernatants were collected 72 hrs later and IL-4 
production was measured from antigen stimulated cells by ELISA. Data shown as mean ± 
SEM of four mice per group/triplicate samples. OVA -*- CpG, chitosan or CpG-chitosan versus 
OVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4.2: Injection of CpG-chitosan does not promote antigen-specific IL-5 secretion 
in vivo

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg) 
, chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. 
Antigen-specific IL-5 production was measured from antigen restimulated cells isolated from 
(a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) mesenteric 
lymph nodes from mice 7 days after boost. Supernatants were collected 72 hrs later and IL- 
5 production was measured by ELISA. Data shown as mean ± SEM of four mice per 
group/triplicate samples. CVA + CpG, chitosan or CpG-chitosan versus CVA, *p < 0.05.
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Figure 4.3; Injection of CpG-chitosan promotes antigen-specific IL-17 secretion in vivo

C57BL/6 mice were immunized intrapehtoneally with OVA (200 pg) alone, with CpG (50 pg), 
chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. 
Antigen-specific IL-17 production was measured from antigen restimulated cells isolated 
from (a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) 
mesenteric lymph nodes from mice, 7 days after boost. Supernatants were collected 72 hrs 
later and IL-17 production was measured by ELISA. Data shown as mean ± SEM of four 
mice per group/triplicate samples. OVA + CpG, chitosan or CpG-chitosan versus OVA*p < 
0.05, ***p < 0.001 OVA + CpG-chitosan versus OVA + chitosan, ^p < 0.001.
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Figure 4.4: Injection of CpG-chitosan promotes antigen-specific IFN-y secretion in vivo

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg) , 
chitosan (Img) or with CpG and chitosan (1 mg chitosan -•- 50 pg CpG) on days 1 and 21. 
Antigen-specific IFN-y production was measured from antigen restimulated cells isolated from 
(a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) mesenteric 
lymph nodes from mice, 7 days after boost. Supernatants were collected 72 hrs later and IFN- 
y production was measured by ELISA. Data shown as mean ± SEM of four mice per 
group/triplicate samples. OVA -i- CpG, chitosan or CpG-chitosan versus OVA*p < 0.05, **p < 
0.01, ***p < 0.001 OVA -•- CpG-chitosan versus OVA -t- chitosan, ^p < 0.001.
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Figure 4.5: Injection of CpG-chitosan does not enhance the secretion of IL-4 by cells 
restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg) , 
chitosan (1 mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. IL- 
4 production was measured from anti-CD3 antibody or anti CD3-t-PMA restimulated cells 
isolated from (a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) 
mesenteric lymph nodes from mice, 7 days after boost. Supernatants were collected 72 hrs 
later and IL-4 production was measured by ELISA. Data shown as mean ± SEM of four mice 
per group/triplicate samples. OVA -t- CpG, chitosan or CpG-chitosan versus OVA*p < 0.05, **p 
< 0.01, ***p < 0.001 OVA + CpG-chitosan versus OVA + chitosan, ^p < 0.001.
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Figure 4.6: Injection of CpG-chitosan significantly enhances the secretion of IL-5 by 
mediastinal lymph node cells restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg) , 
chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. IL- 
5 production was measured from anti-CD3 antibody or anti CD3+PMA restimulated cells 
isolated from (a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) 
mesenteric lymph nodes from mice, 7 days after boost. Supernatants were collected 72 hrs 
later and IL-5 production was measured by ELISA. Data shown as mean ± SEM of four mice 
per group/triplicate samples. OVA + CpG, chitosan or CpG-chitosan versus OVA, *p < 0.05,
**p < 0.01, ***p < 0.001.
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Figure 4.7: Injection of CpG-chitosan does not enhance the secretion of IL-10 by cells 
restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg), 
chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. IL- 
10 production was measured from anti-CD3 antibody or anti CD3+PMA restimulated cells 
isolated from (a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) 
mesenteric lymph nodes from mice, 7 days after boost. Supernatants were collected 72 hrs 
later and IL-10 production was measured by ELISA. Data shown as mean ± SEM of four mice 
per group/triplicate samples. CVA + CpG, chitosan or CpG-chitosan versus CVA, *p < 0.05, 
**p < 0.01, ***p < 0.001. CVA + CpG-chitosan versus CVA + chitosan, ^p < 0.001.
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Figure 4.8: Injection of CpG-chitosan significantly enhances the secretion of IL-17 by 
cells restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg) , 
chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. IL- 
17 production was measured from anti-CD3 antibody or anti CD3+PMA restimulated cells 
isolated from (a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) 
mesenteric lymph nodes from mice, 7 days after boost. Supernatants were collected 72 hrs 
later and IL-17 production was measured by ELISA. Data shown as mean ± SEM of four mice 
per group/triplicate samples CVA + CpG, chitosan or CpG-chitosan versus CVA, **p < 0.01. 
CVA + CpG-chitosan versus CVA + chitosan, ^p < 0.01.
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Figure 4.9: Injection of CpG-chitosan significantly enhances the secretion of IFN-y by 
peritoneal cells restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg) , 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. 
IFN-y production was measured from anti-CD3 antibody or anti CD3+PMA restimulated 
isolated from (a) peritoneal exudates (PECs), (b) mediastinal lymph nodes, (c) spleens and (d) 
mesenteric lymph nodes from mice, 7 days after boost. Supernatants were collected 72 hrs 
later and IFN-y production was measured by ELISA. Data shown as mean ± SEM of four mice 
per group/triplicate samples. CVA + CpG, chitosan or CpG-chitosan versus CVA, **p < 0.01, 
***p < 0.001 CVA + CpG-chitosan versus CVA + chitosan, ^p < 0.05, “p < 0.01.
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Figure 4.10: The combination of chitosan and CpG induces significantly enhanced 
antigen specific IgG responses.

C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, with CpG (50 pg), 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. 7 
days after boost, serum was collected and assayed for OVA-specific IgGI, lgG2c, lgG2b and 
total IgG by ELISA. Data shown as mean ± SEM of four mice per group/triplicate samples. 
OVA + CpG, chitosan or CpG-chitosan versus OVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4.11: Both alum and chitosan promote antigen-specific IL-17 secretion in vivo in 
combination with CpG.

C57BL/6 mice were immunized intraperitoneally with OVA (50 pg) alone, with CpG (10 pg) , 
chitosan (Img), alum (1 mg), CpG and alum (1 mg chitosan + 10 pg CpG) or with CpG and 
chitosan (1 mg chitosan + 10 pg CpG) on days 1 and 14. Antigen-specific IL-17 production was 
measured from OVA-restimulated (100 pg/ml) (A) Mediastinal lymph node cells (B) Spleen cells 
and (C) PEC taken from mice 7 days after boost. Supernatants were collected 72 hrs later and 
cytokine production was measured from antigen-restimulated cells by ELISA. Data shown as 
mean ± SEM of four mice per group/triplicate samples. OVA + CpG, chitosan, alum, CpG-alum 
or CpG-chitosan versus OVA, ***p < 0.001. OVA + CpG-alum versus OVA + CpG-chitosan, ^p 
<0.001.
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Figure 4.12:Both alum and chitosan promote antigen-specific IFN-y secretion in vivo in 
combination with CpG.

C57BL/6 mice were immunized intraperitoneally with OVA (50 pg) alone, with CpG (10 pg), 
chitosan (Img), alum (1 mg), CpG and alum (1 mg chitosan + 10 pg CpG) or with CpG and 
chitosan (1 mg chitosan + 10 pg CpG) on days 1 and 14. Antigen-specific IFN-y production was 
measured from OVA-restimulated (100 pg/ml) (A) Mediastinal lymph node cells (B) Spleen cells 
and (C) PEC taken from mice 7 days after boost. Supernatants were collected 72 hrs later and 
cytokine production was measured from antigen-restimulated cells by ELISA. Data shown as 
mean ± SEM of four mice per group/triplicate samples. OVA + CpG, chitosan, alum, CpG-alum 
or CpG-chitosan versus OVA, *p < 0.05, **p < 0.01, ***p < 0.001. OVA + CpG-alum versus OVA 
+ CpG-chitosan, ^p < 0.05.

121



lgGl

Ui
O

ok.

H

5
U)

lgG2c

U)o

o

o
CM
o
D)

Figure 4.13: Both alum and chitosan promote the secretion of antigen specific IgGI and 
lgG2c in combination with CpG.

C57BL/6 mice were immunized intraperitoneally with OVA (50 pg) alone, with CpG (10 pg) , 
chitosan (Img), alum (1 mg), CpG and alum (1 mg chitosan + 10 pg CpG) or with CpG and 
chitosan (1 mg chitosan + 10 pg CpG) on days 1 and 14. Serum was collected 7 days after 
boost. All collected sera were assayed for OVA-specific IgGI and lgG2c by ELISA. Data 
shown as mean + SEM of four mice per group/triplicate samples. 7 days after boost serum 
was collected and assayed for OVA-specific IgGI and lgG2c by ELISA. OVA + CpG, chitosan, 
alum, CpG-alum or CpG-chitosan versus OVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4.14: Co-injection of chitosan promotes HI-specific IL-4 secretion.

C57BL/6 mice were immunized intraperitoneally with HI (2 pg) alone, HI with CpG (50 pg). 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. H1- 
specific IL-4 production was measured from antigen restimulated cells isolated from (a) 
mediastinal lymph nodes, (b) spleen and (c) peritoneal exudates (PECs) from mice, 7 days after 
boost. Supernatants were collected 72 hrs later and IL-4 production was measured from antigen 
stimulated cells by ELISA. Data shown as mean ± SEM of four mice per group/triplicate 
samples. HI + CpG, chitosan or CpG-chitosan versus HI *p < 0.05.
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Figure 4.15: Co-injection of chitosan alone or with CpG promotes Hi-specific IL-10 .

C57BL/6 mice were immunized intraperitoneally with HI (2 pg) alone, HI with CpG (50 pg), 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. H1- 
specific IL-10 production was measured from antigen restimulated cells isolated from (a) 
mediastinal lymph nodes, (b) spleen and (c) peritoneal exudates (PECs) from mice 7 days 
after boost. Supernatants were collected 72 hrs later and IL-10 production was measured from 
antigen stimulated cells by ELISA. Data shown as mean ± SEM of four mice per 
group/triplicate samples. HI + CpG, chitosan or CpG-chitosan versus HI, ***p < 0.001. HI + 
CpG-chitosan versus HI + chitosan, ^p < 0.001.
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Figure 4.16: CpG-chitosan is a potent adjuvant for inducing Hi-specific IL-17 secretion.

C57BL/6 mice were immunized intraperitoneally with H1 (2 pg) alone, HI with CpG (50 pg), 
chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. H1- 
specific IL-17 production was measured from antigen restimulated cells isolated from (a) 
mediastinal lymph nodes, (b) spleen and (c) peritoneal exudates (PECs) from mice, 7 days after 
boost. Supernatants were collected 72 hrs later and IL-17 production was measured from 
antigen stimulated cells by ELISA. Data shown as mean ± SEM of four mice per group/triplicate 
samples. H1 + CpG, chitosan or CpG-chitosan versus HI ,***p < 0.001. HI + CpG-chitosan 
versus H1 + chitosan, “p < 0.01, ^p < 0.001.
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Figure 4.17: Both chitosan and CpG-chitosan are effective adjuvants for promoting Hi- 
specific IFN-y producing cells.

C57BL/6 mice were immunized intraperitoneally with H1 (2 pg) alone, HI with CpG (50 pg), 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. H1- 
specific IFN-y production was measured from antigen restimulated cells isolated from (a) 
mediastinal lymph nodes, (b) spleen and (c) peritoneal exudates (PECs) from mice, 7 days 
after boost. Supernatants were collected 72 hrs later and IFN-y production was measured 
from antigen stimulated cells by ELISA. Data shown as mean ± SEM of four mice per 
group/triplicate samples. HI + CpG, chitosan or CpG-chitosan versus HI, ***p < 0.001. HI + 
CpG-chitosan versus HI + chitosan, ^p < 0.05, “p < 0.01, ^p < 0.001.

126



Mediastinal B Spleen

PECs

O PBS 

H1

H1 + CpG 

□ H1 + Chitosan 

■I H1 + CpG-chitosan

Figure 4.18; Injection of chitosan does not significantly enhance IL-4 secretion 
by cells restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with HI (2 pg) alone, HI with CpG 
(50 pg), chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on 
days 1 and 21. lL-4 production was measured from anti-CD3 antibody restimulated 
cells isolated from (a) mediastinal lymph nodes, (b) spleen and (c) peritoneal 
exudates (PECs) from mice, 7 days after boost. Supernatants were collected 72 hrs 
later and IL-4 production was measured from anti-CD3 antibody stimulated cells by 
ELISA. Data shown as mean ± SEM of four mice per group/triplicate samples HI + 
CpG, chitosan or CpG-chitosan versus HI *p < 0.05, **p < 0.01, ***p < 0.001. HI + 
CpG-chitosan versus HI + chitosan, ^p < 0.05, ^^p < 0.01, ^^p < 0.001.
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Figure 4.19; Co-injection of chitosan with HI led to a significant enhancement in IL- 
10 secretion by cells restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with HI (2 pg) alone, HI with CpG (50 
pg), chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 
and 21. IL-10 production was measured from anti-CD3 antibody restimulated cells 
isolated from (a) mediastinal lymph nodes, (b) spleen and (c) peritoneal exudates (PECs) 
from mice, 7 days after boost. Supernatants were collected 72 hrs later and IL-4 
production was measured from anti-CD3 antibody stimulated cells by ELISA. Data shown 
as mean ± SEM of four mice per group/triplicate samples. HI + CpG, chitosan or CpG- 
chitosan versus HI, **p < 0.01, ***p < 0.001. HI + CpG-chitosan versus H1 + chitosan,
^p<0.01.
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Figure 4.20: Injection of chitosan strongly enhances secretion of IL-17 by 
mediastinal lymph node cells restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with H1 (2 pg) alone, H1 with CpG (50 
pg), chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 
and 21. IL-17 production was measured from anti-CD3 antibody restimulated cells 
isolated from (a) mediastinal lymph nodes, (b) spleen and (c) peritoneal exudates 
(PECs) from mice, 7 days after boost. Supernatants were collected 72 hrs later and IL- 
17 production was measured from anti-CD3 antibody stimulated cells by ELISA. Data 
shown as mean ± SEM of four mice per group/triplicate samples. H1 + CpG, chitosan 
or CpG-chitosan versus H1, ***p < 0.001.
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Figure 4.21: Co-injection of chitosan with HI significantly enhances IFN-y secretion by 
mediastinal lymph node cells restimulated with anti-CD3 antibody.

C57BL/6 mice were immunized intraperitoneally with HI (2 pg) alone, H1 with CpG (50 pg), 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. IFN- 
Y production was measured from anti-CD3 antibody restimulated cells isolated from (a) 
mediastinal lymph nodes, (b) spleen and (c) peritoneal exudates (PECs) from mice, 7 days 
after boost. Supernatants were collected 72 hrs later and IFN-y production was measured 
from anti-CD3 antibody stimulated cells by ELISA. Data shown as mean ± SEM of four mice 
per group/triplicate samples. H1 + CpG, chitosan or CpG-chitosan versus HI ,***p < 0.001.
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Figure 4.22: Gating strategy for intracellular cytokine staining of T ceils.

C57BL/6 mice were immunized intraperitoneally with H1 (2 pg) alone, H1 with CpG (50 pg), 
chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. 
Cells were isolated from spleen from mice 7 days after boost. Extracellular and intracellular 
cytokine staining was measured via flow cytometry. Cells were stained with anti-CD3 APC- 
Cy7, anti-CD4 APC and anti-IFN-y PE. Both unstained samples and fluorescence minus one 
(FMO) controls were used to determine positive staining. Representative zebra plots are 
depicted. Side scatter (SS), Forward scatter (FS)
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Figure 4.23: Chitosan promotes H1-specific IFN-y secretion in vivo in splenic CD3+CD4+ T 
cells.

C57BL/6 mice were immunized intraperitoneally with HI (2 pg) alone, H1 with CpG (50 pg) or 
with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. Cells were isolated from 
spleen from mice after 7 days. Isolated cells were stimulated with antigen (2 pg/ml) and incubated 
with Brefeldin A for 5hrs and stained with anti-CD3, anti-CD4 and anti-IFN-y antibody. Extracellular 
and intracellular cytokine staining was measured via flow cytometry. Cells were gated as 
CD3+CD4+ cells. Zebra plots depicted showing IFN-y versus forward scatter correspond to 
representative samples for each treatment.
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Figure 4.24.: Chitosan promotes H1-specific IFN-y secretion by peritoneal exudate 
CD3+CD4+ T cells.

C57BL/6 mice were immunized intraperitoneally with HI (2 (jg) alone, H1 with CpG (50 pg), 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. Cells 
were isolated from peritoneal exudates from mice after 7 days. Isolated cells were stimulated 
with antigen (2 pg/ml) and incubated with Brefeldin A for 5hrs and stained with anti-CD3, anti- 
CD4 and anti-IFN-y antibody. Extracellular and intracellular cytokine staining was measured via 
flow cytometry. Cells were gated as CD3+CD4+ cells. Zebra plots depicted showing IFN-y 
versus forward scatter correspond to representative samples for each treatment.
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Figure 4.25: Chitosan induced H1-specific IFN^ secretion in vivo is produced by splenic 
CD4+ and CD8+ T cells .

C57BL/6 mice were immunized intraperitoneally with H1 (2 pg) alone, HI with CpG (50 pg), 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. Cells 
were isolated from spleen from mice 7 days after boost. Isolated cells were stimulated with 
antigen and incubated with Brefeldin A for 5hrs and stained with anti-CD3, anti-CD4, anti-CD8, 
anti-y6 and anti-IFN-y antibody. Extracellular and intracellular cytokine staining was measured 
via flow cytometry. Data shown as mean ± SEM of four mice per group/triplicate samples. HI + 
CpG, chitosan or CpG-chitosan versus HI, ***p < 0.001.
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Figure 4.26.; Chitosan and CpG-chitosan promote HI-specific IFN-y secretion in vivo in 
T cells isolated from peritoneal exudates

C57BL/6 mice were immunized intraperitoneally with HI (2 pg) alone, with CpG (50 pg), 
chitosan (1mg) or with CpG and chitosan (1 mg chitosan 50 pg CpG) on days 1 and 21. 
Cells were isolated from spleen from mice 7 days after boost. Isolated cells were stimulated 
with antigen and incubated with Brefeldin A for 5hrs and stained with anti-CD3, anti-CD4, anti- 
CD8, anti-yS and anti-IFN-y antibody. Extracellular and intracellular cytokine staining was 
measured via flow cytometry. Data shown as mean ± SEM of four mice per group/triplicate 
samples. H1 + CpG, chitosan or CpG-chitosan versus H1 *p < 0.05, ***p < 0.001.
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Figure 4.27: Co-injection of CpG-chitosan with H1 significantly enhances antigen-specific 
lgG1 and lgG2.

C57BL/6 mice were immunized intraperitoneally with HI (2 pg) alone, with CpG (50 pg), 
chitosan (Img) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on days 1 and 21. 7 
days after boost serum was collected and assayed for HI-specific (a) lgG1,(b) lgG2c and (c) 
lgG2b by ELISA. Error bars represent standard deviation. Data shown as mean ± SEM of four 
mice per group/triplicate samples HI + CpG, chitosan or CpG-chitosan versus HI *p < 0.05, **p
<0.01, ***p< 0.001.
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Figure 4.28: CpG-chitosan promotes OVA-specific IL-17 secretion in a NLRP3 depedent 
manner.

NLRP3"'" or C57BL/6 mice were immunized intraperitoneally with OVA (200 |jg) alone, OVA 
with CpG (50 pg), chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on 
days 1 and 21. Antigen-specific IL-17 production was measured from antigen restimulated 
cells isolated from (A) peritoneal exudates (PECs), (B) mediastinal lymph nodes, (C) spleens 
and (D) mesenteric lymph nodes from mice, 7 days after boost. Supernatants were collected 
72 hrs later and IL-17 production was measured by ELISA. Data shown as mean ± SEM of 
four mice per group/triplicate samples. OVA + CpG, chitosan, or CpG-chitosan versus OVA , 
*p < 0.05, **p < 0.01, ***p < 0.001. WT OVA + CpG-chitosan versus NLRP3 '' OVA + CpG- 
chitosan, '^p < 0.05, “p < 0.01, ^^p < 0.001
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Figure 4.29: CpG-chitosan promotes OVA-specific IFN-y secretion in a NLRP3 depedent 
manner.

NLRPS’^" or C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, OVA 
with CpG (50 pg), chitosan (1mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on 
days 1 and 21. Antigen-specific IFN-y production was measured from antigen restimulated 
cells isolated from (A) peritoneal exudates (PECs), (B) mediastinal lymph nodes, (C) spleens 
and (D) mesenteric lymph nodes from mice, 7 days after boost. Supernatants were collected 
72 hrs later and IFN-y production was measured by ELISA. Data shown as mean ± SEM of 
four mice per group/triplicate samples. OVA + CpG, chitosan, or CpG-chitosan versus OVA, 
***p < 0.001. WT OVA + CpG-chitosan versus NLRP3''' OVA + CpG-chitosan, ^p < 0.001
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Figure 4.30; CpG-chitosan injection enhances the secretion of IL-17 by mediastinal 
lymph node cells activated with anti-CD3 antibody in a NLRP3 dependent manner.

NLRP3"'" and C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, 
OVA with CpG (50 pg), chitosan (1 mg) or with CpG and chitosan (1 mg chitosan + 50 pg 
CpG) on days 1 and 21. IL-17 production was measured from anti-CD3 or anti CD3+PMA 
restimulated cells isolated from (A) peritoneal exudates (PECs) and (B) mediastinal lymph 
nodes from mice, 7 days after boost. Supernatants were collected 72 hrs later and IL-17 
production was measured by ELISA. Data shown as mean ± SEM of four mice per 
group/triplicate samples. OVA + CpG, chitosan, or CpG-chitosan versus OVA , *p < 0.05,
**p<0.01.
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Figure 4.31: The CpG-chitosan mediated enhancement in IFN^ production by cells 
activated with anti-CD3 antibody is partially dependent on NLRP3.

NLRP3"^’ and C57BL76 mice were immunized intraperitoneally with OVA (200 pg) alone, OVA 
with CpG (50 pg), chitosan (1 mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on 
days 1 and 21. IFN-y production was measured from anti-CD3 or anti CD3+PMA restimulated 
cells isolated from (A) peritoneal exudates (PECs) and (B) mediastinal lymph nodes from 
mice, 7 days after boost. Supernatants were collected 72 hrs later and IFN-y production was 
measured by ELISA. Data shown as mean ± SEM of four mice per group/triplicate samples. 
OVA + CpG. chitosan, or CpG-chitosan versus OVA , *p < 0.05, **p < 0.01, ***p < 0.001.

140



B

u

cn 10“*IH
n

a
cn 10

u

(N
W
O)

o'*

U

5 loH 
w
oi

vV ^ ni> ^ oj>
<5^ .<J> .o'*-* o'* .o«* .<f*

{P •<}?
r'?’‘c?

A O' ^ V O'
V

:Sy

Figure 4.32: The CpG-chitosan mediated enhancement of OVA-specific antibody titres is 
independent of NLRP3.

NLRP3"'' or C57BL/6 mice were immunized intraperitoneally with OVA (200 pg) alone, OVA 
with CpG (50 pg), chitosan (1 mg) or with CpG and chitosan (1 mg chitosan + 50 pg CpG) on 
days 1 and 21. 7 days after boost serum was collected and assayed for OVA-specific IgGI, 
lgG2a, lgG2b and total IgG by ELISA. Data shown as mean ± SEM of four mice per 
group/triplicate samples. OVA + CpG, chitosan, or CpG-chitosan versus OVA , *p < 0.05, **p <
0.01, ***p< 0.001.
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Figure 4.33: The enhancement of H1-specific Th1 responses by chitosan is NLRP3 
dependent.

C57BL/6 and NLRP3'^' mice were immunised intraperitoneally with H1 (2 pg) alone or H1 with 
chitosan (1 mg chitosan) on days 1 and 21. Cytokine production was measured from antigen 
restimulated cells isolated from mediastinal lymph nodes from mice, 7 days after boost. 
Supernatants were collected 72 hrs later and cytokine production was measured from anti-CD3 
antibody stimulated cells by ELISA. Data shown as mean ± SEM of four mice per group/triplicate 
samples. WT HI + chitosan versus NLRP3'^' HI + chitosan, ***p < 0.001. HI + CpG-chitosan v 
HI + chitosan, ^p < 0.05, "^^p < 0.01, ^p < 0.001
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Figure 4.34: The enhancement in anti-CD3 induced IL-17 and IFN-y secretion by 
mediastinal lymph node cells from chitosan injected mice is NLRP3 dependent.

C57BL/6 and NLRP3'^' mice were immunised intraperitoneally with HI (2 pg) alone or HI with 
chitosan (1 mg chitosan) on days 1 and 21. Cytokine production was measured from anti-CD3 
antibody restimulated cells isolated from mediastinal lymph nodes from mice, 7 days after boost. 
Supernatants were collected 72 hrs later and cytokine production was measured by ELISA. Data 
shown as mean ± SEM of four mice per group/triplicate samples. WT HI + chitosan versus 
NLRP3‘'‘ HI + chitosan, ***p < 0.001.
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Figure 4.35: Chitosan induced enhancement of H1-specific antibody titres is independent 
of NLRP3.

C57BL/6 and NLRP3'^' mice were immunised intraperitoneally with H1 (2 pg) alone or with 
chitosan (1 mg chitosan) on days 1 and 21.7 days after boost serum was collected and assayed 
for HI-specific (a) IgGI, (b) lgG2b and (c) lgG2c by ELISA. Data shown as mean ± SEM of four 
mice per group/triplicate samples. WT HI + chitosan versus WT HI *p < 0.05.
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Figure 4.36: CpG-chitosan promotes H1-specific NLRP3 dependent Th1 and Th17 
responses.

C57BL/6 and NLRP3''' mice were immunised intraperitoneally with H1 (2 pg) alone, H1 with 
CpG (10 (jg) or with CpG and chitosan (1 mg chitosan + 10 pg CpG) on days 1 and 21. Antigen- 
specific cytokine production was measured from antigen restimulated cells isolated from (A) 
mediastinal nodes and (B) peritoneal exudate cells (PECs) from mice, 7 days after boosting. 
Supernatants were collected 72 hrs later and IFN-y and IL-17 production was measured from 
antigen stimulated cells by ELISA. Data shown as mean ± SEM of four mice per group/triplicate 
samples. WT HI + CpG-chitosan versus NLRP3''' HI + CpG-chitosan *p < 0.05, **p < 0.01, ***p 
<0.001.
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Figure 4.37: Injection of CpG-chitosan enhances anti-CD3 induced IFN^ and IL-17 
production independent of NLRP3.

C57BL/6 and NLRPS'^'mice were immunised intraperitoneally with H1 (2 pg) alone, H1 with CpG 
(10 pg) or with CpG and chitosan (1 mg chitosan + 10 pg CpG) on days 1 and 21.Cytokine 
production was measured from anti-CD3 antibody restimulated cells isolated from (A) mediastinal 
lymph nodes and (B) peritoneal exudates cells (PECs) from mice, 7 days after boosting. 
Supernatants were collected 72 hrs later and cytokine production was measured by ELISA. . Data 
shown as mean ± SEM of four mice per group/triplicate samples. WT HI + CpG-chitosan versus 
NLRP3''‘ HI + CpG-chitosan *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4.38: CpG-chitosan induced enhancement of antigen specific antibody titres is 
independent of NLRP3.

C57BL/6 and NLRP3'^' mice were immunised intraperitoneally with HI (2 pg) alone, with CpG 
(10 pg), or with CpG and chitosan (1 mg chitosan + 10 pg CpG) on days 1 and 21.7 days after 
boost serum was collected and assayed for HI-specific (a) lgG1,(b) lgG2b and (c) lgG2c by 
ELISA. Data shown as mean ± SEM of four mice per group/triplicate samples. WT HI + CpG- 
chitosan versus WT HI *p < 0.05, **p < 0.01, ***p < 0.001.
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4.3 Discussion.

Most purified protein and peptide antigens are poorly immunogenic, so adjuvants must be 

included in vaccines to induce and direct adequate adaptive immune responses. Chitosan 

exhibits considerable potential as a particulate adjuvant, due to its ability to induce innate 

immunity, including inflammasome activation. Despite its potential, in the current study, 

chitosan alone did not induce cytokine secretion by DC nor promote OVA-specific 

cytokine responses in immunized animals. McNeela and collegues have reported 

induction of a Th2 response with a nasal vaccine against diphtheria adjuvanted with 

chitosan. IL-5 production was detected in splenocytes isolated from immunized mice 
treated with chitosan and the diphtheria toxoid CRMigy'*^^ In the current study, chitosan 

did not significantly enhance OVA-specific secretion of the Th2-associated cytokines IL-5 

or IL-4, suggesting that chitosan may promote different cellular immune responses when 

used in a mucosal vaccine setting. On the other hand CRMi97 is relatively immunogenic 

protein compared with OVA. However, this adjuvant has an evident role in promoting 

humoral responses, enhancing OVA-specific antibody titres of the lgG1, lgG2b and lgG2c 

subclasses. This correlates with published studies using a chitosan-based adjuvant in an 

i.p. vaccination schedule, where Balb/c mice showed elevated antigen-specific antibody 
titres in comparison to animals injected with antigen alone^®^.

In contrast to chitosan alone, the combination of chitosan with CpG induced a potent 
proinflammatory OVA-specific cellular immune response, characterized by promotion of a 

Th1/Th17 profile. This is unsurprising, given the ability of CpG-chitosan to induce 

production of Th17-polarising cytokines, such as IL-1, IL-6 and IL-23, as well as the Th1 

polarising cytokine IL-12 by DC, documented and discussed in chapter 3. The promotion 

of Th17 responses by a chitosan-based adjuvant is a novel finding. Amongst the limited 

literature regarding chitosan and IL-17 production, there is one report showing a decrease 

in IL-17 production following injection of a chitosan-based gel in the murine model of 
multiple sclerosis, experimental autoimmune encephalomyelitis (EAE)''^®., This application 

of chitosan is only tangentially related to the one presented in the in vivo studies 

presented in this chapter, given that a colloidal alginate-chitosan-PLGA gel complex was 
used to deliver a peptide in a controlled-release manner'*^^. On the other hand, the OVA- 

specific Thi responses elicited by CpG-chitosan were most likely reliant on the nucleic 

acid component of the adjuvant. CpG is a TLR9 ligand that promotes maturation of 
dendritic cells and facilitates antigen presentation'*^'*. It is also a known to be a Thi-driving 

adjuvant which promotes IFN-y production by T cells and production of lgG2a antibodies 

by B cells'*^®. Both these hallmark features of Thi responses can be observed in the OVA-
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specific responses induced by CpG-chitosan. The enhancement of both these outputs 

observed when compared to CpG alone most likely stems from interaction between CpG 

and chitosan. As effective as CpG has been shown to be in driving proinflammatory 

immune responses, various reports point out that its adjuvanticity is highly increased when 
combined with biodegradable microparticles'*^® or emulsions'*^^. It is conceivable that 

chitosan acts principally as a delivery system for CpG and that their interaction is due to 
electrostatic interaction between the cationic polymer®®® and the anionic nucleic acid, 

though there is currently no definite proof for this hypothesis.

The widely used vaccine adjuvant alum is known for its preferential induction of Th2 
responses, as reflected by the promotion of antigen specific IL-4 and IgGI®’*'*. This is 

supported by the current study, where alum was the strongest inducer of IgGI of all the 

adjuvants tested. In contrast, CpG-chitosan was the most potent inducer of OVA-specific 

lgG2c. This supports previous evidence of Th2-biased responses induced by alum and 

suggests that a Th1 bias is induced by CpG-chitosan. Despite the predominantly humoral 

responses induced by alum, it has also been reported to promote protective cytotoxic CDS 

T cells in a murine influenza A challenge, when combined with the synthetic TLR ligand 
MPL'*®®. This suggests that the ineffective promotion of Th1 responses by alum can be 

overcome to some extent by combination with TLR agonists. In the current study the 
capacity of alum alone and combined with CpG to promote Th1 responses was limited, 

while CpG-chitosan more effectively promoted Th1 responses in both spleen and PECs. 

The limited capacity of alum to drive Th1 responses has been recently explained by 
evidence showing alum inhibits IL-12p70 production in DC by promoting PIS kinase 
signaling'*’*®. The potential of alum to induce Th17 responses has been documented, both 

with a Staphylococcus aureus antigen (ClfA)'*®® and in a whole cell killed pneumococcal 

vaccine'*®®. However the doses of alum in the study exceed those approved for human 

vaccines in a mg of adjuvant per Kg ratio. Currently there are no clear definitions for the 

acceptable limits in the use of alum for both veterinary vaccines and preclinical research 

grade formulations. European standards and the WHO state that the permissible level of 
aluminum (AP®) to be 1.25 mg in biological products per single human dose of a product, 

this corresponds to approximately 3.6 mg of alum ( AI(OH)3) per dose'*®*. In the alum 

experiments mice were immunized with 1 mg of alum per mouse, so it is possible that the 

effects observed may be partially caused by indirect toxic effects. This should be noted for 

future studies, however it is unlikely that the T cell specific IFN-y and IL-17 production 

found using OVA and CpG-alum is solely due to indirect dose-depedent effects.

In the current study, CpG-chitosan was found to be a potent inducer of OVA-specific Th17 

responses in the spleen, lymph nodes, and PECs, while CpG-alum only induced a 

significant IL-17 response in PECs. The superior efficacy of CpG-chitosan as an adjuvant
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for OVA-specific Th1/Th17 responses may reflect the differential effects of both adjuvants 

on polarizing cytokine production by DC. Specifically, the ability of CpG-chitosan to 

promote IL-12, IL-1 and IL-23, which are required forThI and Th17 T cell differentiation 

respectively, may underlie its enhanced efficacy.

Tuberculosis is second only to HIV/AIDS as the greatest killer worldwide due to a single 

infectious agent. In 2011, 8.7 million people fell ill and 1.4 million people died from 

infection with Mycobacterium tuberculosis^^^. The only widely available vaccine is a live 

attenuated strain of Mycobacterium bovis developed by Calmette and Guerin, named 

Bacillus Calmette Guerin (BCG)^®®. Although effective in conferring protection against 

some childhood forms of TB, BCG confers widely variable protection against adult 
pulmonary tuberculosis that varies between 0 and 80%^®®. The documented limited 

efficacy of vaccination with BCG has propelled research into the development of an 

improved vaccine. Among the leading candidates for a TB subunit vaccine is Hybrid-1 

(HI), a fusion of Ag85B and ESAT-6. Both proteins have shown independent protective 

efficacy in animals; they are strongly recognized T-cell antigens in the early stages of 
infection and contain numerous well-characterized epitopes recognized by TB patients'*®^. 

HI-based vaccines have been shown to induce protection against TB in different animal 

models via the induction of HI-specific IFN-y secretion when combined with cationic 

adjuvants'*^®. Our studies confirm the capacity of adjuvanted HI to drive Thi responses. 

Both chitosan alone and CpG-chitosan induced high levels of Hi-specific IFN-y in both 

mediastinal lymph nodes and spleen when compared to antigen alone. Furthermore, the 

chitosan-induced antigen-specific production of IFN-y was due to HI-specific CD4''' T 

cells. This is in agreement with a report describing the T cell response to this antigen 
when combined with the cationic liposome CAF01 as an adjuvant'*®®. Additionally, the 

antibody responses detected support the Thi bias seen in the Hi-specific cellular immune 

responses with CpG-chitosan inducing the highest antigen-specific lgG2c titres of all 

treatments tested. The importance of Thi responses in protection against Mycobacterium 

tuberculosis infection is well established, although other T cell cytokines may also 

contribute to protection. Enhanced production of HI-specific IL-10 was found in both 

mediastinal lymph nodes and PECs of mice co-injected with HI and chitosan.Perhaps 

surprisingly, this was reduced in CpG-chitosan immunized mice. The reduction in IL-10 

levels possibly explains the higher percentages of CD4''IFN-y'' T cells observed in the 

PECs, reinforcing the proinflammatory potential of CpG-chitosan. While not indispensable 

for induction of protection against TB, IL-17 has an important role supporting Thi 
responses against Mycobacterium tuberculosis^'^. IL-17 has been suggested to play a key 

role in the recall response of IFN-y producing T cells in the lung. Khader and colleagues 

propose that following vaccination, IL-17-producing T cells migrate to the lung and induce
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production of the chemokines CXCL9, CXCL10 and CXCL11, which recruit IFN-y 

producing T cells that prevent mycobacterial growth^°^. Strong Th17 responses were 

elicited by vaccination with H1 and CpG-chitosan in a similar fashion to that observed in 

our studies with the model antigen OVA, in which H1-specific IL-17 production was 

detected in PECs, spleen and mediastinal lymph nodes. The ubiquitous IL-17 response 

induced by CpG-chitosan highlights its ability to induce Th17 responses systemically in 

combination with HI.

The importance of the NLRP3 inflammasome in particulate-driven IL-1 secretion has been 

well established, although a requirement for NLRP3 activation in the induction of adaptive 

immunity by adjuvants has not been demonstrated. Contrasting reports have sparked 

controversy over the relative roles of NLRP3 in adjuvant-driven humoral and cellular 

immunity''^'*. The reported data on the role of NLRP3 in antibody responses are varied. In 

studies with alum and OVA administered intraperitoneally, reductions in OVA-specific 
IgGI titres have been observed in NLRP3''' animals^^^. However in other studies involving 

injection of OVA and alum through the same route of immunization, there was no effect on 
antigen-specific IgGI titres, an increase in lgG2c titres and a decrease in IgE titres^^°. In 

experiments with alum and human serum albumin (HSA), delivered intraperitoneally, there 
was no difference between WT and NLRP3 deficient mice in terms of antigen-specific IgA, 
IgM, IgG or IgG subclasses®^^. With other adjuvants, such as PLG delivered 

intraperitoneally with OVA, there was no requirement for NLRP3 in adjuvant-mediated 
induction of total IgG or IgG subclasses''^^. Intraperitoneal vaccination with chitosan 

enhanced antigen-specific total IgG, IgGI, lgG2a and lgG2b titres. In combination with 

CpG, this effect was stronger for total IgG and lgG2 titres. In NLRP3 deficient mice, there 

appears to be a modest effect on chitosan- and CpG-chitosan-elicited antibody titres, with 

both OVA and HI as antigen. However, collectively it appears that NLRP3 is not a 

decisive mediator of chitosan-induced antibody responses.

CpG-chitosan is a potent inducer of Thi and Th17 responses both with OVA and HI as 
an antigen in WT mice. However, CpG-chitosan immunized NLRP3‘^‘ animals exhibited 

abrogation of antigen-specific IL-17 production and a decrease in IFN-y production in both 

antigen-specific and anti-CD3-induced T cell responses. In contrast to OVA, the studies 

with HI showed Th1/Th17 responses induced by both chitosan and CpG-chitosan. 

Specifically, chitosan in combination with HI induced a predominantly Thi-type response, 

while co-injection of HI and CpG-chitosan promote a strong Thi and Thi7 response. 

Interestingly, not only CpG-chitosan-, but also chitosan-induced cytokine production was 

decreased in NLRP3 deficient mice, unlike that observed in experiments with OVA. This 

suggests that the combination of HI and chitosan activates the NLRP3 inflammasome by 

an as of yet undefined mechanism, de Jonge and colleagues have shown that under
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acidic conditions, ESAT-6 can interact with liposomes and destabilize cellular 

membranes'*^®. It is tempting to hypothesize that within the acidic milieu of the lysosome, 

ESAT-6 might interact with the lysosomal membrane and induce its disruption. Thus, it is 

not unreasonable to posit that the ESAT-6 component of the H1 antigen may activate the 

inflammasome. This hypothesis would be further supported by reports indicating that 

Mycobacterium tuberculosis has can activate the NLRP3 inflammasome''®®. Nonetheless, 

H1-induced activation of the NLRP3 inflammasome would require an additional signal to 

that provided by interaction of ESAT-6 with the lysosomal membrane. Under the current 

model of inflammasome activation an initial signal that primes NLRP3 (signal 1) is need 

prior to the activating stimuli (signal 2). Assuming H1-induced NLRP3 activation is due to 

ESAT-6 interacting with the lysosomal membrane, a concomitant priming signal (signal 1) 

would be required for pro-IL(3 and pro-IL-18 production and priming of NLRP3. Most likely, 

another component of H1, such as Ag85B, may be inducing signal 1 through upregulation 

of NF-kB and subsequent priming of NLRP3. However conclusive experiments are 

required to confirm this hypothesis. The role for NLRP3 in mediating H1-specific T cell 

responses has not been described elsewhere and the data suggests that the requirement 

for NLRP3 in chitosan and CpG-chitosan induced cellular responses depends on both the 

adjuvant and on the antigen. Potent activation of the NLRP3 inflammasome is vital in the 

ability of CpG-chitosan to promote proinflammatory T cell responses. The finding that 

NLRP3 was required for Th17 responses is in line with the fundamental role of IL-1 in 

differentiation of Th17 cells'*®^. Similarly, NLRP3 deficiency has been linked to IFN-y 

production as a result of defective IL-12/23 p40 induction in the absence of IL-1 (3''®®. It was 

recently shown that NLRP3 activation in DC was required for priming of IFN-y producing 

CD8+ T cells and for effective anticancer chemotherapy‘'®®. Additionally a role for NLRP3 

in promoting Thi and Th17 responses has also been shown in mouse models for the 

autoimmune disease, multiple sclerosis''''®. This supports the finding of an important role 

for NLRP3 in the ability of the CpG-chitosan adjuvant system to promote antigen specific 

IFN-y production.

In conclusion, CpG-chitosan is a potent adjuvant formulation for the induction of Thi and 

Thi7 cells and this is dependent on NLRP3. In particular, in the case of HI, NLRP3 is 

required in both chitosan and CpG-chitosan treated groups. This role was specific for 

antigen-specific cellular immunity since antibody responses induced by the adjuvant were 

mostly independent of NLRP3. Thus, while NLRP3 is not required for PAMP-associated 

particulates to promote humoral immunity, it plays a key role in the ability of PAMP- 

associated particulates to promote proinflammatory T cells.
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5. Role for NLRP3. IFNAR1 and Dectin-1 in chitosan
mediated adaptive immune responses.

5.1 Introduction.

Dendritic cell maturation is a key process underlying the induction of antigen-specific 

immune responses. This process is characterized by upregulation of MHC class 11 

molecules on the cell surface, as well as expression of co-stimulatory molecules, such as 

CD40, CD80 and CD86. The maturation process promotes migration of dendritic cells 

(DC) to the draining lymph nodes and enhances their ability to interact with antigen- 
specific T cells, to process and present antigen and to release cytokines''"'\ Expression of 

costimulatory molecules by DC and engagement with their respective ligands on T cells 

plays an important role in protection against infection. Miyahira and colleagues reported 

that inhibition of CD80/CD86 engagement with a blocking antibody led to elevated 

parasitemia and mortality in a mouse model of Trypanosoma cruzi infection 

Additionally, CD40 deficient mice have been shown to be unable to mount Th1 responses 

against challenge with Leishmania This highlights the importance of costimulatory

molecule expression in protection against infection and suggests that adjuvants with the 

capacity to promote their expression would be effective in linking the innate and antigen- 

specific arms of the immune response.

Type I interferon (IFN) was first described over 50 years ago as the factor responsible for 

the phenomenon of viral interference: the ability of infection with a virus to induce 

resistance to subsequent infection with a different virus. The best characterized and most 

broadly expressed members of the type I IFN cytokine family in both mice and human are 

IFN-a (represented by several partially homologous genes) and IFN-P (represented by a 
single gene)^^^. All type I IFN share a ubiquitously expressed heterodimeric receptor 

composed of two chains, IFNAR1 and IFNAR2. Type I IFNs have been shown to exert 

stimulatory effects on DCs. Trafficking of DCs is enhanced by type I IFNs which modulate 
expression of several chemokines and chemokine receptors'*'*'’. Expression of co

stimulatory molecules on DC is also enhanced by type I IFNs; specifically up-regulation of 

CD80 and CD86 and in the presence of antigen, concomitant T-cell activation with 

prevention of anergy induction has been reported'*'*^. Conversely, anti-inflammatory roles 

have also been attributed to type I IFNs. Guarda and colleagues showed that type I IFNs 

can inhibit activation of the NLRP3 inflammasome and subsequent IL-1 production in 

macrophages'*'*®. Viral infection is not the sole pathogenic stimulus that can induce type I 

IFN responses. Several genera of Gram-negative bacteria, including Chlamydia spp., S. 

typhimurium, S. flexneri and Escherichia spp., stimulate type I IFN synthesis. However, in
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some cases cell invasion is a prerequisite for this response^^®. Type I IFN receptor 

deficient mice (IFNART'") are more resistant to infection with Francisella tularensis and 

Listeria monocytogenes than WT mice^®°'^®V Due to their ability to induce both pro- and 

anti-inflammatory effects on dendritic cells, It is of interest to evaluate the role of type I 

IFNs in the adjuvanticity of chitosan.

A key issue regarding the adjuvanticity of chitosan is whether it has a specific receptor on 

immune cells. Given its structure, chitosan may have the capacity to engage C type lectin 

receptors (CLR). In this regard, Dectin-1 ( also known as CLEC7A) is a glycosylated type 

II transmembrane receptor with a single extracellular C-type lectin-like domain (CTLD) 

and a cytoplasmic immunoreceptor tyrosine-based activation (ITAM)-like motif (also 

termed a hem-ITAM). Dectin-1 recognises P 1,3-linked glucans, carbohydrates that are 

found in the cell walls of plants and fungi and in some bacteria and is the major receptor 

on myeloid cells for these molecules. Ligand binding is mediated by the CTLD but the 

mechanism of carbohydrate recognition is unclear. Dectin-1 also recognises 
mycobacteria, but the specific ligands remain unknown'*'*^. Engagement of Dectin-1 on 

myeloid cells by p-glucans triggers a variety of cellular responses including DC 

maturation, ligand uptake by endocytosis and phagocytosis, the respiratory burst and the 
production of cytokines and chemokines, such as TNF, CXCL2, IL-23, IL-6 and IL-10'"'®. 

Dectin-1 also plays a role in adaptive responses, which are key for clearance of fungal 

infection. Specifically, the receptor has been shown to induce humoral responses and 
stimulate cytotoxic T cells in both mice'*''® and humans'*®® . Engagement of Dectin-1 

activation has also been linked to the induction of CD4'" T-cell responses as Dectin-1 
agonists have been shown to activate DCs and promote Th1/Th17 differentiation'*®*. 

Overall, these functions of Dectin-1 indicate that it is a key target for promoting anti-fungal 

immunity and its ability to recognize p-glucans suggests it might interact with chitosan.

The main aims and objectives of this chapter are the following:

To determine the effect of chitosan on expression of costimulatory molecules and 

induction of type I IFNs in DC.

To assess the contribution of IFNAR1 to chitosan-mediated DC activation and to 

identify the role of this receptor in the adjuvanticity of chitosan.

To investigate the role of Dectin-1 in chitosan and CpG-chitosan-mediated DC 

activation.
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5.2 Results.

5.2.1 Chitosan enhances the expression of CD40, CD80 and CD86 on DC.

To study whether the immunostimulatory effects of chitosan on DC might extend further 

than the enhancement of cytokine secretion outlined in chapter 3, the expression of co

stimulatory molecules was studied. Specifically, expression of the maturation markers 

CD40, CD80 and CD86 was studied in DC stimulated by chitosan at a range of 

concentrations (0.5 pg/ml to 8 pg/ml) or with CpG (4 pg/ml) as a positive control. After 24 

hours, cell surface marker expression was assessed by flow cytometry.

CD40 expression was moderately increased in chitosan-treated DC when compared to 

the positive control CpG at 4 pg/ml (Fig. 5.1). At 0.5 pg/ml, treatment with chitosan 

induces CD40 expression levels comparable to cells treated with medium alone, while 

there is an increase in CD40 expression in cells treated with chitosan at 1, 2, 4 and 8 

pg/ml. A correlation between CD40 levels and chitosan concentration can be seen within 

the range of 1-4 pg/ml. However, the effect of chitosan on expression of this 

costimulatory molecule is similar when comparing treatment with chitosan at 4 pg/ml and 

8 pg/ml. CD80 expression was affected by chitosan treatment in a similar manner to that 

observed for CD40. At low chitosan concentrations (0.5 pg/ml), CD80 levels are 

comparable to cells treated with medium alone (Fig 5.2). At concentrations between 1 and 

8 pg/ml, chitosan enhanced the expression of CD80 on DC in a dose-dependent manner. 

Furthermore, the effect of chitosan on CD80 expression is more marked than that 

observed for CD40, as indicated by direct comparison with the positive control (CpG at 4 

pg/ml) (Fig. 5.1). Of the extracellular makers analyzed, chitosan had the greatest effect on 

CD86 expression (Fig 5.3). Even at concentrations as low as 0.5 pg/ml, chitosan 

enhanced the expression of CD86. In this case chitosan induced a dose-dependent effect 

within the range of 0.5 and 2 pg/ml. No further enhancement was seen by increasing the 

chitosan concentration to 4 pg/ml and 8 pg/ml(Fig. 5.3).

5.2.2 Chitosan induced upregulation of costimulatory molecules is dependent on 

IFNAR1.

In light of the enhancing effect of chitosan on costimulatory marker expression on DC, the 

role for IFNAR1 in the chitosan-mediated expression of CD40, CD80 and CD86 was 
studied. Briefly, DC from C57BL/6 and IFNARV^' mice were stimulated with chitosan at a
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range of concentrations (0.5 |jg/ml to 4 |jg/ml) or with CpG (4 pg/ml) as a positive control. 

After 24 hours, expression of CD40, CD80 and CD86 was assessed by flow cytometry.

Enhancement of CD40 expression was observed in WT DC treated with chitosan at 

concentrations between 1 and 4 pg/ml. This effect was abrogated in IFNARV'’ DC treated 

with chitosan at concentrations between 1 and 2 pg/ml (Fig. 5.4). There was a minor effect 
on CD40 expression on IFNART^' DC treated with chitosan at 4 pg/ml. Chitosan also 

enhanced CD80 expression on WT DC at concentrations between 1 and 4 pg/ml, whereas 

this effect was greatly diminished when DC from IFNAR1 deficient mice were used (Fig.

5.5) . In a similar manner, the ability of chitosan at concentrations from 0.5-2 pg/ml to 

enhance CD86 expression was clearly reduced in IFNARV'" DC but upregulation of CD86 

was only partly reduced in IFNAR1 deficient cells when chitosan was used at 4 pg/ml (Fig

5.6) .

5.2.3 Chitosan induces the production of type IIFN by DC.

Many factors have been documented to enhance expression of costimulatory molecules, 

but the role of type I IFNs has been specifically highlighted. The data presented here 

suggests that chitosan-induced DC maturation is mediated, at least in part, by type I IFN. 

The next key issue was finding the source of these cytokines. IFN-p transcription in 
chitosan-treated cells was determined by qPCR. Briefly, DC were stimulated with 

chitosan, mRNA was isolated and IFN-p mRNA fold induction was calculated with respect 

to p-actin mRNA expression. At early time points (1,2 and 4 h), treatment with chitosan did 

not lead to induction IFN-p mRNA transcription, when compared to control (Fig. 5.7A). 

However, after 6h- chitosan-mediated induction of IFN-P mRNA was clearly detected, 

although the difference compared to control was not statistically significant. In contrast, 8 

h after stimulation with chitosan, significant transcription of IFN-p mRNA was observed 

(Fig. 5.7B). A statistically significant peak in mRNA transcription was detected 24h after 

treatment with chitosan and this effect subsided 48 h after stimulation (Fig. 5.7B). To 

confirm that type I IFN up-regulation was not limited to transcription, secretion of IFN-P 

induced by treatment with chitosan was determined by ELISA. At early timepoints (3,6 and 

9h) after stimulation with chitosan there was no significant IFN-p secretion detected (Fig. 

5.8). However after 24 and 48 h, significant IFN-P production was observed, with the 

highest levels detected 48 h after stimulation with chitosan. These results suggest that 

chitosan not only can induce type I interferon transcription, but also secretion by DC.
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5.2.4 The role of Dectin-1 in chitosan-induced type I interferon and cytokine 

responses.

Given that chitosan is a carbohydrate, and CLR are comprised of carbohydrate- 

recognition domains, the role of CLRs in chitosan-induced DC activation was explored. 

DC were stimulated with chitosan at a range of concentrations (0.5-8 pg/ml) for 24h and 

then harvested, total mRNA extracted and mRNA levels determined by qPCR. As 

previously shown, chitosan enhanced IFN-(3 mRNA induction 24 hrs after treatment in DC 

and this effect was dependent on chitosan concentration (Fig. 5.9). Chitosan induced 

significant enhancement in IFN-P mRNA levels at 1,2,4, and 8 pg/ml in WT DC. In Dectin- 

1 deficient DC IFN- p mRNA was also detected in cells treated with chitosan at 1, 2, 4 and 

8 pg/ml, but at lower levels to those seen with WT cells. At chitosan concentrations of 2 
and 8 pg/ml, IFN-p mRNA levels were significantly lower in DC from Dectin-T^' mice when 

compared to WT. To assess whether the role of Dectin-1 in chitosan-mediated 

immunostimulatory effects was limited to type I IFN expression, the role for Dectin-1 in 

cytokine secretion was studied. C57BL/6 and Dectin-1''' DC were stimulated with chitosan 

alone or chitosan together with a range of concentrations of CpG (4 ng/ml - 4 pg/ml). 

After 24 h supernatants were collected and cytokine concentrations were determined by 

ELISA. Chitosan did not significantly enhance CpG-induced production of IL-6 (Fig. 
5.10A). In contrast, chitosan did enhance CpG-mediated (40 ng/ml) IL-12p40 secretion in 
WT DC (Fig. 5.10B). In Dectin-I'^' DC IL-6 and IL-12p40 was comparable to WT DC at all 

CpG concentrations tested (Fig. 5.10). In addition, CpG-induced (0.4 and 4 pg/ml) IL-1a, 

IL-ip and IL-23 was significantly enhanced by chitosan in cells from WT mice. 

Surprisingly, in Dectin-1 deficient cells secretion of IL-1a was significantly higher in DC 

treated with chitosan and CpG at 0.4 pg/ml, when compared to WT cells (Fig. 5.11A). In 

the case of IL-23, a significant increase in cytokine production was also observed when 
comparing Dectin-T^' and WT cells, in this case following treatment with chitosan and CpG 

(4 pg/ml) (Fig. 5.11C). A similar effect was observed with regard to IL-ip secretion, but in 

this case in cells treated with chitosan and CpG at both 0.4 and 4 pg/ml (Fig. 5.1 IB). 

These results point to a negative role for Dectin-1 in CpG-chitosan-mediated IL-1 and IL- 

23 production.

5.2.5 The role of IFNAR1 in the adjuvanticity of chitosan and CpG-chitosan.

5.2.5.1 Chitosan promotes IFNAR1 dependent-Th1/Th17 responses.

C57BL/6 and IFNARI'^' mice were immunized intraperitoneally with HI alone or in 

combination with chitosan on days 1 and 21. Antigen-specific cytokine secretion was
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determined in antigen-restimulated cells isolated from mediastinal lymph nodes. The 

chitosan-driven enhancement in H1-specific IFN-y and IL-17 secretion by lymph node cells 

was significantly decreased in IFNART^' mice (Fig. 5.12). Production of IFN-y was 

decreased when comparing cells from WT and IFNART^' mice across all antigen 

concentrations used for restimulation (0.4, 2 and 10 pg/ml), although this was only 

significantly lower in cells restimulated with HI at 10 pg/ml. The chitosan-mediated 

enhancement in Hi-specific IL-17 was not seen in the case of restimulated lymph node 

cells from IFNAR1 deficient cells, but in this case a statistically significant reduction was 

observed with restimulating HI concentrations of 2 and 10 pg/ml. Although enhanced, it 

should be noted that the IL-17 secretion by cells from WT mice was modest in comparison 

to the robust IFN-y response. A similar profile was observed in cells restimulated with anti- 

CD3 antibody (Fig. 5.13). Co-injection of chitosan with HI resulted in a dramatic 

enhancement in anti-CD3 induced IFN-y and IL-17 secretion by lymph node cells In 

response to anti-CD3, both IFN-y and IL-17 secretion was significantly higher in cells from 

C57BL/6 mice immunised with chitosan when compared to IFNAR'^' mice.

5.2.5.2 Chitosan promotes IFNAR1 dependent production of lgG2 antibodies.

Co-injection of chitosan with HI resulted in enhanced titres of Hi-specific IgGI, lgG2b 

and lgG2c antibody subtypes when compared to immunisation with HI alone. Chitosan- 
induced HI-specific IgGI titres were comparable between C57BL/6 and IFNAR'^' mice 

(Fig. 5.14A). In contrast, lower lgG2b titres were detected in IFNAR"'’ than WT mice 

immunized with antigen, although with no significant difference (Fig. 5.14B). However, the 

chitosan-mediated enhancement of HI-specific lgG2c titres by chitosan was significantly 

reduced in IFNAR1 deficient animals, compared WT mice (Fig. 5.14C).

5.2.5.3 IFNAR1 suppresses CpG-chitosan induced Th17 responses and has a partial 
role in promoting CpG-chitosan induced Thi responses.

C57BL/6 and IFNARl '" mice were immunized intraperitoneally with HI alone. Hi with CpG 

or HI in combination with CpG-chitosan on days 1 and 21. Antigen-specific cytokines 

were measured in antigen-restimulated cells isolated from peritoneal exudates (PECs) 

and splenocytes taken 7 days after the boost. In line with previous results, CpG-chitosan 

promoted both HI-specific Thi and Thi 7 responses in WT mice, in comparison to antigen 

alone. Thi7 responses in splenocytes restimulated with HI at all concentrations tested 
(0.4, 2 and 10 pg/ml) were significantly increased in IFNART^' mice when compared to
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WT (Fig. 5.15A). This effect was not limited to splenocytes as significantly increased H1- 
specific IL-17 production was also detected in PECs from IFNARI'^' mice that were 

restimulated with HI 2 pg/ml when compared to cells from WT mice (Fig. 5.15B). Antigen 

specific IFN-y production was significantly decreased in PECs from IFNARV'" animals 

when compared to cells from WT mice (Fig, 5.15B) at all HI concentrations used for 

restimulation (0.4, 2 and 10 pg/ml). This effect was not observed in splenocytes, where 

comparable levels of HI-specific IFN-y production were noted between WT and IFNAR1 

deficient mice immunised with HI and CpG-chitosan (Fig, 5.15A). The dependence of Thi 

responses on IFNAR1 was also evident in anti-CD3 induced responses. HI-specific IFN-y 

production was decreased in IFNAR1 deficient mice treated with CpG-chitosan when 

compared to WT mice in anti-CD3-restimulated PECs and cells from mediastinal lymph 

nodes (Fig. 5.16). This effect was statistically significant in mediastinal lymph node cells 

and PECs restimulated with anti-CD3 antibody (0.5 pg/ml). Conversely, while HI-specific 

IL-17 responses in PECs were detected, they were comparable between WT and IFNAR1 

deficient mice treated with CpG-chitosan, with no statistically significant difference. 

Responses in mediastinal lymph node cells displayed a similar pattern for HI-specific IL- 

17, with a slight decrease but no statistically significant differences between WT and 
IFNART' mice treated with CpG-chitosan (Fig. 5.16A).

5.2.5.4 CpG-chitosan promotes IFNAR1 dependent production of lgG2 antibodies.

Co-injection of CpG-chitosan with HI enhanced antigen specific IgGI, lgG2b and lgG2c 

titres compared with injection of HI alone (Fig. 5.17). CpG alone also enhanced antibody 

titres of all subclasses tested with a predominant enhancement on lgG2 subclasses. H1- 

specific IgGI titres were comparable in WT and IFNAR1-/- mice treated with CpG- 

chitosan (Fig. 5.17A). However, in the case of lgG2 subclases both HI-specific lgG2b 

and lgG2c were decreased in IFNAR-/- mice immunized with CpG-chitosan when 

compared to WT, however, in both cases the decrease in antibody titres was not 

statistically significant (Fig. 5.17B and C)
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Figure 5.1: Chitosan induces upregulation of CD40 expression on DC.

C57BL/6 DC (1 xIO® cells/ml) were stimulated with medium or chitosan at 0.5 (jg/rnl, 1 pg/ml, 
2 pg/ml, 4 pg/ml and 8 pg/ml or CpG at 4 pg/ml. After 24 hrs, cells were washed and stained 
with anti-CD40-APC antibody. Comparison of the expression of CD40 between untreated 
(grey) and treated (black) cells shown as histograms. MFI represents median fluorescence 
intensity.
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Figure 5.2: Chitosan induces upregulation of CD80 expression on DC.

C57BL/6 DC (1 xIO® cells/ml) were stimulated with medium or chitosan at 0.5 pg/ml, 1 pg/ml, 
2 pg/ml, 4 pg/ml and 8 pg/ml or CpG at 4 pg/ml. After 24 hrs, cells were washed and stained 
with anti-CD80-FITC antibody. Comparison of the expression of CD80 between untreated 
(grey) and treated (black) cells shown as histograms. MFI represents median fluorescence 
intensity.
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Figure 5.3: Chitosan induces upregulation of CD86 expression on DC.

C57BL/6 DC (1 x10® cells/ml) were stimulated with medium or chitosan at 0.5 pg/ml, 
1 pg/ml, 2 pg/ml, 4 pg/ml and 8 pg/ml or CpG at 4 pg/ml. After 24 hrs, cells were 
washed and stained with anti-CD86-PE antibody. Comparison of the expression of 
CD86 between untreated (grey) and treated (black) cells shown as histograms. MFI 
represents median fluorescence intensity.
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Figure 5.4; Chitosan induced upregulation of CD40 on DC is IFNAR1 dependent.

C57BL/6 and IFNARV^' DC (1 x 10® cells/ml) were stimulated with medium or chitosan at 0.5 
pg/ml, 1 pg/ml, 2 pg/ml, 4 pg/ml or CpG at 4 pg/ml. After 24 hrs, cells were washed and 
stained with anti-CD40-APC antibody. Comparison of the expression of CD40 between 
untreated (grey) and treated (black) cells shown as histograms. MFI represents median 
fluorescence intensity.
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Figure 5.5: Upregulation of CD80 on DC by chitosan is partially dependent on IFNAR1.

C57BL/6 and IFNARI'^' DC (1 x 10® cells/ml) were stimulated with medium or chitosan at 0.5 
pg/ml, 1 pg/ml, 2 pg/ml, 4 pg/ml or CpG at 4 pg/ml. After 24 hrs, cells were washed and 
stained with anti-CD80-FITC antibody. Comparison of the expression of CD80 between 
untreated (grey) and treated (black) cells shown as histograms. MFI represents median 
fluorescence intensity.
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Figure 5.6: Upregulation of CD86 on DC by chitosan is partially dependent on IFNAR1.

C57BL/6 and IFNARI'^' DC (1 x 10® cells/ml) were stimulated with medium or chitosan at 0.5 
pg/ml, 1 pg/ml, 2 pg/ml, 4 pg/ml or CpG at 4 pg/ml. After 24 hrs, cells were washed and 
stained with anti-CD86-PE antibody. Comparison of the expression of CD86 between 
untreated (grey) and treated (black) cells shown as histograms. MFI represents median 
fluorescence intensity.
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Figure 5.7: Chitosan induces maximal upregulation of IFN-P transcription after 24 hrs in 
DC.

C57BL/6 DC (1x10® cells/ml) were stimulated with chitosan (2 jjg/ml) for (a) Ihr, 2hrs, 4 hrs, 6 
hrs and 24hrs or (b) 8 hrs, 24 hrs and 48 hrs. IFN- (3 mRNA fold induction calculated with 
respect to (3-actin mRNA expression. mRNA expression levels calculated by qPCR. Data shown 
as mean ± SEM. Control versus chitosan, **p < 0.01, ***p < 0.001.
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Figure 5.8: Chitosan induces secretion of IFN- p after 24 hrs in DC.

C57BL/6 DC (1 x 10® cells/ml) were stimulated with medium or chitosan (2 jjg/ml) for 3hr, 
6hrs, 9 hrs, 24 hrs and 48hrs. Additionally cells were stimulated for 3hrs with LPS at 10 ng/ml 
as a positive control. After each time point supernatants were collected and IFN- p 
concentration in units/ml (U/ml) was determined by ELISA. Data shown as mean ± SEM. 
Chitosan or LPS versus control,***p < 0.001.
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WT

DECTIN-1 -/-

Figure 5.9: Chitosan induced upregulation of IFN- p mRNA transcription is dependent 
on Dectin-1 in DC.

C57BL/6 DC (1 x 10® cells/ml) were stimulated for 24hrs with medium or chitosan at 0.5 
pg/ml, 1 pg/ml, 2 pg/ml, 4 pg/ml and 8 pg/ml. IFN- (3 mRNA fold induction calculated with 
respect to (3 -actin mRNA expression. mRNA expression levels calculated by qPCR. Data 
shown as mean ± SEM. WT chitosan versus WT control, *p < 0.05, ***p < 0.001 .WT 
chitosan versus Dectin-T^' chitosan, ^p < 0.001.
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Figure 5.10: The chitosan mediated enhancement in CpG-induced IL-12p40 is 
independent of Dectin-1'^' in DC.

C57Bl_/6 and Dectin-I'^' DC (6.25 x 10® cells/ml) were stimulated with medium, chitosan (2 
pg/ml) alone or chitosan together with a range of concentrations of CpG (4 pg/ml - 0.4 
ng/ml). After incubation for 24hrs, supernatants were collected and (A) IL-6 and (B) IL-12p40 
concentrations were determined by ELISA. Data shown as mean ± SEM. WT control versus 
WT chitosan. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5.11: Dectin-1 negatively regulates the chitosan mediated enhancement of CpG 
induced IL-1a, IL-1f3 and IL-23 secretion.

C57BL/6 and Dectin-T' DC (6.25 x 10® cells/ml) were stimulated with chitosan (2 pg/ml) and 
a range of concentrations of CpG (0.4 ng/ml - 4 pg/ml). After incubation for 24hrs, 
supernatants were collected and (A) IL-1a, (B) IL-1p and (C) IL-23 concentrations were 
determined by ELISA. Data shown as mean ± SEM. WT chitosan versus WT control, *p < 
0.05, ***p < 0.001. WT chitosan versus Dectin-T'" chitosan, *p < 0.05, ^^p < 0.001.
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Figure 5.12: Chitosan induced antigen specific IFN-y and IL-17 production are IFNAR1 
dependent.

C57BL/6 and IFNARI'^' mice were immunised intraperitoneally with HI (2 pg) alone or HI with 
chitosan (1 mg chitosan) on days 1 and 21. IFN-yand IL-17 production was measured from 
antigen restimulated cells isolated from mediastinal nodes from mice, 7 days after boosting. 
Supernatants were collected 72 hrs later and cytokine production was measured from antigen
stimulated cells by ELISA. Data shown as mean ± SEM. WT chitosan versus IFNART
** p<0.01 *** p<0.001.
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Figure 5.13: The enhanced IFN-y and IL-17 response in anti-CD3 stimulated lymph node 
cells from mice immunised with antigen and chitosan is IFNAR1 dependent.

C57BL/6 and IFNARI’^' mice were immunised intraperitoneally with H1 (2 pg) alone or HI with 
chitosan (1 mg chitosan) on days 1 and 21. IFN-y and IL-17 production was measured from anti- 
CD3 antibody restimulated cells isolated from mediastinal lymph nodes from mice, 7 days after 
boosting. Supernatants were collected 72 hrs later and cytokine production was measured from 
anti-CD3 antibody stimulated cells by ELISA. Data shown as mean ± SEM. WT chitosan versus 
IFNARI''” chitosan, *** p<0.001.
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Figure 5.14: Chitosan induced enhancement of antigen specific lgG2c is dependent on 
IFNAR1.

C57BL/6 and IFNAR'^' mice were immunised intraperitoneally with H1 (2 pg) alone or HI with 
chitosan (1 mg) on days 1 and 21. 7 days after boost serum was collected and assayed for H1- 
specific (a) lgG1, (b) lgG2b and (c) lgG2c by ELISA. Data shown as mean ± SEM. WT chitosan 
versus IFNARI'^' chitosan,* p<0.05.
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Figure 5.15: Type I IFNs suppresses CpG-chitosan induced antigen specific IL-17 but 
contributes to CpG-chitosan induced antigen specific production of IFN-y.

C57BL/6 and IFNARr'" mice were immunised intraperitoneally with HI (2 pg) alone, with HI 
CpG (10 pg), chitosan (1 mg ) or with CpG and chitosan (1 mg chitosan + 10 pg CpG) on days 
1 and 21. Antigen-specific cytokine production was measured from antigen restimulated cells 
isolated from (a) spleen and (b) PECs from mice collected 7 days after boosting. Supernatants 
were collected 72 hrs later and IFN-y and IL-17 production was measured from antigen 
stimulated cells by ELISA Data shown as mean ± SEM. WT CpG-chitosan versus IFNARI'^' 
CpG-chitosan, *** p<0.001.
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Figure 5.16: Type I IFNs is required for the ability of CpG-chitosan to enhance the 
capacity of lymph node cells and splenocytes to produce IFN-y in response to anti-CD3 
stimulation.

C57BL/6 and IFNARI'^'immunised intraperitoneally with HI (2 pg) alone, HI with CpG (10 pg), 
chitosan (1 mg) or with CpG and chitosan (1 mg chitosan + 10 pg CpG) on days 1 and 21. 
Antigen-specific cytokine production was measured from antigen restimulated cells Isolated from 
(a) mediastinal lymph nodes and (b) PECs from mice collected 7 days after boosting. 
Supernatants were collected 72 hrs later and IFN-y and IL-17 production was measured from 
antigen stimulated cells by ELISA. Data shown as mean ± SEM. WT CpG-chitosan versus 
IFNARr'' CpG-chitosan, * p<0.05 *** p<0.001.
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Figure 5.17: CpG-Chitosan induced enhancement of Hi-specific lgG2c is partially 
dependent on IFNAR1.

C57BL/6 and IFNAR'^' mice were immunised intraperitoneally with H1 (2 pg) alone, HI with 
CpG (10 pg), with chitosan (1 mg chitosan) or with CpG and chitosan (1 mg chitosan + 10 pg 
CpG) on days 1 and 21. 7 days after boost serum was collected and assayed for HI -specific (a) 
lgG1,(b) lgG2b and (c) lgG2c by ELISA. Data shown as mean ± SEM.
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5.3 Discussion

Dendritic cell maturation, as triggered by TLR agonists, upregulates surface MHC class II 

and costimulatory molecules, like CD40, CD80 and CD86, as well as promoting their 

migration to draining lymph nodes. It also enhances the ability of the DC to interact with 
antigen-specific T cells, antigen processing and presentation, and cytokine release'*'’^ 

Thus, it is DC maturation, triggered by adjuvants, that links the innate and antigen-specific 

arms of the immune response and launches antigen-specific responses. Chitosan induced 

the up-regulation of CD40, CD80 zzand CD86, in line with previous reports indicating 
upregulation of either CD40 and CD86‘’“ or CD80 and CD86''®^ on DC. However, in both 

of the latter cases, chitosan was tested as a biofilm, which might explain the differences 

from the results presented here. Most likely the effects of chitosan would differ depending 

on formulation, based on the accessibility of the chitosan residues to the surface of the 

DC. Additionally, other (3-glucans have been reported to induce maturation in DC. Kikuchi 

and colleagues showed that p-glucans isolated from Candida spp. cell wall induced 
upregulation of CD80 and CD86 in DC from C57BL/6 mice'*^. This suggests that there 

might be a 3-glucan-specific receptor on DC responsible for glucan-mediated upregulation 

of costimulatory molecules.

The upregulation of costimulatory molecule expression on DC by chitosan was absent on 

cells derived from IFNAR1 deficient mice. This agrees with data presented elsewhere 

showing that type I IFNs produced by dendritic cells act in an autocrine manner to 
promote their functional activation, while DC from IFNARV'’ mice are unable to upregulate 

costimulatory molecule expression'*®®. Agonists of both TLR3 and TLR4 have been shown 

to enhance CD40, CD80 and CD86 expression in macrophages in a mechanism 
dependent on TRIF, IFN-p and IFNAR1'*'*®. The dependency of TLR agonist-induced 

maturation on TRIF is supported by the data presented showing that in both WT and 

IFNART^' DC, the MyD88-dependent but TRIF-independent TLR9 agonist CpG is able to 

induce maturation. This suggests that upregulation of costimulatory molecules by CpG 

results from triggering a pathway independent of type I IFNs.

Since chitosan enhanced expression of CD40, CD80 and CD86 on DC in a type I IFN-

dependent manner, it was important to determine whether chitosan could itself induce

type I IFNs. Transcription of IFN-P mRNA was induced by chitosan treatment on DC as

early as 6 h after stimulation, however, significant IFN- p mRNA induction was only

detected from 8 h after stimulation, peaked at 24 h and was absent 48 h after stimulation

with chitosan. Relative to induction with TLR ligands, induction of IFN-P mRNA with

chitosan occurs at surprisingly late time points. Stimuiation of macrophages with LPS has
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been shown to induce IFN-p mRNA as early as 1 h after stimulation, with maximum 

induction at approximately 2 h and sustained decrease of mRNA levels at later time 

points'*^. This suggests that induction of IFN-P by chitosan depends on the production of 

an additional signaling factor that may account for the delay in the type I IFN response. 

Moreover, the effect of chitosan on type I IFN responses was not limited to mRNA 

transcription, since secretion of IFN-P was detected at both 24 and 48 h after stimulation. 

It is not surprising that chitosan induced secretion of IFN-P was only detected at later 

timepoints, since IFN-P transcription peaked at 24 h. Additionally, the delay in IFN-p 

production could be explained by the autocrine action of IFN-p on DC. Type I IFNs 

secreted at an early stage can engage the interferon receptor (IFNAR), which induces 

IRF8 and subsequently amplifies IFN gene transcription by recruiting RNA polymerase II 

to the IFN gene promoter'*®^. The role of type I IFNs in chitosan-mediated costimulatory 

molecule expression on DC could also be confirmed by studying the kinetics of CD40, 

CD80 and CD86 expression on DC stimulated by chitosan or TLR agonists. If chitosan 

induces type I IFNs at later time points than TLR agonists, one could expect chitosan- 

induced DC maturation to be delayed when compared to TLR agonist-mediated DC 

maturation.

Chitosan induced significant upregulation of IFN-P mRNA from 8-24 h after stimulation 
and this effect was significantly reduced in Dectin-T^' cells. The current literature does not 

describe the effect of Dectin-1 on type I IFN induction in DC, making this a novel finding. 

However, Tel and colleagues showed that antibody targeting of the C-type lectin receptor 
DEC-205 impairs type I IFN secretion by pDC"*®®. Although different from the current data, 

this confirms that engagement of C-type lectin receptors can modulate type I IFN 
responses in DC. Additionally, the reduced type I IFN response observed in Dectin-T^' 

DC, puts forward the possibility that chitosan engages multiple CLR, since IFN-p 

responses are decreased in Dectin-1 but not abrogated, implying a partial role for this 

receptor in chitosan sensing. In terms of cytokine production, chitosan alone had no direct 

effect on either WT or Dectin-T^' cells, but in combination with CpG it increased cytokine 

secretion. However, CpG-chitosan induced production of IL-12p40 in WT and Dectin-1 

deficient cells was comparable. Surprisingly, IL-1a, IL-ip and IL-23 secretion was 
enhanced in Dectin-T'' DC compared to WT DC. Dectin-1 engagement is commonly 

associated with induction of IL-1U and proinflammatory Th1/Th17 responses"’®®''®®. Thi 

and Thi 7 cell-mediated responses require IL-12 , IL-1 and IL-23 production and IL-12p40 

is one of the monomers that constitute the dimeric cytokines IL-12p70 and IL-23. IL-12p70 
is composed of two disulfide-linked polypeptide chains of 40 (p40) and 35 (p35) kDa"*®’ 

and this cytokine is the principal immunoregulatory cytokine that governs Thi polarization. 

These subunits are encoded by two separate genes whose expression is independently
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regulated at the transcriptional level. IL-23, another heterodimeric cytokine of p40 and pi9 

subunits, has biological activities similar to, as well as distinct from, IL-12p70. In particular, 

IL-23 induces T cell proliferation and IFN-y production. While IL-12p70 acts on naive 
CD4+ T cells, IL-23 preferentially acts on memory CD4+ T cells'*®^. Cells that produce IL- 

12p70 and iL-23 heterodimers secrete the monomer of p40 chain at an excess of several 

to 1000-foid above the heterodimer. The p40 chain may form also a homodimer p80 that

serves as an IL-12p70 and IL-23 antagonist,463,464 It was observed here that IL-12p40
production was unaffected in Dectin-T'' DC, while IL-23 secretion was enhanced. This 

suggests that CpG-chitosan may have a specific effect on IL-12p19 subunit production in 

Dectin-1 deficient DC. Alternatively it is possible that the effects of CpG-chitosan on 

Dectin-1-/- DC inhibit downstream kinase signaling, since inhibition of kinases JNK and 
p38 MARK has been shown to modulate IL-23 expression'*®®.

There is a lack of a consensus in the literature describing the role of IFNAR1 in 

adjuvanticity. The effects of type I IFN on adaptive immunity are diverse and often 

conflicting. For example, T cell survival can be greatly influenced by type I IFN, with 

reports indicating that activated CD4+ and CD8+ T cell survival in vitro can be drastically 
enhanced in the presence of type I IFN'*®®, while other authors working on an in vitro 

model of anti-CD3 mediated T cell activation found that type I IFN triggered increased cell 
death"*®^. Nonetheless the effects of type I IFN on antibody-mediated responses appear to 

be mostly beneficial. It has been shown that IFNAR1 is required for the induction of 

antigen-specific IgG by complete Freund’s adjuvant and for the DC-mediated induction of 
antibody isotype switching by dendritic cells'*®®. The data presented from experiments with 

IFNART'" mice suggest an important role for type I IFN in promoting Thi responses. 

Chitosan-induced antigen-specific IFN-y production was abrogated in IFNAR1 deficient 

animals. In addition, the significant effect of chitosan on IFN-y production by mediastinal 

lymph node cells restimulated with anti-CD3 antibody was also reduced. Correspondingly, 
we observed a significant decrease in chitosan induced lgG2 titres in IFNARI'^' mice, 

most notably lgG2c. This finding is in line with previous reports that show induction of IFN- 

y by type I IFNs via STAT4 signaling'*®®. Originally, type I IFNs were identified as inhibitors 

of IL-12 and therefore of the induction of Thi responses. However, it appears that the 

modulating effect of Type IFNs on Thi responses depends on the cytokine milieu and on 

CD40 stimulation of DC. Maturation of dendritic cells in the presence of TNF-a and IFN-(3 

induces increased IL-12p70 secretion upon CD40L stimulation, when compared to 
maturation in the presence of TNF-a alone'*^®. The decreased Thi responses seen in 

IFNART^' mice co-injected with chitosan and HI may be explained by these conditions 

required for promotion of Thi responses by DC in the presence of IFN-(3. This suggests 

that TNF-a and CD40L may be involved in chitosan and HI induction of Thi responses.
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Chitosan, in combination with H1, also induced Th17 responses and these were also 

compromised in IFNAR1 deficient animals, with decreased IL-17 production in both H1 

restimulated and anti-CD3 treated cells. However, the magnitude of the Th17 response 

was modest compared to the striking effect of chitosan and H1 on the Th1 response. 

Interestingly, the effects of IFNAR1 deficiency on IL-17-mediated responses in CpG- 

chitosan treated mice, were diametrically opposed to those observed with chitosan alone. 
H1-specific production of IL-17 was significantly enhanced in IFNARI'^' mice compared to 

WT animals in cells isolated from both spleen and peritoneal exudates. Evidence of the 
suppressive effect of IFN-P on IL-17 has been previously documented in humans"*^^ as 

well as in murine modeis'*^^. It has been shown that type I IFN induces production of IL-27, 

which mediates the inhibition of Th17 responses''^^. Additionally, IL-27 has been shown to 

promote the generation of IL-10-producing anti-inflammatory T cells''^'', which could 

explain the increase in IL-17 production in IFNARI'^' mice, given the requirement for IL-1 

in the induction of Th17 responses"*^^. Alternatively, the negative regulation of Th17 

responses by type IFNs could be explained by the suppressive role of these cytokines on 

IL-1 production, which is key in the development of Th17 responses. Guarda and 

colleagues showed that type I IFNs diminished IL-1p production in vivo in response to 

alum and Candida aibicans^^^. The discrepancy between the effects of chitosan and CpG- 

chitosan on the modulation of Th17 responses support the hypothesis that CpG and 

chitosan interact with each other, most likely via electrostatic interaction, and that they 

form a completely different adjuvant from chitosan alone.

Finally, a similar role for IFNAR1 in promoting antibodies was seen in the case of in CpG- 

chitosan and chitosan alone. HI-specific IgGI titres were of similar magnitude in WT and 
IFNART'" treated with CpG-chitosan. However, a significant reduction in lgG2c titres was 

only seen in chitosan-treated IFNAR deficient animals, while the decrease in CpG- 
chitosan treated IFNART^' mice was not significant. The difference in the degree of 

dependency on IFNAR1 between chitosan and CpG-chitosan is most likely due to a 

compensatory effect of CpG on lgG2c induction.

181



6. General Discussion.

An increase in life expectancy is considered a key indicator of development in modern 

society. In high-income countries life expectancy is approximately 80 years and, 

considering predictions of a limit to life expectancy have previously been wrong, one can 
extrapolate that it could reach 100 years in six decades'*^®. Increased control of infectious 

diseases is one of the major reasons behind the steady increase in life expectancy and 

vaccination is one major reason for this. Successful vaccines have been developed 

against a range of bacteria and viruses, but it is thought that the efficacy of these vaccines 

depends principally on the induction of neutralizing antibodies. However, the current 

consensus for pathogens causing chronic infection; such as human immunodeficiency 

virus (HIV), the protozoan parasite Plasmodium falciparum responsible for malaria and 

Mycobacterium tuberculosis is that a neutralizing antibody response alone is insufficient 
for protections^. In these cases, vaccines that promote both a potent cellular immune 

response as well as antibodies might be crucial. Traditionally adjuvants have been used to 

enhance the magnitude of an adaptive response to an antigen, assessed principally by 

their effect on antibody titres or ability to prevent infection. In recent years the ability of 

adjuvants to finely control the induction of innate and adaptive immunity as a means to 

produce the most effective forms of immunity for each specific pathogen in a rational 
manner has assumed greater prominence.

The unique immunostimulatory properties of chitosan confer on it tremendous potential as 

an adjuvant capable of inducing cellular immune responses. Chitosan induced 

upregulation of costimulatory molecules as well as promoting type I IFN production by DC. 

In combination with TLR agonists, chitosan enhanced IL-1 production. Remarkably, in the 

presence of the TLR9 agonist CpG, chitosan significantly enhanced production of the Thi 

and Thi7 polarising cytokines IL-1, IL-12 and IL-23 by DC. Enhanced cytokine production 

by DC treated with CpG-chitosan is most likely caused by ligation of multiple PRR. CpG 

motifs are ubiquitous in prokaryotic DMA and are recognized by TLR9, which alerts the 

immune system of the presence of bacterial pathogens. TLR9 expression is confined to 

endosomes and ligand binding causes cellular activation, presumably by inducing TLR- 

dimer formation and conformational changes due to CpG-TLR9 interactions''^®. It is 

possible that chitosan serves as a delivery system that assists in translocation of CpG to 

the endosome. Chitosan is a cationic polymer, while CpG DMA is negatively charged at 

physiological pH. This allows for a potential electrostatic interaction between these 

compounds that could explain the hypothetical chitosan-mediated delivery of CpG to the 

endosome. Alternatively chitosan may enhance CpG delivery to extracellular receptors. 

Recently, Lahoud and colleagues showed that the cell surface receptor DEC-205 is able
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to bind CpG and facilitate uptake by Future studies should investigate the potential

of chitosan to play a role in delivering CpG to DEC-205, possibly by interacting with its C- 

type lectin domains''^®. In addition to the receptors sensing CpG, it is likely that chitosan 

engages its own receptors. Chitosan is a 1,4-p-glucan and while there are no chitosan- 

specific receptors described in the literature, members of the C-type lectin receptor family, 
such as langerin and Dectin-1 have been shown to bind p-glucans''^®. Even though 

binding of chitosan to Dectin-1 was not confirmed in the current study, Dectin-1 deficiency 

had a negative effect on chitosan induced type I IFN responses which suggests a partial 
role for Dectin-1 in chitosan recognition. Curdlan which is comprised of 1,3-p-glucans‘*‘’^ is 

an established DECTIN 1 ligand and it is possible that due to the structural differences 

between chitosan and 1,3-p-glucans, the dependence of its immunostimulatory effects on 

Dectin-1 is partial. Dectin-1 also played a role in CpG-chitosan induced cytokine secretion 

by DC. Remarkably CpG-chitosan-induced secretion of both IL-1 and IL-23 was 

significantly enhanced in Dectin-1 DC when compared to WT cells. Autophagy has been 

shown to regulate cytokine secretion in macrophages and dendritic cells, specifically IL- 
1“*®° and IL-23''®V In the absence of autophagy, IL-1p production is increased and this 

subsequently drives IL-23 production. Interestingly enhanced secretion of both IL-1 and 

IL-23 was seen in DC treated with the autophagy inhibitor 3-MA and zymosan (a Dectin-1 
agonist)'‘®V These findings run counter to the enhancing effects of Dectin-1 deficiency on 

CpG-chitosan induced IL-1 and IL-23 secretion in DC in the current study, but suggest 

that autophagy is a regulator of Dectin-1 agonist driven cytokine secretion. In addition, 
since zymosan is an agonist for TLR2 as well as Dectin-1''®^, the role of autophagy may 

depend on the specific combination of PRRs engaged by the respective adjuvants. 

Further studies are required to definitively establish Dectin-1 as a receptor for chitosan 

and examine the induction and role of autophagy in chitosan treated cells.

In general, the results of the in vivo studies presented, highlight the importance of the 

immunization route chosen. In initial studies with the model antigen OVA, PECs, spleen, 

mesenteric and mediastinal lymph nodes were isolated for analysis of the T cell mediated 

immune response after intraperitoneal vaccination. Perhaps against anatomical 

preconceptions, the results showed the mesenteric lymph nodes have a minor role as the 

draining lymph nodes for intraperitoneal injection. In contrast, a strong proinflammatory 

Th1/Th17 response were observed in cells from the mediastinal lymph nodes. This finding 

correlates with a study by Kool and colleagues, where the main draining lymph node for 

intraperitoneal injection is shown to be the mediastinal lymph node®®® and justify the 

experimental approach to prioritize the evaluation of T cell responses in the mediastinal 

lymph nodes as opposed to the mesenteric lymph nodes in subsequent studies with th HI 

antigen. In the majority of the vaccination studies there is a clear predominance of
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proinflammatory responses, mostly IFN-y, in cells isolated from peritoneal exudates. This 

suggests that even seven days after boost, there is a highly proinflammatory response at 

the site of injection. Even though intraperitoneal vaccination is not a relevant route for 

human applications, it offers additional information over other immunization routes (e.g. 

subcutaneous and intramuscular) since immune responses can be easily investigated at 

the injection site by isolating peritoneal exudates cells. However the relevance of the 

immune response at this specific site in the context of long-term protection would require 

additional studies.

The capacity of CpG-chitosan to promote Th1/Th17 polarising cytokines in DC was 

reflected in the induction of Th1/Th17 responses when mice were vaccinated with OVA. 

Chitosan alone did not significantly enhance antigen-specific cytokine responses when 

injected with OVA, while co-injection of OVA with CpG-chitosan elicited strong Th1 and 

Th17 responses. In contrast, OVA-specific lgG1, lgG2b and lgG2c titres were significantly 

enhanced in both chitosan and CpG-chitosan treated mice. Historically alum has been 

known for its efficacy in driving Th2 type responses. However, recently the combination of 

alum or emulsions with TLR agonists was shown to significantly enhance humoral and 

cell-mediated immune responses compared with injection of particulates or TLR agonists 
alone'*®^. Indeed, this approach is an emerging theme in vaccine adjuvant research. 

When comparing the consequences on adjuvanticity of combining CpG with chitosan or 

alum, there was a distinct advantage of using chitosan. While CpG-alum was able to 

significantly enhance OVA-specific IL-17 production, CpG-chitosan induced higher levels 

of OVA-specific IL-17 than CpG-alum. Similarly, while CpG-alum enhanced OVA-specific 

IFN-y production, a significantly higher response was detected when using CpG-chitosan. 

In contrast, there was no distinct advantage of using chitosan as opposed to alum in terms 

of promoting antigen specific antibodies. The mechanism behind the limited ability of alum 

to induce Thi responses has not been elucidated completely; however our recent finding 

that alum actively inhibits IL-12p70 secretion by promoting of PI3 kinase may be a key 
factor'*^®. Induction of antigen-specific Thi and Thi7 responses by chitosan was not 

limited to CVA, but was also seen using the TB antigen Hybrid-1 (HI). Co-injection of HI 

and CpG-chitosan resulted in elevated HI-specific Thi and Thi 7 responses, in a similar 

manner to what was observed in experiments with CVA. However, in contrast to the 

findings in the CVA model, co-injection of HI and chitosan promoted Hi-specific Thi 

responses. The different outcomes resulting from the co-injection of OVA-chitosan and 

HI-chitosan highlights the importance of the antigen as well as the adjuvant in vaccine 

development. The finding that co-injecting HI and chitosan induces IFN-y responses, 

suggests that either HI or one of the components of this fusion protein (ESAT-6 or
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Ag85B) may have immunostimulatory properties of its own. Further studies will be 

required to assess whether ESAT-6 or Ag85B can promote Th1 driving factors in DCs 

particularly when added together with chitosan.

As previously discussed, the mechanism behind particulate mediated NLRP3 

inflammasome activation is not fully elucidated. Several processes such as lysosomal 

disruption, extracellular ATP, changes in cytosolic ionic concentrations, disruption of 

phagocytosis and production of reactive oxygen species (ROS) have been implicated in 

NLRP3 activation. The common factor among these processes is cellular stress. 

Signalling pathways in responses to cellular stress are widely conserved across different 

kingdoms, especially pathways engaged in response to the production of reactive oxygen 

species. In plants, resistance (R) genes play a role in ROS sensing and are crucial for 
plant defences, including the hypersensitivity response, against pathogens''®''. The largest 

class of R genes encodes cytoplasmic proteins structurally homologous to mammalian 

NLRs. Both NLRs and R proteins have carboxy-terminal leucine-rich repeats (LRRs), a 

central oligomerization module (NACHT) and an amino-terminal effector domain"®®. 

Additionally, it has been suggested that NLRP3 activating stimuli of diverse origins 

including the pathogens Candida albicans and Staphylococcus aureus, endogenous 

danger signals such as uric acid and extracellular ATP and exogenous particulates such 
as silica crystals and alum require ROS for inflammasome activation"®®. CpG-chitosan 

mediated activation of NLRP3 was dependent on potassium efflux, phagocytosis and 

lysosomal maturation, while being independent of ROS production. The independence of 

CpG-chitosan mediated activation of NLRP3 of ROS production was surprising, however, 

caution should be taken when evaluating the role of ROS in IL-ip and IL-18 production. 

Both cytokines are cleaved from their pro-form by caspase-1 and ROS were recently 

reported to inhibit caspase-1 activation through redox signalling"®^. Additionally, most of 

the evidence for an important role of ROS in NLRP3 activation is based on 

pharmacological inhibitors that are used at high doses, which might induce off-target 

effects. Based on the data generated in the current study, CpG-chitosan activates the 

inflammasome via a cathepsin B dependent, lysosomal damage pathway as reported 
previously in the case of silica and alum®°.

While the importance of the NLRP3 inflammasome in particulate driven IL-1 secretion has 

been well established, this does not demonstrate a requirement for NLRP3 activation in 

the induction of adaptive immunity by adjuvants. There have been conflicting reports on 
the role of NLRP3 in adjuvant driven cellular immunity"®® In the current study NLRP3 was 

not found to be a decisive factor in chitosan or CpG-chitosan driven humoral immunity 

although minor differences were observed between responses in wild type and NLRP3 

deficient mice. Nakae and colleagues reported that IL-1 enhances T cell-dependent
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antibody production by augmenting CD40 ligand and 0X40 expression on T cells'*®®. The 

ability of CpG-chitosan to promote antigen-specific lgG2a responses following s.c. 

injection with OVA was reduced but not abrogated in IL-1R1 deficient mice while a more 

modest effect was seen in the case of NLRP3 deficient mice. This suggests that NLRP3 

may have a secondary role in modulating humoral immune and other IL-1 sources may 

have a more important role in CpG-chitosan induced antigen-specific antibody responses. 

However, overall the ability of this adjuvant to enhance antibody responses does not 

require IL-1.

With respect to cellular immune responses, when injected with either OVA or HI, CpG- 

chitosan enhanced NLRP3-dependent Th17 responses as well as Thi responses in 

immunised mice. The role for NLRP3 in antigen-specific Thi7 responses is likely an 

effect caused by decreased IL-ip production, since the role of IL-1 in promoting Thi7 
responses has been well documented'*®^. Antigen-specific Thi responses were enhanced 

by co-administration of either chitosan (HI) or CpG-chitosan (OVA, HI) and these were 

found to be dependent on NLRP3. In this case it is possible that reduced IL-18 production 

in NLRP3 deficient mice co-injected with antigen and CpG-chitosan prevents the induction 

of Thi responses. Indeed, IL-18 has been shown to promote Thi induction in the host 
defense against Mycobacterium tuberculosis '*®®.

Viral interference, or the ability of infection with a virus to induce resistance to subsequent 
infection with a different virus was originally attributed to Type I interferon (IFN)*^®. Recent 

evidence has uncovered new roles for these cytokines beyond their function in viral 

interference. Type I IFN are crucial for host resistance against various species of 

pathogenic bacteria such as Streptococcus sp.. Pneumococcus sp. and Escherichia coli 
''®°. The current study shows for the first time that chitosan induced the production of type 

I IFN in DC and this effect was partially dependent on Dectin-1. Reports describing a link 

between CLR engagement and type I IFN responses are scarce, however, targeting of the 

CLR dendritic cell immunoreceptor (DCIR) results in inhibition of IFN-a in pDC**®. The 

opposing roles of Dectin-1 and DCIR in modulation of type I IFN responses may be due to 

differences in downstream signalling on these CLR. While both CLRs recruit Syk kinase 

in their signalling pathway, they can be distinguished by their N-terminal tyrosine based 

signalling motifs. Dectin-1 signals through a hemi-ITAM (immunoreceptor tyrosine-based 

activation motif) motif and is able to directly recruit and activate Syk kinase upon Dectin-1 
binding to agonist ligands*®"*. In contrast, signalling upon engagement of DCIR is 

mediated through an ITIM (immunoreceptor tyrosine-based inhibition motif) motif. This 

distinction between Dectin-1 and DCIR may influence the outcome in terms of modulating 

type I IFN responses by CLR.
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Co-injection of HI and chitosan elicited both Thi and Th17 responses, however, the H1- 

specific Th17 responses induced by CpG-chitosan were markedly stronger than those 

observed with chitosan alone (Table 2). This difference could potentially be explained by 

the role of type I IFN in caspase-11-depedent NLRP3 activation. On the basis of data 
showing that infection of IFNART^' mice with E. coli resulted in significantly lower serum 

IL-ip and IL-18 levels than in WT animals, Rathinam and colleagues proposed a new 
model incorporating an additional signal involved in NLRP3 inflammasome activation''®^ 

In this revised model, in addition to NLRP3 priming and activating signals (signal 1 and 2 

respectively), a third signal induced by type I IFN signalling could synergistically enhance 

IL-1(3 processing and secretion. In the report, type I IFN signalling was shown to induce 

pro-caspase-11, which after its autocatalytic cleavage promoted IL-1P processing and 
secretion. With this in mind and the fact that both chitosan and CpG''®^ can induce type I 

IFN, it is tempting to hypothesize that Th17 responses induced by chitosan-based 

adjuvants are modulated by type I IFN responses. Perhaps the increased type I IFN 

levels induced by combining CpG and chitosan are responsible for increased IL-1 

secretion, which in turn promotes the elevated H1-specific Th17 responses when 

compared to animals treated with chitosan alone.

In addition to the beneficial effects of type I IFN in the induction of protection against 

infection, type I IFN have been shown to limit proinflammatory responses in autoimmune 

diseases. In the murine model for multiple sclerosis, EAE (experimental autoimmune 

encephalomyelitis), IFN-(3 has been reported to limit Th17 induced inflammation via 
production of IL-27‘*^^. This could explain the dramatic increase in H1-specific Th17 

responses observed in IFNART'" mice immunised with CpG-chitosan when compared to 

WT mice. Collectively this suggests that the modulatory effect of type I IFN on H1-specific 

Th17 responses is adjuvant specific and the outcome may depend on on a specific type I 

IFN signalling threshold. A proposed model for the signalling events induced by chitosan 

(Fig. 6.1) and CpG-chitosan (Fig. 6.2) is outlined below. While speculative at this stage, 

the model can serve as a useful strategy to elucidate the relative roles of type I IFN and 

inflammasome activation in chitosan adjuvant mediated adjuvanticity. In particular given 

recent findings, the role of caspase 11 should be addressed to determine if it can explain 

the requirement for both IFNAR1 and NLRP3 in the adjuvanticity of chitosan. Likewise the 

role of IL-27 should be investigated in the suppressive role of IFNAR1 in the adjuvanticity 

of CpG-chitosan.

In summary, this thesis presents novel data on the adjuvanticity of chitosan-based 

adjuvants, in particular implicating both NLRP3 and IFNAR1 as mediators of the adjuvant 

driven cellular immune responses. The work can serve as a platform for further studies 

into adjuvanticity mechanisms. In addition, the work suggests that CpG-chitosan is a
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particularly potent adjuvant for promoting cellular immunity and this system should be 

evaluated in vaccines where potent cellular immunity is required for protection.
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Figure 6.1: Proposed signalling model for HI-specific responses induced by chitosan.

Opaque figures and dashed lines represent hypothetical intermediates. Enhancing effects 
(green) and suppressive effects (red) compared to responses in WT animals.
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Figure 6.2: Proposed signalling model for H1-specific responses induced by CpG- 
chitosan.

Opaque figures and dashed lines represent hypothetical intermediates. Enhancing effects 
(green) and suppressive effects (red) compared to responses in WT animals.
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Adjuvant Genetic
Deficiency

Humoral immune 
response

Cellular immune 
response

Chitosan

CpG-
chitosan

Chitosan

CpG-
chitosan

Chitosan

CpG-
chitosan

Induction of lgG1, 
lgG2b 
and lgG2c 
Induction of lgG1, 
lgG2b 
and lgG2c 
Induction of lgG1, 

NLRP3 lgG2b
and lgG2c 
Induction of IgGI, 

NLRP3 lgG2b
and lgG2c

IFNAR1 Decreased lgG2c

Modest reduction of 
IFNAR1 lgG2b

and lgG2c

Mainly Thi response with 
modest Th17 response

Robust Th1 and Th17 
responses

Decreased Th1 and Th17 
responses

Decreased Th1 and Thi 7 
responses

Decreased Thi and Thi 7 
responses
Decreased Thi response and 
dramatically enhanced Thi 7 
response

Table 2: Summary of the adjuvant effects of chitosan and CpG-chitosan in the H1 antigen 
model.
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Materials

Table A1: Pathogen recognition receptor (PRR) agonists used in vitro

Agonist Receptor Supplier

CpG ODN 1826 TLR9 Oligos etc
PamSCSK TLR 1/2 Invivogen
R837 TLR7 Invivogen
R848 TLR 8 Invivogen

LPS from E. Coli 
R515

serotype tLR4 Enzo
LifeSciences

Poly l:C TLR 3 Invivogen

Zymosan TLR 2 Invivogen

MPLA TLR 4 Invivogen

MDP NOD 2 Invivogen

MTriDAP NOD 1 Invivogen

Inhibitors used in vitro

Inhibitor Target Supplier

Actin
Cytochalasin B polimerization Sigma Aldrich

Bafilomycin
Lysosome

acidification Sigma Aldrich
CA-074-Me Cathepsin B Sigma Aldrich
N-Acetylcysteine ROS inhibitor Sigma Aldrich
KCI K" efflux Sigma Aldrich
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Table A3: Fluorochrome labeled antibodies for Flow Cytometry

Antibody
specificity

Fluorescent
label

Supplier Dilution Product
Code

CD80 FITC BD-Pharmigen 1/400 553768
CD86 PE BD-Pharmigen 1/1000 553692
CD40 APC BD-Pharmigen 1/1000 558695
l-A/l-E A780 eBioscience 1/1000 47-5321-80
CD11c PerCPCy 5.5 BD-Pharmigen 1/1000 560584
CDS V450 eBioscience 1/2000 48-0032-80
CD4 FITC BD-Pharmigen 1/1000 553650
CD8a PECy7 BD-Pharmigen 1/1000 552877
gdTCR APC BD-Pharmigen 1/500 17-5711-81
IFN-y PE BD-Pharmigen 1/1000 554412
IL-17 PECy5.5 BD-Pharmigen 1/1000 560666

Table A4: Vaccine Adjuvants

Adjuvants Supplier

Chitosan CI213 Novamatrix, Norway

Alum (Alhydrogel) Brenntag Biosector, Denmark

Table A5: Antibodies used in antibody ELISA

Antibody Supplier Dilution Product
Code

Total IgG Sigma Aldrich 1/5000 B8520
IgGI BD-Pharmigen 1/4000 553441
lgG2b BD-Pharmigen 1/4000 553393
lgG2c-HRP AbD Serotec 1/2000 STAR135P
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Table A6: Antibodies used in cytokine ELISA

Antibody
specificity

Supplier Capture

Dilution

Capture

Product
Code

Detection Detection

.. ProductDilution _ .Code

Detection

Incubation

IL-1a BioLegend 1/200 79101 1/200 79102 2 h
IL-1(3 R & D Systems 1/180 840134 1/180 840135 2 h
IL-4 BD Pharmigen 1/1000 554434 1/500 554390 1 h
lL-5 BD Pharmigen 1/500 554393 1/500 554397 1 h
IL-6 BD Pharmigen 1/500 554400 1/500 554402 1 h
IL-10 BioLegend 1/200 79065 1/180 79066 2 h

IL-12p40 BD Pharmigen 1/2000 551219 1/500 554476 1 h
IL-12p70 R & D Systems 1/180 840131 1/180 840132 2 h
IL-17 BioLegend 1/200 79107 1/200 79108 2 h
IL-23 R & D Systems 1/180 842793 1/180 842794 2 h

IFN-y BD Pharmigen 1/1000 551216 1/500 554410 1 h

Table A7: Reagents used in cytokine ELISA

Antibody
specificity

Streptavidin
dilution

Streptavidin
supplier Blocking solution

IL-1a 1/1000 Biolegend 1 % BSA
IL-ip 1/180 R & D systems 1 % BSA
IL-6 1/750 Sigma Aldrich 3 % BSA
IL-10 1/1000 Biolegend 1 % BSA
IL-12p40 1/750 Sigma Aldrich 10 % skimmed milk
IL-12p70 1/180 R & D systems 1 % BSA
IL-17 1/1000 Biolegend 1 % BSA
IL-23 1/180 R & D systems 1 % BSA
IFN-v 1/750 Sigma Aldrich 10 % skimmed milk

A8: Solutions used for genotyping

Tissue digestion buffer

13.4 mM trisodium citrate 

0.89 M NaCI
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0.89 mM EDTA

17.9 mM Tris-HCI

2 % w/v SDS

160 |j.g/ml Proteinase K

All of the above in Milli Q dH20

TAB Buffer

1 mM EDTA 

20mM Acetic Acid 

40mM Tris

All of the above in Milli Q dH20

A9: Solutions for cell culture

Medium

500 ml of 1640 Roswell Park Memorial Institute (RPMI, Biosera) medium 

40ml heat inactivated (56°C for 30 min) Foetal Calf Serum (FCS, Biosera)

2 mM Glutamine (Gibco)

50 U/ml Penicillin (Gibco)

50 |ag/mi Streptomycin. (Gibco)

0.02% w/v ethylenediaminetetraacetic acid in PBS (EDTA solution, Sigma) 

Phosphate-buffered saline (PBS, Biosera)

A10: Solutions for ELISA

Phosphate-buffered Saline (PBS) pH 7.2 

137 mM NaCI 

8 mM Na2HP04

2 mM KH2PO4

3 mM KCI 

Wash Buffer

0.05% v/v Tween 20 in PBS
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Blocking solutions (in PBS)

1% Bovine serum albumin (BSA, Fisher) 

3% BSA

10% w/w Skimmed milk (Fluka) in PBS

Phosphate Citrate Buffer pH 5 (in dH20) 

5 mM citric acid 

260 mM Na2HP04 

Stop solution (in dH20)

1M H2SO4

Carbonate buffer pH 9.5 (in dH20)

0.1 M NaHCOa 

34 mM Na2C03

Developing solutions

2.2 mM 0-phenylendiamine dichloride(OPD tablets, Sigma) in phosphate citrate 
buffer with 0.28pl of H2O2 per ml of solution added just prior to use.

IX TMB (Tetramethylbenzidine) ELISA Substrate Solution (eBioscience, UK).

Antigen coating solution

50 pg/ml of Ovalbumin (OVA, Sigma) in Carbonate buffer

A11: Solutions for Flow Cytometry

FACS buffer

2% v/v FCS and 15 mM sodium azide in PBS
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