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Abstract

Vaccination is widely regarded as one of the most successful medical intervention 

strategies to have been introduced. Despite its resounding success, significant 

challenges in the field of vaccine research still remain. Suboptimal and 

reactogenic vaccines currently in use must be replaced by safer and more 

effective alternatives. Furthermore, there are a number of diseases for which the 

development of efficacious vaccines has proved difficult; this is particularly true for 

diseases which require cellular immune responses to confer protection. One of 

the reasons for this is the lack of vaccine adjuvants currently available that can 

promote cellular immunity.

At present, relatively very few adjuvants are licensed for use in humans. Alum is 

the most widely used vaccine adjuvant, and has been successfully incorporated 

into vaccines where antibody-mediated immune responses are required for 

protection. However, it is typically a poor inducer of robust cell-mediated 

immunity. The chitin derivative chitosan has emerged as a promising candidate 

adjuvant for the induction of potent cellular immune responses.

A key attribute of an effective vaccine adjuvant is the ability to activate APCs; in 

particular DCs. The objective of this research was to study the ability of chitosan 

to promote DC activation and address the underlying mechanism. Chitosan was 

shown to promote DC maturation by inducing type I IFNs. Furthermore, the 

induction of type I IFNs in response to chitosan required the enzyme cGAS and 

the adaptor protein STING. This process was dependent on mitochondrial 

reactive oxygen species and the presence of cytoplasmic DNA. This is the first 

demonstration that a non-pathogen-derived polymeric material can engage the 

cGAS-STING pathway. Furthermore, the CLR dectin-1 was also required for 

optimal type I IFN induction in response to low concentrations of chitosan. 

Together, these results provide an insight into the mechanism by which chitosan 

mediates its adjuvanticity, specifically the mechanism by which it promotes the 

activation of DCs
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1.1, Immunity: An overview

The vertebrate immune system has evolved to recognise and eliminate 

microorganisms, toxins and other environmental insults that represent a potential 

threat to the host. It comprises a multi-layered system organised into three levels. 

The anatomical and physiological barriers of the body such as the epithelial 

surfaces form the first crucial line of defence against pathogens, imposing physical 

and chemical obstacles limiting invasion of the host. If a pathogen successfully 

breaches these barriers and begins to replicate in the host tissue, or if a toxin 

enters the internal milieu, the innate immune system is immediately activated. 

Pathogen recognition by innate sensor cells induces the secretion of soluble 

factors including cytokines and chemokines, leading to the induction of 

inflammation. Inflammation is characterised by four cardinal signs; redness, heat, 

swelling and pain, and forms an integral component of the innate immune system. 

The innate system represents the second level of immune defence and is 

sufficient to control most infections encountered, acting at early stages of invasion. 

Resident phagocytic cells are typically the first immune cell population alerted to 

the presence of pathogens. There are three major classes of phagocytic cells; 

monocytes and macrophages, granulocytes which include neutrophils, eosinophils 

and basophils and thirdly dendritic cells (DCs) \  These cells reside either in 

peripheral tissues or circulate in the bloodstream in an immature form. 

Macrophages comprise the major phagocyte population resident in normal 

tissue^’̂  and are typically derived from the continuous maturation of monocytes 

that leave the circulation to migrate into the tissue throughout the body. The 

internalisation of pathogens by phagocytic cells is termed phagocytosis, and is 

initiated by the binding of certain receptors on the surface of the phagocyte to

5



components on the microbial surface Neutrophils have the greatest phagocytic 

activity of all innate effector cells. These are short lived cells which are among the 

first responders to the site of infection, and are highly specialised for the 

intracellular killing of microbes. Within these cells are cytoplasmic granules 

containing microbiocidal enzymes and peptides, which contribute to microbe killing 

following phagocytosis A range of other innate sensor cells are involved in 

pathogen recognition, such as mast cells and eosinophils. Mast cells are located 

at host-environment interfaces and rapidly release pro-inflammatory mediators 

which are crucial for optimal innate immune responses during infection. These 

cells are involved in phagocytosis and antigen presentation to various immune cell 

types in early infection Eosinophils are recruited to sites of inflammation where 

they are capable of rapidly secreting inflammatory mediators due to pre-translated 

intracellular stores of inflammatory cytokines Innate lymphoid cells (ILCs), 

natural killer (NK) T cells and T cells are several other examples of 

hematopoietic cells that infiltrate sites of inflammation. Innate lymphoid cells 

(ILCs) are the most recently identified components of the innate immune system. 

These cells have been classified into three groups in a similar nomenclature to T 

helper (Th) cells, on the basis of their differential requirements for transcription 

factors during development, pattern of expression of effector cytokines and the 

acquisition of other distinct effector functions. ILCs lack expression of somatically 

rearranged antigen-receptors and thus lack antigen specificity ILC1s are

capable of producing the cytokines interferon (IFN)-y and tumor necrosis factor 

(TNF). This group is comprised of cells such as NK cells that are primarily anti

viral and have been implicated in immunity to intracellular bacteria and parasites 

The transcription factors T-bet and Eomes are required for their development 

and they possess cytotoxic abilities through perforin and granzyme producing
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granules ILC2s, also referred to as nuocytes, natural helper cells or innate type 

2 helper cells secrete interleukin (IL)-5, lL-3 and IL-9 and mediate important roles 

in immunity to a number of extracellular helminths and parasites. Additionally 

these cells have been implicated in the development of asthma and allergy 

This subset of cells require trans-acting T-cell-specific transcription factor 

(GATA)3, retinoic-acid-receptor related orphan receptor (ROR)a and Notch for 

their development. ILC3s can produce IL-17A, IL-17F, IL-22, granulocyte- 

macrophage colony-stimulating factor (GM-CSF) and TNF depending on the 

stimulus. In addition to ILC1s, ILCSs are also involved in promoting innate 

immunity to viruses, intracellular bacteria, parasites and fungi. ILCSs have also 

been implicated in chronic inflammatory responses and tissue repair Other 

innate lymphoid cells include NKT cells and y6 T cells. y6 T cells are present at 

mucosal and epithelia sites where they have shown to facilitate bacterial clearance 

via neutrophils, macrophages and NK cell recruitment NKT cells reside in 

lymph nodes and skin and induce innate production of IL-17 upon local cytokine 

signalling

When the innate system is not capable of eliminating an infection, the third and

final arm of the immune response is called into action; the adaptive arm. In

contrast to innate immunity, that has limited specificity and rapidly declines over

time, adaptive immunity provides a sustained antigen-specific response that in

most circumstances is capable of completely clearing the invading pathogen

Activation of the adaptive response requires a longer period of time, ranging from

4-5 days, during which the first line defences of the innate system perform a

valuable delaying function, containing infection until the adaptive responses can

the activated Both the innate and adaptive arms of immunity act co-ordinately

to eliminate threats and innate components have a crucial role in the instruction of
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specific adaptive mechanisms of defence. After the elimination of a pathogen, the 

adaptive immune response establishes a state of immunological memory which 

serves to effectively protect the body from re-infection with the same agent. This 

remarkable ability of the immune system can also be triggered by vaccination to 

induce protective immunity against a given disease by mimicking the naturally 

occurring immune response that is mounted against the disease-causing agent, 

but without causing disease. The induction of long-lasting protective immunity is 

achieved through the appropriate activation of the innate immune system by 

vaccines to ultimately induce differentiation of lymphocytes into memory T or B 

cells

1.2. Activation of the immune system: PRRs, PAMPs and DAMPs

The innate immune system provides the first line of defence against microbial 

assault through phagocytosis and the induction of inflammation. These responses 

are stimulated by a number of germ-line encoded pathogen recognition receptors 

(PRRs) that are expressed by a wide range of cells, including antigen-presenting 

cells (APCs) of the innate immune system, as well as other non-APCs such as 

epithelial cells and T cells. These PRRs primarily recognise conserved microbial 

structures termed pathogen-associated molecular patterns (PAMPs), but are also 

capable of recognising host-derived danger signals called danger-associated 

molecular patterns (DAMPs) that are released in response to stress, tissue 

damage and necrotic cell death. The inflammatory responses induced by PRR 

activation recruit and activate circulating immune cells and are essential for 

priming subsequent adaptive immune responses

Two main classes of PRRs have been described; membrane-bound receptors and 

cytoplasmic receptors. Membrane-bound PRRs include the well-known Toll-like
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receptors (TLRs), C-type lectin receptors (CLRs) while the cytoplasmic PRRs 

consist of NOD-like receptors (NLRs), RIG-1 like receptors (RLRs), pyrin and HIN 

domain-containing (PYHIN) family members, and an increasing number of 

cytosolic nucleic acid sensors

1.2.1. Toll-like receptors

The TLR family were the first group of PRRs characterised and were initially 

identified in Drosophila, where the Toll protein was found to be crucial for 

mediating protection against fungal infection These proteins consist of an 

extracellular leucine-rich repeat (LRR) domain involved in ligand recognition and a 

cytoplasmic tail containing a conserved T0 II/IL-IR (TIR)-domain which mediates 

intracellular signalling events In humans, 10 TLR family members have been 

identified (TLR1-10) and there are 12 TLR family members in mice (TLR 1-9, 11, 

12 and 13). TLRs are located either on the cell surface or within endosomal 

compartments. Each TLR or heterodimer of TLRs recognise specific pathogen- or 

danger-associated molecular signatures, for example cell surface expressed 

TLR1:TLR2 heterodimers sense triacyl lipoproteins and TLR4 recognises bacterial 

lipopolysaccharide (LPS). TLRs situated in endosomal compartments function to 

recognise microbial nucleic acids, such as TLR9 located in the endosome which is 

activated in response to unmethylated cytidine-phosphate-guanosine (CpG) motifs 

found in bacterial deoxyribonucleic acid (DNA) and DNA viruses The various 

ligands along with examples for each of the TLR families described in humans and 

mice are listed in Table 1.1.

Receptor ligation activates distinct TIR-dependent signalling cascades through 

specific adaptor molecules. These adaptors include myeloid differentiation 

primary response protein 88 (MyD88), MyD88 adaptor-like (MAL), TIR-domain
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containing adaptor protein inducing IFN(3 (TRIP) and Trif-related adaptor molecule 

(TRAM) The only adaptor involved in the negative regulation of TLR signalling 

is sterile-alpha and Armadillo motif containing protein (SARM) and functions to 

dampen TRIF-dependent TLR signalling TLR-induced signalling cascades 

culminate in the induction of proinflammatory and type I IFN cytokines that 

mediate crucial roles in inflammation (Figure 1 .1 ) 26.28.29
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Table 1.1. TLRs and their ligands 2 2 .30,31

PRR Ligand Sources of the ligand
Membrane-bound TLRs

TLR1/TLR2 Triacylated lipoproteins Gram-negative bacteria, 
mycobacteria, synthetic triacylated 

lipoprotein PamSsK
TLR4 IPS, RSV fusion proteins, 

MMTV envelope proteins.
Gram-negative bacteria and 

viruses
TLRS Flagellin Gram-negative and Gram-positive 

bacteria
TLR2/TLR6 Deacetylated lipoproteins Gram-negative bacteria and 

mycobacteria
Human restricted membrane bound TLR

TLR10 Direct ligands are yet to be 
defined

ND

Murine restricted membrane bound TLRs
TLR11 Profilin and flagellin Apicomplexan parasites and 

bacteria (including Salmonella 
species and UPEC)

TLR 12 Profilin Apicomplexan parasites such as T. 
gondii

Endosomal TLRs
TLR 3 Poly(l:C), dsRNA Viruses such as WNV and RSV
TLR 7 ssRNA, short dsRNA 

imidazoquinolines and 
guanosine analogues

Virus, bacteria, self

TLR9 Unmethylated CpG Bacteria, viruses and protozoa
Human restricted endosomal TLR

TLRS ssRNA, short dsRNA 
imidazoquinolines and 

guanosine analogues, bacterial 
RNA

Virus, bacteria, self

Murine restricted endosomal TLRs
TLR 13 23S rRNA Gram-negative and Gram-positive 

bacteria
dsRNA double-stranded RNA; E.coli, Escherichia coli\ M M TV, mouse mammary tumor virus; rRNA, 
ribosomal RNA; RSV, Respiratory syncytial virus; ssRNA, single stranded RNA; ND, not defined; T. 
gondii, Toxoplasma gondii; UPEC, uropathogenic E. coli; W N V, West Nile virus
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Figure 1.1. IVIammalian TLR signalling pathways. TLR signalling is initiated 
following ligand binding resulting in the activation of MyD88- and Trif-dependent 
signalling pathways. MyD88 is used by all TLRs except for TLR3 TLR4 is capable 
of using both adaptors, it moves from the cell surface to the endosome to switch 
from MyD88-to Trif-dependent signalling. Engagement of these signalling 
adaptors stimulates downstream pathways involving interaction between IL1R- 
associated kinases (IRAKs) and the adaptor molecules TNF receptor-associated 
factors (TRAFs) to activate the mitogen-activated protein kinases (MAPKs) JUN N- 
terminal kinase (JNK) and p38. Two important transcription factors activated 
downstream of TLR signalling are the nuclear factor k B (NF-kB) and interferon 
regulator factors (IRFs) leading to the induction of proinflammatory cytokine 
production, and in the case of the endosomal TLRs induction of type I IFN. Other 
transcription factors activated include cyclic-AMP-responsive element-binding 
protein (CREB) and activator protein-1 (AP-1). Figure taken from a m p , 
adenosine monophosphate; dsRNA, double-stranded RNA;IKK, inhibitor of NF-k l<inase; LPS, 
lipopolysaccharide; MKK, MAP kinase kinase;RIP1, receptor-interacting protein 1; rRNA, ribosomal 
RNA; ssRNA, single-stranded RNA; TAB, TAK1-binding protein; TAK, TGF-P-activated kinase; 
TBK1, TANK-binding kinase 1.
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1.2.2. C-type lectin receptors

CLRs constitute a large group of PRRs with over a thousand members that are 

characterised by the presence of at least one carbohydrate recognition domain 

(CRD) or C-type lectin-like domain (CTLD). They are a functionally diverse 

grouping capable of binding different classes of endogenous and exogenous 

ligands Furthermore, they are implicated in a variety of processes, including 

cell adhesion, tissue integration and remodelling, platelet and complement 

activation, pathogen recognition, endocytosis and phagocytosis CLRs are 

predominantly expressed on myeloid cells such as DCs, where they mediate a 

critical role in fungal recognition

DC-associated C-type lectin-1 (dectin-1) is the archetypical CLR expressed on 

myeloid cells such as DCs, macrophages and neutrophils as well as yST cells and 

the mucosal epithelia. It consists of a single extracellular Ca^'"-independent CTLD 

which is linked via a stalk region to an intracellular tail that contains an 

immunoreceptor tyrosine-based activation motif (ITAM)-like (hemlTAM) motif 

Alternate splicing produces two major isoforms of dectin-1, which vary by inclusion 

or exclusion of the stalk region and in the murine system this was shown to impact 

cytokine secretion This receptor specifically recognises soluble and

particulate p(1-3) and/or P(1-6)-linked glucans, carbohydrate polymers mainly 

found in the cell walls of fungi, but also in some plants and bacteria, and 

consequently mediates crucial roles in innate immune responses to a variety of 

fungal pathogens

Ligand binding results in a number of cellular responses, including phagocytosis, 

reactive oxygen species (ROS) production along with the induction of numerous 

cytokines via multiple signalling pathways. In the best characterised dectin-1
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signalling pathway, receptor engagement triggers Spleen tyrosine kinase (Syk)- 

mediated assembly of a scaffold consisting of caspase recruitment domain 

(CARD) 9 and the adaptors B-cell lymphoma 10 (BCL10) and mucosa-associated 

lymphoid tissue lymphoma translocation gene 1 (MALT-1) This couples

dectin-1 to the canonical nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-kB) pathway culminating in the production of pro-IL-1(3, IL-6, IL-10, IL-23 

and TNF-alpha (TNF-a) Furthermore, dectin-1-mediated signalling in response 

to particulate p-glucans and a number of fungal pathogens triggers the activation 

of the NLRP3 inflammasome, a multiprotein complex that mediates the activation 

of caspase 1 and production of bioactive IL-ip

1.2.3. Nod-like receptors

The NLRs represent a large family of PRRs that respond to various stimuli, 

including PAMPs, non-PAMP particles and host derived DAMPs The NLRs 

are subdivided into 4 subfamilies according to the type of N-terminal effector 

domain: NLRA, NLRB, NLRC and NLRP. The NLRA subfamily contains only one 

member, named class II transactivator (CIITA) which presents an acidic 

transactivation domain involved in transcriptional regulation of the major 

histocompatibility class (MHC) II genes The other 3 subfamilies are

characterised by the presence of homotypic protein-protein interaction modules 

that are involved in recruitment of signal transduction molecules. The NLRB or 

neuronal apoptosis inhibitor protein (NAIP) subfamily is distinguished by the 

presence of the Baculovirus Inhibitor Repeat (BIR) domain. The presence of a 

CARD is a feature of the NLRC subfamily while members of the NLRP family 

contain a Pyrin Domain (PYD). Finally NLRX1, a CARD-related-X effector domain 

of unknown function shows no strong homology to the N-terminal domain of any
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other NLR subfamily member Most NLRs exhibit a tripartite architecture, that 

consists of a C-terminal LRR domain involved in ligand detection, a central 

nucleotide domain termed the nucleotide oligomerisation domain (NOD) or 

NACHT domain which mediates self-oligomerisation, and a variable N-terminal 

domain involved in effector function The N-terminal domain is one of several 

protein interaction modules such as CARD, PYD or BIR domains. These domains 

function to recruit other CARD-, PYD- or BIR- containing molecules to the 

signalling platforms so that downstream signalling pathways are initiated Table 

1.2 outlines members of the various NLR subfamilies along with their respective 

ligands.

Following activation, NLRs form large signalling complexes which mediate innate 

immune responses such as the induction of inflammation, autophagy and cell 

death. A number of NLRs, including NLRP1, NLRP3, NLRP7, NLRP12, NLRC4 

and NAIP form multiprotein platforms called inflammasomes that are responsible 

for the activation of the inflammatory protease caspase-1 and the cytokines IL-1(3 

and IL-18. Furthermore, a range of NLRs function independently of 

inflammasomes, including NLRP10, NODI, NOD2, NLRC3, NLRC5, NLRX1 and 

CIITA. These members mediate innate immune responses through the regulation 

of NF-kB and mitogen-activated protein kinases (MAPK) pathways, or by acting as 

transcriptional regulators in the nucleus

The best characterised inflammasome is the NLRP3 inflammasome, that is 

activated by a plethora of agonists, endogenous and exogenous, sterile and 

pathogen-derived, including microbial infection, bacterial-pore forming toxins, 

monosodium urate (MSU), extracellular adenosine triphosphate (ATP), asbestos 

and aluminium salts (alum) This multiprotein complex consists of the NLRP3
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scaffold, the apoptosis-associated speck-like protein containing a CARD (ASC) 

adaptor and caspase-1. Inflammasome activation culminates in the autocleavage 

and formation of a caspase-1 tetramer which subsequently cleaves pro-IL-ip and 

pro-IL-18 into their mature and active forms Furthermore, activation of the 

inflammasome also results in the induction of a caspase-1-dependent 

inflammatory form of cell death, pyroptosis. This is particularly evident in pathogen 

infected macrophages where this process helps limit pathogen spread and further 

alerts uninfected immune cells by the induction of inflammatory processes

As a consequence of the potent proinfiammatory properties possessed by IL-1(B, 

its production by the NLRP3 inflammasome is tightly regulated. The activation of 

NLRP3 is a two-step process that first requires a priming step, in which TLR 

signals induce pro-IL-1|3 and NLRP3 expression. The mechanism behind the 

second step of activation is not as clear and is induced by various triggers. Given 

the broad range of NLRP3 activators, it is highly unlikely that these PAMPs and 

DAMPs all directly activate or interact with NLRP3. It is proposed rather that 

NLPR3 functions as a sensor for changes in the cellular environment

Three general models of NLRP3 activation which may not be exclusive have been 

proposed in the literature (Figure 1.2) The first model suggests that the efflux 

of potassium (K'") from cells is the necessary signal for NLRP3 activation The 

second assigns the role of NLRP3 activation to the generation of ROS, 

mitochondrial-derived ROS is now recognised as a key player in this process 

Finally the third model is focused on the mechanism triggered by crystalline and 

particulate activators of the inflammasome. Uptake of these ligands is thought to 

cause destabilisation of the acidic lysosomal compartment within the cell, leading 

to the release of cathepsin B. Cathepsin B is then sensed by NLRP3 and
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subsequently drives the assembly of the NLRP3 Inflammasome Recently, 

Shimada et al., have proposed that in the presence of a signal 1 activator such as 

LPS, nnitochondrial dysfunction leading to apoptosis is an indispensable event for 

the activation of NLRP3. A variety of NLRP3 triggers such as alum, ATP, 

nigericin, and live Chlamydophila pneumoniae were shown to cause mitochondrial 

dysfunction and cell death in macrophages. In this model, binding of oxidised 

mitochondrial DNA released into the cytoplasm during cellular stress was 

proposed to serve as the NLRP3 activating step

Non-canonical NLRP3 activation occurs in response to infection with Gram- 

negative bacteria, where the activation of caspase-1 requires an additional 

cofactor, the inflammatory caspase-11 in mice (the human orthologues are pro- 

caspase-4 and -5). Furthermore, in this setting, pyroptosis is entirely dependent 

on caspase-11 as opposed to caspase-1 Rather than the traditional two step 

checkpoint model of priming and activation, non-canonical NLRP3 activation 

requires a third signal, in the form of type I IFNs. TLR4 and TRIF-dependent 

signalling is triggered by bacterial LPS to mediate the production of type I IFNs, 

which subsequently induce pro-caspase-11 expression and activation by initiating 

signalling through the type I IFN receptor, IFNAR jg debate as to

how caspase-11 is induced, with studies suggesting that its expression is either 

completely dependent on type I IFN signalling or alternatively independent of both 

TRIF and type I IFN-mediated signalling

An additional factor that can mediate processing of IL-1P is caspase-8. Dectin-1 

and Syk-dependent sensing of fungal components in human DCs triggers the 

formation of a non-canonical inflammasome involving caspase-8, MALT1 and ASC 

to mediate the processing and maturation of IL-ip
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Table 1.2. NLR subfamilies and their respective ligands

NLRs Ligands Example of ligand 
source

NOD
N0D1 iE-DAP Most Gram-negative and 

certain Gram-positive 
bacteria

N0D2 MDP Most Gram-negative and 
Gram-positive bacteria

NAIP/IPAF
NLRC4 Flagellin Flagellated bacteria

NLRP
NLRP3 ATP, Alum, Silica, 

Asbestos, MSU crystals
Exogenously- and 

endogenously-derived 
DAMPS

ATP, adenosine triphosphate; iE-DAP, Y-D-glutamyl-meso-diaminopometic acid; MDP, muramyl 
dipeptide; IVlSU, monosodium urate
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Figure 1.2. Activation of the NLRP3 inflammasome. NLRP3 activation is a 
complex process potentially requiring multiple signals tliat occur in a coordinated 
fasliion. In tine priming step, transcriptionally active signalling receptors, such as 
PRRs or cytokine receptors, first induce NF-KB-dependent induction of NLRP3 
itself as well as the caspase-1 substrates of the pro-IL-ip family. The second 
signal promotes the activation of NLRP3 leading to the formation of a 
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bioactive IL-ip  cytokines. Figure taken from
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1.2.4. RIG-1 like receptors

The RIG-1 like receptors (RLRs) are a class of PRRs whose importance in the 

recognition of and response to most RNA viruses has been well documented 

RLRs comprise three family members; retinoic acid-inducible gene 1 (RIG-1), 

melanoma differentiation-associated gene 5 (MDA-5) and laboratory of genetics 

and physiology-2 (LGP2) and are present in the cytosol of all cell types. These 

RNA helicases are capable of unwinding double stranded RNA molecules 

(dsRNA) through the hydrolysis of nucleoside triphosphates (NTPs) such as ATP, 

and belong to a group of closely related DExD/H-box helicase family proteins

Both RIG-1 and MDA-5 activate a common downstream signalling cascade 

involving the central adaptor mitochondrial antiviral-signalling protein MAVS (also 

known as IPS-1, Cardif or VISA) that leads to the activation of interferon regulatory 

factor (IRF)3 and IFR7 as well as NF-kB, culminating in the induction of type I IFN 

and proinflammatory cytokines The ligands and associated pathogens 

recognised by each of the RLR family members are outlined in Table 1.3.

Given that RLRs reside in the cytoplasm it is important that they are able to 

discriminate between pathogen- and host-derived RNAs in order to avoid 

uncontrolled autoactivation of innate responses in the absence of viral infection. 

To achieve this, RLRs recognise distinct structures of viral RNA. RIG-1 selectively 

recognises RNA bearing a 5’-triphosphate structure, that is detectable in most 

RNA genomes and in vitro transcribed RNA In addition to the 5’-triphosphate 

moiety, blunt-end base pairing at the 5’ end of the RNA was also shown to be 

crucial for RIG-1 activation®^ Much less is known about the nature of RNAs that 

activate MDA-5 ®°. It was observed that shortening of the synthetic dsRNA analog
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Poly (l:C) converted it from a MDA-5 ligand to a RIG-1 ligand suggesting that MDA- 

5 specifically recognises long dsRNA

Table 1.3. RLRs, their respective ligands and associated pathogens

RLR Ligands Recognised pathogens
RIG-1 Poly(l:C), ssRNA with 5’- 

triphosphate groups
ssRNA viruses, DNA 

viruses, Flaviviridae and 
bacteria.

MDA-5 Long dsRNA Picornavirus, vaccinia 
virus, Flaviviridae.

LGP2 dsRNA RNA viruses

1.2.5. DNA sensors

The immunostimulatory properties of cytosolic DNA have been appreciated for 

some years, but the molecular basis of how cytosolic DNA is sensed by the innate 

immune system has only begun to be revealed The aberrant localisation of 

DNA in compartments such as the cytosol and the endosome activates DNA 

recognition mechanisms, which serve to detect DNA genomes of invading 

pathogens (DNA PAMPs) or disturbed self-DNA (DNA DAMPs) Cytosolic DNA 

triggers robust immune responses including the activation of the absent in 

melanoma 2 (AIM2) inflammasome and the induction of type I IFN. Recently, the 

pathways mediating the induction of type I IFN in response to cytosolic DNA have 

been the subject of intense research. The main cytosolic receptors of DNA 

identified to date are outlined in Table 1.4 along with their associated ligands.

DNA-dependent activator of interferon-regulatory factors (DAI) (or ZBP1) and RNA 

polymerase III (RNA Pol II) were among the first DNA sensors to be identified. 

They both mediate the induction of type I IFN via TANK-binding kinase 1 (TBK1). 

TBK1 directly phosphorylates the transcription factor IRF3 leading to IFNp 

production®'’̂ ®®, and this TBK1-IRF3 signalling axis is a fundamental component of
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the cytosolic DNA response DAI has been shown to induce type I IFN in 

response to DNA and certain viruses in a cell-type specific manner RNA Pol 

III uses adenine and thymine (AT)-rich and herpesvirus DNA as a template to 

produce 5’ triphosphate RNAs that induce type I IFNs through the RNA PRR RIG-1 

Given the cell-type specificity exhibited by DAI and the fact that the RNA Pol 

lll-RIG-l pathway was only capable of detecting AT-rich DNA, it was evident that 

additional cytosolic DNA PRRs existed.

Stimulator of IFN genes (STING) (also known as MPYS, MITA and ERIS) was

subsequently recognised as a central adaptor protein mediating intracellular

signalling events in response to cytosolic DNA, by directing the activation of the

transcription factors NFkB and IRF3 through the kinases IkB kinase (IKK) and

TBK1 respectively (Figure 1.3) This endoplasmic reticulum (ER)-resident

transmembrane protein is essential for responses to pathogen- and self-derived

DNA, as well as for the adjuvant effects of DNA in enhancing adaptive immunity

STING is comprised of distinct N- and C-terminal domains. The N-terminal 130

amino acids contain four transmembrane domains that anchor STING in the ER;

the remaining 250 amino acids comprise a carboxy-terminal domain (CTD) that is

assumed to be cytosolic Activation of STING results in its translocation from

the ER to the Golgi complex before finally assembling in specific foci in the

perinuclear region with TBK1 The C-terminal tail (CTT) of STING forms a

scaffold facilitating the assembly of IRF3 in close proximity to TBK1, leading to

TBK1-dependent phosphorylation of IRF3 |n addition to its function as an

adaptor for DNA sensing pathways, STING directly recognises cyclic dinucleotides

(CDNs), bacterial second messenger molecules such as cyclic diguanosine

monophosphate (c-di-GMP) and cyclic diadenosine monophosphate (c-di-AMP) to

induce a similar gene induction profile to cytosolic DNA
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Recently the enzyme cycllc-di-GMP-AMP synthase (cGAS) has been identified as 

the main DNA sensor upstream of STING, essential for DNA-mediated immune 

responses irrespective of cell type. cGAS binds to DNA to catalyse the synthesis 

of cyclic-di-GMP-AMP (cGAMP) from ATP and GTP in the cytosol; cGAMP is 

comprised of a noncanonical 2 ’-5’ and a 3’-5’ phosphodiester linkage, herein 

referred to as 2’3’-cGAMP. Newly synthesised 2’3’-cGAMP subsequently binds to 

and activates STING This cGAS-cGAMP second messenger system has

similarities with the classic cyclic-AMP (cAMP) second messenger pathway in 

which the enzyme adenylate cyclase generates cAMP from ATP in response to G 

protein-coupled receptors Crystal structure studies have revealed that this 

enzyme resembles the dsRNA binding protein 2 ’-5’-oligoadenylate synthase 

(OAS) 1 in overall structure. cGAS contains modifications in its nucleotide binding 

region that specify affinity for double stranded DNA (dsDNA) rather than dsRNA 

106-108 0 jp|(jjp,g of DNA to cGAS causes a conformational change in the enzyme, 

allowing nucleotide substrates to access the active site; and this is followed by the 

synthesis of 2’3’-cGAMP Furthermore, cGAS binds dsDNA exclusively via the 

phosphate-backbone of DNA leading to nucleotide sequence-independent DNA 

sensing

Interestingly, the detection of DNA by cGAS also facilitates the spread of intrinsic 

innate immunity to DNA viruses from infected cells into neighbouring cells. The 

secondary messenger molecule 2’3’-cGAMP produced in virally-infected cells can 

be transferred into uninfected neighbouring cells through gap junctions. This 

facilitates direct activation of STING and type I IFN production in uninfected cells, 

and as a consequence, an antiviral state is rapidly established in the surrounding 

environment
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A number of PYHIN proteins have been assigned roles in DNA sensing and form 

another family of PRRs called the AIM-2-like receptors (ALRs) PYHIN proteins 

comprise of an amino-terminal pyrin domain involved in protein:protein 

interactions, and one or two carboxy-terminal HIN domains, that bind DNA ^ .̂The 

ALRs include AIM2, which is essential for IL-1(3 production in response to dsDNA 

including Poly(dA:dT). AIM2 along with ASC assembles an inflammasome 

platform to activate caspase-1 23,91,110-113 | p | , | g  j^g  mouse ortholog p204 is

another proposed DNA sensor In certain contexts, IFI16 is also capable of 

promoting inflammasome activation, for example during the detection of human 

immunodeficiency virus (HIV) DNA in infected cluster of differentiation (CD) 4 *  T 

cells, where the accumulation of viral DNA replication intermediates causes IFI16- 

dependent apoptosis Similar to cGAS, both AIM2 and IFI16 mediate

sequence-independent recognition of DNA, contacts between these protein 

receptors and DNA are primarily mediated by electrostatic interactions with the 

phosphate-sugar DNA backbone

In addition to their role as RNA sensors, members of the DExD/H-box helicase

protein family have also been implicated in innate DNA sensing. These include

DEAD box helicase (DDX) DEAH box helicase (DHX) 9 and DHX36

DDX41 is required for DNA-dependent induction of type I IFN in myeloid DCs

through a pathway involving STING and TBK-1 However, it still remains

unclear how DDX41 might bind nucleic acid ligands and transduce signals. Unlike

other PRRs such as TLRs, the DExD/H-box proteins implicated in DNA sensing do

not possess a clearly defined signalling domain that is distinct from their DNA

binding domain. As a result, it is difficult to explain how binding of dsDNA (and

bacterial CDN in the case of DDX41) would lead to the recruitment of signalling

adaptors such as STING Furthermore, it remains to be determined whether
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putative DNA sensors sucli as DDX41 and IFI16 are used by the cGAS system 

Recently, the authors Li et a!., proposed a working model for DNA sensing in bone 

marrow-derived macrophages (BMDM), whereby DNA, in this context Poly(dA:dT), 

is recognised by constitutively expressed DDX41 or basally expressed cGAS. 

Both DDX41 and 2’3’-cGAMP interact with STING to trigger the STING-TBK- 

1/IRF-3 axis to produce type I IFNs. This first wave of type I IFN triggered by 

DDX41 and cGAS, induces cGAS expression through type I IFN signalling, which 

then contributes to the subsequent positive feedback loop of type I IFN production 

through the increased production of cGAS, and as a consequence 2’3’-cGAMP

Similar to the adaptor STING, DDX41 was shown to be capable of directly binding 

the bacterial CDNs, ci-di-AMP and c-di-GMP, to induce type I IFN production via 

STING, TBK1 and IRF3 The role of STING versus DDX in CDN sensing still 

remains to be fully resolved; it is possible that DDX41 functions as an essential 

signalling molecule for STING-dependent DNA and CDN responses rather than as 

an initial sensor. Bacterial CDNs are very similar in structure to 2’3’-cGAMP, 

suggesting that these CDNs mimic host 2’3’-cGAMP as a means of stimulating 

STING-dependent type I IFN induction to benefit the bacteria

Holm et al. recently described an alternative mechanism by which STING is 

activated. The authors uncovered a previously unknown innate detection 

mechanism induced by the fusion of viral envelopes and target host cells which 

stimulates a type I IFN response along with expression of IFN stimulated genes 

(ISGs) by a mechanism dependent on STING, TBK1 and IRF3 Interestingly, 

this response was not just limited to viral envelopes, but cell-cell membrane fusion 

and exposure to fusogenic liposomes were also found to induce a similar profile of 

type I IFN and ISG production^^\ Distinct from its pivotal function in DNA sensing,
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STING has also been shown to couple ER stress with the apoptosis of 

hepatocytes in the context of alcoholic liver disease (ALD) via IRF3 activation

Regulation of the cGAS-STING pathway is essential to prevent excessive 

inflammation. While still under investigation, evidence accumulated to date 

suggests that it is in part regulated by autophagy, a self-degradative process that 

mediates important roles in a range of cellular processes The activation of 

cGAS also promotes its association with the autophagy protein Beclin-1, the 

consequence of which is the decreased production of 2’3’-cGAMP as well as 

enhanced degradation of cytosolic DNA Furthermore, 2’3’-cGAMP also 

triggers the phosphorylation of STING by the kinase Unc-51 like autophagy 

activating kinase 1 (ULK1), a component of the autophagy pathway, which is 

postulated to inactivate STING Uncontrolled activation of cGAS-STING can 

have detrimental consequences to the host, and is in fact thought to play a major 

role in the development and propagation of autoimmune diseases caused by 

excessive cytoplasmic DNA, such as Aicardi-Goutieres syndrome (AGS)
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Table 1.4. Proposed DNA sensors

PRR Cell types 
exanfilned

Site of DNA 
sensing

Response Reference

DAI/ZBP1 Fibroblasts Cytoplasm IFNpand
necrosis

84,90

AIM-2 Macrophages,
DCs

Cytoplasm IL-1P, IL-18 11 0 ,m ,113,125

IFI16 (p204) Macrophages, 
endothelial cells

Cytoplasm,
nucleus

IFNp, CXC- 
chemokine 
ligand 10 

(CXCL10), IL-16, 
IL-13

9 i,ii 'e ,ii'/’

DDX41 DCs Cytoplasm IFNP, CXCL10 11b

DHX9 plasmacytoid 
DCs (pDCs)

Cytoplasm TNF-a 11 /

DHX36 pDCs Cytoplasm IFNa '117'

cGAS L929, THP-1, 
HEK293

Cytoplasm IFNP 1U4

DNA-PK 293T, MEFs Cytoplasm IFN-A1,IFNP, IL- 
6

128,129

Mre11 MEFs, DCs Cytoplasm IFNp, CXCL10, 
IL-6

13U
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Figure 1.3. STING mediated production of type I IFN and proinflammatory 
cytokines in response to cytoplasmic DNA. Stimulator of IFN genes (STING) is 
a central adaptor mediating host responses to cytosolic DNA. In response to 
cytosolic DNA sensing, STING activates the kinases IKK and TBK1, which in turn, 
activate the transcription factors NF-kB and IRF3. This signalling cascade 
culminates in the production of type I IFN and other inflammatory cytokines that 
contribute to the host immune response. STING is activated in response to 
binding of 2’3’cGAMP produced by cellular cGAS in response to binding of 
cytosolic DNA. STING can also recognise bacterial second messenger molecules 
CDNs, which leads to its subsequent activation. To date, the role of other DNA 
sensors like IFI16 and DDX41 upstream of cGAS has yet to be resolved; whether 
these sensors are able to stimulate cGAS activity needs to be addressed. 
Activation of STING is also shown to induce STAT6-dependent transcription of 
Th2 cytokines. Figure taken from AMP, adenosine monophosphate; c d n , cyclic 
dinucleotide; cGAS, cyclic GMP-AMP synthase; ds, double-stranded; GMP, guanosine 
monophosphate.
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1.3. Dendritic cells: bridging the innate and adaptive immune system

The induction of protective innnnunity in response to infection or immunisation 

requires the translation of innate immune activating signals into adaptive immunity. 

This is achieved through the coordinated activations of DCs, key APCs of the 

innate immune system. These cells were first described by Steinman and Cohn in 

1973 and have been aptly referred to as the ‘gatekeepers of the immune system  

132,133 QQg possess the superior capacity to present antigens to naive T cells. As 

a result they are the critical cell type for the priming and activation of adaptive 

immune responses, and function as the bridge between innate and adaptive arms 

of Immunity

DCs form a heterogeneous population that have been classified into various 

groups according to their origin, location or patterns of migration. They 

differentiate from hematopoietic stem cells (HSC) in the bone marrow (Figure

1.4.). DCs can broadly be classified into two main categories in the steady state: 

conventional (cDCs) or plasmacytoid DCs (pDCs)

cDCs derive from a common pre-committed precursor the pre-cDC, in a process 

dependent on Fms-like tyrosine kinase-3 ligand (Flt3L) They are further 

divided into migratory and lymphoid resident cDCs. Lymphoid-resident cDCs 

remain in lymphoid organs such as the thymus and spleen and are phenotypically 

immature in the steady state. These cells can be further subdivided on the basis 

of their expression of CDS and CD4 into 3 types; CDS'", CD8 CD4"' and CD8 CD4' 

(double negative) cells CD4"" and CD4 CD8' DCs will be referred to as a single 

CDS' DC type from here.
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Migratory cDCs are present in peripheral tissues and non-lymphoid organs such 

as the skin, liver, kidney and lung. This population comprise CD103"^ and CD11b"’ 

cDCs which are phenotypically and developmentally related to lymph node

resident CDS'" and CDS" cDCs subsets respectively

Another distinct DC subset has been identified that appears during inflammation. 

These are inflammatory DCs and have been described during pathogenic 

infection, experimental sterile inflammation and in models of inflammatory 

diseases such as allergic asthma These cells derive from monocytes that 

differentiate in situ at the site of infection. They can migrate to draining lymph 

nodes and activate CD4"' and CD8" T cells. The inflammatory DCs are often 

referred to as TNF and inducible nitric oxide synthase (iNOS) producing DCs (Tip- 

DCs) and were first described during infection with Listeria monocytogenes . 

However, it is now argued that these are actually inflammatory monocytes^^® and 

in support of this argument these cells in /./sfena-infected mice do not express the 

DC-specific transcription factor Zbtb46

Lastly, pDCs comprise a distinct DC lineage and are unique in their ability to 

produce large amounts of type I IFN in response to the appropriate stimuli. They 

are distinguished from cDCs by the expression of B220, Siglec-H and Bst2 in mice 

and by BDCA2 (CD303) expression in humans They share a number of key 

features with cDCs which include common progenitors, dependence on the 

cytokine FItSL and constitutive expression of its receptor (Flt3) These cells 

express high levels of TLR7 and TLR9 which recognise nucleic acids and signal 

downstream of phosphoinositide 3-kinase (PI3K) and IFR7, the key transcriptional 

regulator of type I IFN production
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In order for DCs to prime T cell immunity, these cells must first be activated, in a 

process referred to as DC maturation |n the most widely accepted

paradigm of DC activation, immature DCs act as sentinels and survey the 

periphery where they efficiently phagocytose and process antigens into peptides. 

These antigenic peptides are then presented in the context of either MHC class I 

(MHCcI) or MHC class II (MHCcll) molecules to naive T cells. The origin of the 

antigenic peptide dictates which MHC molecule it is presented on 

Endogenous antigens (intracellular) such as viral proteins produced in or delivered 

to the cytosol are degraded and presented on the MHCcI complexes. In contrast, 

exogenous antigens (extracellular) like bacteria are engulfed through the process 

of endocytosis; the proteins are then degraded in the lysosomes and eventually 

form MHCcll-peptide complexes. DCs are also capable of cross presentation, a 

mechanism in which exogenously-derived peptides are transferred to the MHCcI 

pathway

DCs are activated in response to binding of PAMP and/or DAMP signals which are 

recognised by the myriad of PRRs expressed by these cells. Upon activation, they 

lose their phagocytic capacity, redistribute MHC and MHC-peptide complexes to 

the cell surface and migrate to draining lymph nodes via increased C-C chemokine 

receptor (CCR) 7 surface expression where they can interact with naive T cells 

DC maturation also coincides with enhanced surface expression of a number of 

costimulatory and adhesion molecules, which are important in T cell priming, 

including CD80, CD86 and CD40 and the integrin lymphocyte function associated 

antigen-1 (LFA-1)
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Figure 1.4. DC lineages in the mouse. Myeloid progenitor cells give rise to 
monocyte or common DC progenitor cells (CDP). CDP exclusively give rise to 
cDC and pDC populations. cDC can be further subdivided according to their 
exrpession of CD8/CD103 or CD4/CD11b. Myeloid populations are distinguished 
according to the expression of lineage specific transcription factors. This 
approach represents an alternative to surface marker based methods for the 
accurate identification of myeloid cell types. The colours of genes encoding 
lineage- or stage-specific trancription factors correspond to the cell types in which 
they are uniquly expressed. For example, expression of the gene encoding E2-2 
(7c/4;dark blue) distinguishes the pDC lineage, whereas expression of the gene 
encoding Zbtb46 {Zbtb46,green) distinguishes cDCs. Figure taken from CMP, 
common myeloid progenitor; MDP, macrophage-DC progenitor.
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1.4. Type I interferons: another link between innate and adaptive immunity

The type I IFN family of cytokines is one of three classes of IFNs to be described. 

IFNs were discovered more than 50 years ago, and were named based on their 

ability to interfere with viral replication in a cell, a phenomenon referred to as viral 

interference Type I IFNs are a diverse grouping, consisting of IFNa (of

which there are 13 subtypes in humans and 14 in mice), IFNp, IFNe, IFNk, IFNco 

and IFNS In spite of this diversity they all bind exclusively to the heterodimer 

type I IFN receptor, IFNAR which is composed of two subunits IFNAR1 and 

IFNAR2. Receptor engagement leads to activation of the Janus kinases (JAKs) 

tyrosine kinase 2 (TYK2) and JAK1, leading to the phosphorylation of signal 

transducers and activation of transcription (STAT) proteins. These STAT proteins 

then dimerise and translocate to the nucleus^®^” ®̂°. Three predominant STAT 

complexes are formed in response to type I IFN signalling to induce distinctive 

gene expression profiles. Heterodimers of STAT1 and STAT2, along with the 

transcription factor IRF9, form the transcription factor complex interferon- 

stimulated gene factor 3 (ISGF3) which binds to IFN-stimulated response 

elements (ISREs) sequences to activate classical antiviral genes. STAT1 

homodimers bind gamma-activated sequences (GAS) to induce proinflammatory 

gene expression. In contrast STAT3 homodimers supress proinflammatory gene 

expression, the corepressor complex SIN3 transcription regulator homologue A 

(SIN3A) is bound to type I IFN activated STAT3 and promotes the deacetylation of 

STAT3 and histones to suppress the induction of STAT3-induced genes (Figure 

1.5). Type I IFN signalling can also activate STAT4 and STAT5 and STAT6 in a 

context-dependent manner Recently, IFN(3 was shown to uniquely interact

with IFNAR1 in an IFNAR2-independent manner, to induce the expression of a
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distinct set of genes independently of the JAK-STAT pathway^®  ̂ and serves to 

explain why different biological outcomes are observed in response to IFNp 

compared to other type I IFNs

Type I IFNs are secreted by a variety of cell types, including fibroblasts, epithelial 

cells, innate immune cells such as DCs and lymphocytes. Likewise, the receptor 

IFNAR is ubiquitously expressed. As a result, most cell types are capable of 

mounting type I IFN-dependent responses that are both cell type and context- 

dependent These cytokines display potent immunostimulatory properties on 

both the innate and adaptive arms of the immune system. They are considered 

major players in linking innate and adaptive immunity through their potent ability to 

activate DCs as well as helping to facilitate cross priming and antigen presentation 

to T cells They also have direct effects on the adaptive immune system,

particularly on T cells where they promote a variety of effects including the clonal 

expansion and survival of various T cell subsets

In response to viral infection and TLR ligation, type I IFN induction in both DC and 

non-DC populations occurs in two phases, an initial induction phase that is 

followed by an IFN feedback loop whereby type I IFN signalling in an autocrine or 

paracrine manner amplifies the response. In non-DC populations Ifnb and Ifna4 

transcripts are the first to be induced in a manner dependent on the transcription 

factors IRF3 and IRF7. In the second amplifying phase, IRF7 expression is 

upregulated promoting the expression of all type I IFN family members in an IFN- 

dependent manner

In response to viral stimulation, the induction of multiple Ifna subtypes in addition 

to Ifnb has been reported in in wfro-derived cDC and pDC populations during the 

first phase of type I IFN induction. Furthermore, the transcription factor IRF8 is
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proposed to participate in the second amplifying phase of IFN induction in DCs, 

where it functions to help prolong the recruitment of basal transcription machinery 

to the IFN promoter
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Figure 1.5. Engagement of the type I IFN receptor activates the classical 
JAK-STAT pathway. All type I IFNs bind the type I IFN receptor, IFNAR. IFNAR 
is a heterodimeric receptor composed of two subunits IFNAR1 and IFNAR2, which 
are associated with the JAKs TYK2 and JAK1, respectively. Activation of JAKs 
results in tyrosine phosphorylation of STAT2 and STATl. This leads to the 
formation of a STAT2-STAT1-IRF9 complex, which is also referred to as the 
ISGF3 complex. The ISGF3 complex then translocates to the nucleus where it 
binds to ISREs in DNA to initiate transcription of classical IFN-stimulated genes. 
IFN signalling can also mediate the activation of STAT1 and STAT3 homodimers, 
to culminate in either the respective induction or suppression of inflammatory 
genes. Figure taken from CXCL9, CXC-chemokine ligand 9; Mx1, IFN-induced GTP- 
binding protein Mxl; OAS, 2'-5’-oligoadenylate synthase;SIN3A, SIN3 transcription regulator 
homologue A; ISRE, interferon-stimulated response elements; GAS, gamma-activated sequences; 
P, phosphate.
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1.5. Mitochondria and their role in innate immunity

The mitochondria are primarily recognised for their roles in biosynthetic reactions 

such as ATP synthesis. They are however, gaining increasing recognition for their 

involvement in innate immune pathways, cell death and autophagy These 

organelles regulate innate immunity at multiple levels; in particular they play a 

prominent role in anti-viral defence where they serve as a physical platform for 

RLR-mediated signalling events activated in response to viral infection. RLR- 

mediated signalling pathways converge at the adaptor protein MAVS. The 

localisation of MAVS to the outer mitochondrial membrane (OMM) via its C- 

terminal domain is a critical event necessary for it to function as an adaptor for 

RIG-1 and MDA-5-mediated anti-viral signalling The RIG-I-MAVS pathway can 

be further regulated by additional mitochondrial proteins, including the positive 

regulators TOM70 and STING as well as negative regulators such as NLRX1 

175,177-179 j|.^g adaptor STING is principally known for its role as an adaptor

mediating type I IFN production in response to DNA, however it also potentiates 

RLR signalling events when localised to ER-mitochondrial contact sites 

Additionally, mitochondrial fusion and fission events can influence RLR-mediated 

signalling, where these responses can be promoted by mitochondrial fusion or 

alternatively inhibited by fission (Figure 1.6)

The mitochondria actively contribute to apoptotic cell death which can serve to 

help in the elimination of infected cells and consequently contribute to anti-viral 

immunity. They mediate the intrinsic pathway of apoptosis (also referred to as the 

mitochondrial pathway). This pathway is activated in response to pro-apoptotic 

insults such as DNA damage and regulated by B cell lymphoma 2 (BCL2) proteins. 

The proapoptotic BCL-2 members’ BCL-2-associated X protein (BAX) and BCL-1
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homologous antagonist/killer (BAK) are activated in response to apoptotic signals. 

These proteins induce the permeabilisation of the OMM, a process referred to as 

mitochondrial outer membrane permeabilisation (MOMP), which facilitates the 

release of mitochondrial proteins such as cytochrome c and second mitochondrial 

activator of caspases (second mitochondrial activator of caspases (SMAC) or 

DIABLO) into the cytoplasm. Cytochrome c subsequently binds to the apoptotic 

protease-activating factor-1 (Apaf-1) along with the initiator caspase-9 to form the 

apoptosome to culminate in the activation of the apoptotic caspase cascade

Mitochondria are a rich source of DAMPs which can activate innate immune 

responses, one prominent example being mitochondrial DNA. Direct injection of 

mitochondrial but not nuclear DNA into the joints of mice induces an inflammatory 

response Furthermore, mitochondrial DNA released systemically during

trauma is proposed to initiate the development of systemic inflammatory response 

syndrome, a condition that clinically resembles shock but occurs in a sterile 

environment Mitochondrial-derived ROS has been identified as another key 

DAMP. Interestingly, both mitochondrial-derived ROS and mitochondrial DNA 

mediate important roles in activation of the NLRP3 inflammasome 

Mitochondrial-derived ROS is also important for antimicrobial activity during 

phagocytosis. Induction of the respiratory burst is required for killing of 

intracellular pathogens. The majority of ROS generated during phagocytosis is 

produced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases; 

however evidence is emerging suggesting that mitochondrial-derived ROS is also 

an important contributor to the process (Figure 1.7)

Autophagy is a lysosome-dependent degradation process, whereby cytosolic 

proteins and organelles are engulfed by a double membrane lipid layer which
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seals to form the autophagosome. Once mature, the autophagosome fuses with 

the lysosomes leading to the destruction and recycling of engulfed cargo 

Autophagy as a consequence is important in cellular detoxification, as well as in 

the generation of metabolites for energy production. In addition, it is important in 

host defence, for instance in the elimination of intracellular pathogens The

process is induced by a range of stimuli, including starvation, sensing of damaged 

organelles, misfolded proteins and the presence of intracellular pathogens. The 

mitochondria regulate cellular ATP levels and as a consequence mediate a role in 

the induction of autophagy during nutrient limiting conditions. A reduction in 

cellular ATP levels as occurs during nutrient starvation triggers the induction of the 

autophagy signalling cascade In addition, during these nutrient limiting 

conditions the mitochondrial outer membrane may serve as a source of membrane 

for autophagosome biogenesis Damaged mitochondria are capable of

signalling their dysfunction to promote their selective removal, in a process termed 

mitophagy. Indeed in the absence of autophagy, dysfunctional mitochondria 

accumulate in cells and lead to increased intracellular ROS levels which promote 

NLRP3 inflammasome activation and enhanced RLR-mediated type I IFN

p r o d u c t io n  62.63,187,188

Mitochondrial stress and DNA release have also been implicated in activating 

cGAS-STING-dependent type I production in a number of different contexts. 

During intrinsic apoptosis, mitochondrial DNA is released into the cytosol. Under 

normal conditions apoptotic caspases function to prevent activation of cGAS- 

STING signalling to maintain apoptosis as an immunologically silent form of cell 

death More recently, infection with herpesvirus was shown to induce

mitochondrial stress and release of mitochondrial DNA into the cytosol where it
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engages cGAS-STING-IRF3-dependent signalling to enhance type I IFN 

responses and promote anti-viral immune responses^^\

RIG-I or MDA5

Viral RNA

Positive regulators
STING 
Tom70 

Mitochondrial fusion

Negative regulators
NLRX1
MFN2

II
i

M A V S jll
Aggregated 
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Figure 1.6. The mitochondria and their role in anti-viral signalling. Upon 
sensing of viral RNA, the RNA sensors RIG-1 and MDA-5 translocate to the outer 
mitochondrial membrane where they activate the adaptor protein MAVS. MAVS 
undergoes oligomerisation, culminating in the upregulation of type I IFN and pro- 
inflammatory genes. Positive regulators of MAVS activation include TOM70, 
STING and mitochondrial fusion, whereas negative regulators include NLRX1. 
Figure taken from
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Figure 1.7. The involvement of mitochondrial ROS in innate immunity.
NLRP3 activators sucli as alum, MSU, LPS and nigericin promote mitochondrial- 
derived ROS (mtROS) production and release of mitochondrial DNA (mtDNA). 
The release of both mtROS and mtDNA drives the activation of NLRP3 and 
subsequently caspase-1 which in turn leads to the maturation of bioactive IL-1(B. 
Additionally the ligation of certain TLRs, such as TLR1, 2 and 4 leads to the 
upregulation of mitochondrial-derived ROS via the activation of the signalling 
adaptor TRAF6. TRAF6 translocates to the outer mitochondrial membrane to 
ubiquinate ECSIT, a protein implicated in mitochondrial respiratory complex I 
assembly. This process culminates in the enhanced production of ROS from the 
mitochondria which is important in facilitating the destruction of phagocytosed 
bacteria. Figure taken from
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1.6. Adaptive immunity

The development of protective and long lasting immunity against pathogens 

requires the activation of adaptive immune response. This ensures the complete 

clearance of pathogens and the initiation of memory so that the host is protected 

from re-infection upon repeated exposure. The induction of adaptive immunity is 

reliant on the coordinated interaction between APCs and the T and B cells of the 

adaptive immune system.

1.6.1. T cells

T cells arise in the thymus from common lymphoid progenitors that originate in the 

bone marrow or foetal liver During their development, T cells can give rise

to two different lineages based on the arrangement of their T cell receptor (TCR). 

The major T cell population in humans and mice are a|3 TCR expressing T cells, 

with the second smaller subset y5 TCR expressing T cells. Mature a(3 TCR 

expressing T cells themselves comprise two lineages defined by expression of 

either CD4 or CDS on the cell surface Henceforth, the description of T cells is 

limited to that of ap TCR expressing T cells.

T cell activation is mediated by interaction with APCs, typically DCs and requires 

three signals (Figure 1.8). The first signal is delivered by engagement of the TCR 

with the appropriate antigen-MHC complex expressed on the surface of the DC. 

Each T cell expresses a specific TCR capable of recognising a unique peptide 

conformation. The second signal is a costimulatory-based signal delivered by 

costimulatory molecules present on the surface of activated APCs, including 

CD80, CD86 and CD40, which engage with cognate receptors CD28 and CD40L 

expressed on T cells. Costimulation is essential for the induction of T cell

42



responses licensing them to become immunogenic, in its absence T cells become 

anergic (unresponsive) and undergo apoptosis The third and final signal is in 

the form of cytokines secreted by DCs and these are involved in polarisation of T 

cells into effector cells Activated T cells produce two major types of effector 

cells: helper (Th) and cytotoxic T lymphocytes (CTLs) derived from CD4'" and 

CDS'"! cells respectively

Cytokines 
•  • •

PAMPs/DAMPs

Cytokine receptor

Figure 1,8. T cell activation requires three signals. The first signal is the 
interaction of the MHC-peptide complex expressed by the DC with the TCR on the 
surface of the I  cell; this interaction determines the antigen specificity of the 
reaction. The second signal constitutes the interaction between costimulatory 
molecules expressed on the surface of the DC with others on the surface of the T 
cell, most typically CD28 and CD40L. This signal is needed for T cell survival and 
subsequent proliferation. The third and final signal comes in the form of the 
cytokines secreted by DCs which are involved in the polarisation of the T cell 
response, driving the differentiation of specific Th effector subsets. Figure 
adapted from .
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1.6.1.1. CDS* T cells

Priming of CD8''T cell responses takes place in the lymph nodes and spleen, 

where these cells recognise protein-derived peptides that are associated with 

MHCcI molecules. Conventionally these peptides are derived from the 

degradation of endogenously synthesised proteins in the cytosol and thus serve as 

a readout of cellular events, including viral infection and tumourigenesis. CDS'^T 

cells therefore play a role in immune surveillance where they serve to detect and 

eliminate virally infected or transformed cells Once activated these CTLs

expand to form a phenotypically and functionally heterologous group Short

lived effector CD8'^ T cells form the majority of the population, their primary 

function is to kill target cells through the controlled release of perforins and 

granzymes initiating apoptosis (Figure 1.9) In contrast, long-lived CDS'"! cells 

survive and contribute to a memory population Following activation, CDS'"!

cells can achieve an estimated 50,000 fold expansion. Maximal expansion 

requires the integration of multiple signals, including TCR engagement, 

costimulatory stimulation and production of cytokines, such as IL-12 and type IFN 

The proinflammatory cytokine IL-12 is key for the terminal differentiation of 

CD8"  ̂effector T cells and IFN-y is important for the effector functions of these cells 

CDS'" T cells are capable of producing IL-4 and can be subdivided into T 

cytotoxic-1 (Tcl) and T cytotoxic-2 (Tc2) cells based on their cytokine profile 

Both subpopulations are equally cytotoxic and IL-12 and IL-4 are key in the 

differentiation of CDS'" T cells into Tc1 and Tc2 cells respectively
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Figure 1.9. CD8*T cell-induced cytotoxicity. The presentation of peptides by 
MHCcI molecules on the cell surface alerts CLT’s to the presence of infected cells. 
Activation of CLT’s induces the release of perforin and granzymes which form 
cytotoxic granules. These substances induce the apoptosis of target infected 
cells. Figure adapted from

1.6.1.2. CD4*T cells

CD4'" T cells otherwise known as Th cells recognise antigenic peptides presented 

on MHCcll molecules by activated DCs. Once activated, these cells differentiate 

to become effector and/or memory cells of specialised phenotypes (Figure 1.10) 

Several types of effector Th cells have been described each possessing 

distinct biological functions. Th1, Th2, Th17, T follicular helper (Tfh) and Th9 cells 

are involved in inflammatory responses. While on the other hand, regulatory T cell 

(Treg) which comprise naturally occurring Treg (nTreg), induced Treg (ITreg) and 

class 1 Treg (Tr1) are involved in immune suppression

Thi cells are characterised by the ability to secrete IFN-y as their signature 

cytokine. They are capable of producing other proinflammatory cytokines that 

include TNF-a, TNF-(3, lymphotoxin and IL-2. Together these cytokines stimulate 

innate and T cell responses. In mice they promote immunoglobulin (Ig) G2a (or 

the equivalent lgG2c in other mouse strains) production by B cells The 

differentiation of Thi cells from naive Th precursors (ThO cells) requires IL-12,
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IFN-y and the transcription factor T-box expressed in T cells (T-Bet) 208,209 -p|̂ jg 

effector subset drives cell-mediated responses; specifically IFN-y activates 

mononuclear phagocytes, NK cells and cytotoxic T cells for the killing of 

intracellular pathogens and virally infected or transformed cells. As a result these 

cells mediate protection against a variety of intracellular pathogens and are also 

beneficial in tumour immune rejection

Th2 cells produce the signature cytokines IL-4, IL-5, IL-10 and IL-13. In contrast 

to Th1 cells, Th2 cells produce only modest amounts of IL-2. The development of 

this effector subset is driven by IL-4 and the transcription factor GATA-3 Th2 

cells promote lgG1, IgE class-switching which promotes eosinophil recruitment 

and mast cell degranulation 208,211,212 contrast to Th1 responses which promote 

cellular immunity, a Th2-biased response enhances antibody production where 

high levels of pathogen-specific immunoglobulin are generated to neutralise 

foreign organisms This type of response is important for protection against 

extracellular forms of pathogens, including helminths and nematodes as well as in 

the neutralisation of bacterial toxins 208,213,214 jh e y  also participate in 

hypersensitivity, with excessive Th2 responses contributing to chronic 

inflammatory airway disease like atopic asthma

Th17 cells as their name would suggest are characterised by the production of IL- 

17, mainly IL-17A, IL-17E (IL-25) and IL-17F family members in addition to IL-21 

and IL-22 208,215,216 induces potent inflammatory responses, by promoting

inflammatory cytokine and chemokine production as well as the recruitment of 

other immune cells including granulocytes to the site of infection/inflammation 

Their differentiation is driven by IL-6 and transforming growth factor (TGF)-p and is 

characterised by the expression of the transcription factor RORyt 218,219 1  jg
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also known to mediate a crucial role in the early events of Th17 differentiation 

These cells are important in conferring protection against a variety of extracellular 

pathogens, including Klebsiella pneumoniae, Mycobacterium tuberculosis and 

Staphylococcus aureus As a consequence of their powerful proinflammatory 

capabilities, Th17 cells can cause considerable damage to host tissue. They have 

influential roles in the induction and propagation of autoimmune syndromes. IL-17  

expression is associated with autoinflammatory diseases such as multiple 

sclerosis, rheumatoid arthritis, psoriasis and inflammatory bowel disease as well 

as allergic responses 221.222

Tfh cells are a specialised subset of effector Th cells that reside in the lymph 

nodes and spleen, where they are found enriched at the edges of the B cell zones, 

follicular regions and germinal centres They express high levels of the 

CXCL13 chemokine receptor CXCR5 which mediates their recruitment to B cell 

follicles These cells are further characterised by the expression of inducible 

costimulatory (ICO S) and programme death (P D -1) The primary role of these 

cells is to provide B cell help. These cells trigger B cell activation leading to the 

formation of germinal centres and express cytokines such as IL-10 and IL-21 

which promote antibody isotype switching and consequently the generation of high 

affinity antibodies and memory B cells 225-228 differentiation is driven by IL-6

and IL-21 signalling and induction of the transcription factors BCL-6 and STATS in 

DCs 229.230 ĝ jii remains some controversy as to whether they are a distinct

independent lineage of Th cells; it is possible that a Tfh profile may be adapted by 

previously established CD4'" T  cell lineages through alterations in CCR7 and 

C XC R 5 expression in the presence of IL-6 and IL-21

The subset of nTregs develop in the thymus and produce high levels of IL-10 and

membrane bound TGF-{3 They are characterised by the expression of the
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transcription factor Foxp3 The iTregs are differentiated from naive T cells in 

the periphery in the presence of TGF-p and IL-2 following TCR stimulation. This 

subset can also synthesise large amounts of IL-10 and TGF-P Another

Treg subset described Is the IL-10 producing Tr1 Tregs. Similar to the other 

regulatory subsets, Tr1 cells produce IL-10 and TGF-p, but possess some distinct 

features for example they lack expression of Foxp3 The most recognised 

function of Tregs is in the maintenance of self-tolerance and immune homeostasis. 

Disruption of their function contributes to an array of autoimmune and 

inflammatory pathologies

Other Th effector subsets recently described include Th9 and Th22 cells. Th9 

cells are characterised by the production of vast amounts of IL-9 along with IL-21, 

and are involved in the promotion of tissue inflammation and anti-cancer effects 

237-240 develop from naTve T cells in the presence of TGF-p and lL-4

Recently lL-1 was shown to mediate an important role in their differentiation, 

specifically by promoting the expression of the transcription factors IRF1 and 

STAT1 in TGFp and IL-4 polarised Th9 cells, with the resulting effect of enhanced 

IL-9 and IL-21 secretion in anti-cancer responses Th22 cells were initially 

described in humans and are recognised for their production of IL-22, IL-13, TNF-a 

and negligible amounts of IL-17 Their differentiation is driven by IL-6, but

inhibited by increasing amounts of TGF-p. Optimal production of IL-22 by these 

cells requires the expression of the transcription factors aryl hydrocarbon receptor 

(AhR) and T-bet These cells contribute to mucosal defence and in the 

pathogenesis of a range of inflammatory skin disorders
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Figure 1.10. Differentiation of T helper cells into effector subsets. Naive T 
cells once activated can differentiate into a number of distinct effector subsets. 
The process is dependent on the cytokines present in the local environment, 
referred to as polarising cytokines, and on the expression of specific transcription 
factors. Each effector subset secretes a range of cytokines that are characteristic 
to the specific subset and contribute to the effector function of that particular 
subset. Figure adapted from
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1.6.1.3. T cell memory

Protective immunity against infection is one of the most important outcomes of the 

adaptive response to infection or immunisation. A  protective response depends  

on the existence of preformed antibody and effector T  cells and on the 

establishm ent of a population of lymphocytes that m ediate long-lived 

immunological memory. T  cells are key mediators in the m emory response

Following infection the majority of effector T  cells (greater than 9 0 % ) die in what is 

term ed the contraction phase. T he  surviving T  cells enter a m em ory phase to 

becom e m emory T  cells, w here sufficient numbers of these memory cells are  

stabilised and are maintained for long periods of time These memory cells 

facilitate a more rapid and potent recall response against pathogens that the host 

has previously been exposed to.

M em ory T  cells are divided into subsets, effector m emory T  cells (Tem ), central 

m emory T  cells (Tcm ) and tissue resident memory T  cells (Trm ) 248-250 

primarily circulate in peripheral lymphoid tissues; and require antigen presentation 

to becom e activated after which they proliferate extensively In contrast, Tem  

circulate through non-lymphoid tissue and rapidly m ature into effector T  cells that 

secrete large amounts of effector cytokines, such as IFN -y, IL-4 and IL-5 as well 

as perforin and granzym es following restimulation 252-254 j|.^g recently described  

population of Trm cells m igrate into peripheral tissues following infection, w here  

they perm anently reside as organ-specific resident non-circulating m emory T cells 

249,250,255 QgHg gre strategically located at anatom ical sites such as the skin

and mucosa which are often the site o f first pathogen attack in order to prevent 

reinfection
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A second model for the development of CD8^ memory cells has been proposed, 

termed the developmental model. In this situation memory cells arise as a 

separate population of cells that never experience the full blown effector state. 

Memory cells are activated but do not encounter full strength or repeated antigen 

stimulation. Such conditions exist toward the end of an infection and this model is 

consistent with experiments showing that naTve antigen-specific T cells that are 

added during the tail end of an infection are more prone to form memory C D S '" ! 

cells New theories have been brought forward with regard to the development 

of CD4'" memory T cells. At present, the evidence available suggests that 

committed Th1, Th2 and more recently Th17 effector cells survive the contraction 

phase following infection to form Tem cells. In addition there is accumulating 

evidence supporting a role for B cells in driving the decision to form either Tem or 

Tcm cells, with B cell Interaction favouring the formation of memory T cells with a 

Tem effector phenotype

1.6.2. B cells

The humoral arm of the adaptive response is mediated by B cells and the 

antibodies they produce. Typically B cells arise in the foetal liver and adult bone 

marrow from HSCs, where they pass through a series of distinct developmental 

stages and obtain antigen specificity immature B cells express membrane-

bound IgM and IgD and display a high propensity to undergo apoptosis following B 

cell receptor (BCR) ligation 5̂8,260 j^ e s e  immature cells leave the bone marrow 

and migrate to distinct anatomical sites where they mature through a series of 

distinct stages to develop into one of three subsets; B-1 B cells, marginal zone 

(M Z) B cells and follicular B cells. The latter subsets are collectively referred to as 

B-2 cells. Currently the term B-2 cell is used mostly to describe follicular B cells
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which comprise the largest population of B cells The maturation of B cells is 

associated with upregulation of surface-bound IgD as well as the enhanced ability 

to proliferate in response to antigen stimulation

B-1 cells comprise around 5% of all B cells in mice and humans and are primarily 

found in the pleural and peritoneal cavities, and are thus primed to defend the 

body's cavities. These cells are typically involved in the production of antibodies, 

most IgM, in the absence of T cell help. This type of B cell activation occurs in 

response to T cell-independent (Tl) antigens, such as glycolipids or 

polysaccharides antigens which display multiple identical epitopes on their surface 

that are capable of cross-linking the BCR to induce antibody production

MZ B cells are considered to be innate-like cells, and are so called as they reside 

in the marginal sinus of the white pulp of the spleen. They are responsible for 

mounting T-cell independent responses to blood-borne pathogens in the spleen 

259,264 -piigy (jgp respond rapidly to infection, developing into extrafollicular plasma 

cells that secrete IgM within three days of infection

Follicular B cells circulate repeatedly through the blood and lymph to the B cell 

zones of secondary lymphoid organs, including lymph nodes, Peyer’s patches and 

the spleen These cells are typically involved in the generation of antibody 

responses to T cell-dependent (TD) antigens, such as proteins and glycoproteins 

They migrate to the T cell zones within these lymphoid organs following BCR 

stimulation which facilitates their interaction with activated T cells. Once activated 

these cells differentiate into either short-lived plasma cells, terminally differentiated 

cells that produce large quantities of antigen-specific antibodies, or migrate to the 

B cell follicle to form germinal centres 258,266
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B cell activation is initiated following encounter with antigen which is recognised 

through the BCR (Figure 1.11). The primary role of B cells is in the production of 

antibodies, however these cells are also capable of upregulating costimulatory 

molecules on their surface and presenting antigen to CD4'" T cells, this in turn 

stimulates B cell proliferation and differentiation Prior to their activation, B cell- 

mediated antibody production is limited to IgM and IgD. IgM is secreted first and is 

expressed without class switching. Monomers of IgM display low affinity for target 

antigens but can form pentamers with 10 antigen binding sites, providing high 

avidity for antigen. These pentamers can bind simultaneously to multivalent 

antigens like the polysaccharides found in bacterial capsules Both IgM and 

IgD are effective in activating the complement system. IgM is also involved in 

promoting the release of anti-microbial, inflammatory and B cell-stimulating factors 

as a consequence of binding to myeloid cells Following activation B cells

undergo important modifications within germinal centres, including affinity 

maturation to result in the production of antibodies with a higher affinity to antigen. 

This occurs by a process referred to as somatic hypermutation (SHM). Concurrent 

with this is class-switching, where B cells change from IgM and IgD production to 

other isotypes such as IgG, IgA and IgE. This enables B cells to express a variety 

of effector functions in the form of antibodies of different classes IgG is the 

principal antibody class in the blood and extracellular fluid, where it efficiently 

opsonises pathogens for engulfment by phagocytosis and activates complement. 

IgG can be subdivided into 4 classes, in humans these are lgG1, lgG2, lgG3 and 

lgG4 and in mice these are IgGI, lgG2a or lgG2c, lgG2b, and IgGS. IgA is 

synthesised as monomers which can enter the blood and extracellular fluid. 

However, it predominantly forms dimers which are found in secretions, and is of 

particular importance in the epithelium lining the intestinal and respiratory tract
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where it chiefly functions as a neutralising antibody IgE is present in very low 

levels in the blood and extracellular fluid. It is bound avidly by receptors on mast 

cells located beneath the skin and mucosa or along the blood vessels of the 

connective tissue. Binding of antigen to cell-associated IgE triggers mast cell 

release of chemical mediators that induce coughing, sneezing and vomiting, 

physical responses that can help expel infectious agents The process of 

antibody isotype switching is heavily influenced by cytokines secreted by Th cells. 

In mice, IL-4 directs B cells to produce IgE and lgG1 isotypes, whereas IFNy 

mediates lgG2a and lgG3 isotype switching and TGF|3 and IL-10 regulate IgA and 

lgG2b switching

In germinal centres, some B cells differentiate into memory B cells. These are 

long-lived descendants of cells once stimulated by antigens and that have 

proliferated in germinal centres. They divide slowly, if at all and express surface 

immunoglobulin but do not secrete antibody under resting conditions. These cells 

inherit genetic changes that occur in the germinal centres during the primary 

response, including somatic hypermutations and class switching. They are as a 

result capable of rapidly producing antibody with greater affinity and of different 

classes upon restimulation (Figure 1.12)

Another functional subset is regulatory B cells (Bregs), which contribute to 

maintaining the delicate balance that is required for tolerance. They restrain 

excessive inflammatory responses that occur during autoimmune disorders or 

during unresolved infections. Central to their function is the production of IL-10 

which inhibits proinflammatory cytokines and supports the differentiation of Tregs

277
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Figure 1.11. B cell activation, (a) T cell-independent activation of B cells occurs 
in response to repetitive antigens such as bacterial polysaccharides which are 
able to directly stimulate B cell proliferation through the B cell receptor (BCR). 
Interaction between antigen and the BCR induces maturation into a plasma cell, 
which produces antigen-specific antibodies, (b) In T cell-dependent B cell 
activation, T cells are stimulated by APCs to express CD28, CD40L and cytokines 
which activate B cells. Depending on the nature of the stimulating signals, the 
activated B cell can mature to effector plasma cells or memory B cells. Figure 
taken from
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Figure 1.12. Development of B cell subsets. Following activation, some B cells 
form short-lived plasma cells. These cells primarily produce IgM and are typically 
generated during the initial B cell response. Other activated cells form germinal 
centres where they proliferate and undergo affinity maturation and class-switching. 
These cells differentiate into either long-lived plasma cells that secrete isotype 
switched antibodies or memory B cells. Figure adapted from
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1.7. Vaccines, adjuvants and current challenges

The practice of vaccination is regarded as one of the most successful and cost 

effective disease prevention strategies ever to have been implemented. It is has 

led to the eradication of smallpox and driven polio to near extinction. Routine 

childhood immunisation strategies continue to save millions of lives each year from 

diseases such as measles, diphtheria and tetanus The power of vaccines has 

also been harnessed to combat chronic diseases including cancer. Incidence 

rates of liver and cervical cancer have been significantly reduced following the 

respective introduction of Hepatitis B virus (HBV) vaccines and human 

papillomavirus virus (HPV) vaccines in countries with high vaccine coverage 

However, considerable obstacles still remain. There are several diseases for 

which vaccines do not currently exist Furthermore, safer and more effective 

vaccines are required to replace suboptimal and reactogenic vaccines currently 

used

As previously described the goal of a successful vaccine is to induce protective 

immunity against a given pathogen by mimicking the naturally occurring immune 

response, without causing disease The result is that upon re-exposure to the 

corresponding pathogen, infection is prevented by the activation of host memory T 

and B cells which mount a rapid and effective immune response. Vaccine-induced 

immunity is heavily reliant on the activation of innate immune mechanisms. 

Vaccines are considered to use both PAMPs and DAMPs as innate immune 

triggers. PAMPs can be contained within the vaccine formulation itself (e.g. 

derived from the target pathogen) and vaccine components (e.g. certain 

adjuvants) may induce the release of endogenous DAMPs at the site of injection. 

These immune triggers activate PRRs expressed by immune and non-immune
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cells, and these PRR-derlved signals are the integrated at the level of APCs, in 

particular on DCs to condition the adaptive immune response to the vaccine

Traditional vaccines are composed of live attenuated or killed microorganisms and 

these formulations have proven to be among the most effective at inducing strong 

protective memory responses Despite their high efficacy, there are safety 

concerns regarding toxicity and reversion to virulence. The emergence of novel 

vaccine technologies has led to the development of safer approaches which 

include DNA and subunit vaccines. DNA vaccines contain DNA sequences that 

are translated into antigen when the DNA in taken up by host cells, the host then 

mounts an immune response similar to that induced by natural infection, to these 

foreign translated proteins. Recombinant vector vaccines work on a similar 

principle where they employ the use of a bacterium or virus to delivery pathogen 

specific DNA to the host in a more immunogenic format Subunit vaccines are 

based on highly purified recombinant proteins, polysaccharides or protein- 

polysaccharide conjugates rather than whole microorganisms and display a much 

more attractive safety profile. However, the highly purified nature of antigens used 

in subunit and DNA vaccines renders them poorly immunogenic and as a result 

insufficient in inducing protective immunity. Consequently the inclusion of 

adjuvants to improve the magnitude, quality and breadth of the immune response 

to these purified antigens is crucial for vaccine effectiveness Adjuvants were 

first defined in the 1920s by Gaston Ramon as compounds that enhance or shape 

immunity to a specific antigen In addition, adjuvants can reduce the amount of 

antigen required (dose sparing): the number of immunisations needed for 

protection and enhance the responsiveness in target populations such as children 

or the elderly
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Currently only a few adjuvants are approved for use In humans Vaccines 

containing these approved adjuvant formulations are largely biased towards the 

promotion of antibody and Th2 responses, which is sufficient for defence against 

diseases where antibodies can neutralise an invading pathogen. However, a 

major drawback is their poor capacity to promote cellular immune responses, 

particularly of the Th1 and Th17 types or effective CTL responses. Cellular 

immunity is crucial in mediating protection against diseases such as HIV, 

tuberculosis (TB) and malaria. The development of vaccines against such 

pathogens requires a rational approach to the design of adjuvants. This will 

enable the identification and/or design of safer and more targeted adjuvants that 

can induce specific types of immune responses, such as adjuvants capable of 

inducing Th1/Th17 and cytotoxic CD8'"T cell-mediated immune responses

Vaccine adjuvants are a highly diverse grouping; they are derived from a range of 

sources and exert their immune enhancing activities through a variety of molecular 

and cellular mechanisms The underlying mechanisms by which adjuvants 

promote protective immunity are only beginning to be uncovered. A key 

breakthrough was the realisation that many of the effects of adjuvants seem to be 

at the levels of APCs, in particular DCs. Adjuvants can induce the activation of 

DCs, which in turn strengthen the responses of T and B cells to vaccine antigens 

These compounds can be broadly divided into two categories: however there 

are significant overlaps between these two divisions. Immunostimulatory 

adjuvants comprise the first category and these interact with specific receptors on 

APCs. The second grouping are particulate vaccine adjuvants which are capable 

of delivering associated antigens to APCs
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1.7.1. lmmunostimulatot7 adjuvants

1.7.1.1. Pathogen-derived immunostimulatory adjuvants

Pathogen-derived immunostimulatory adjuvants exert their adjuvant effects by 

ligating PRRs expressed by APCs, in particular DCs, to induce their activation. As 

a consequence their capacity to present vaccine antigens to T cells and generate 

vaccine-induced protective immunity is enhanced. Adjuvants belonging to this 

category include ligands of TLRs and RLRs

TLR ligands work very well at stimulating innate immunity but can induce 

excessive and toxic inflammation. Research is directed at separating the 

unwanted toxic side effects of TLR ligands from their ability to promote cellular 

immunity. A prime example is with the TLR4 ligand LPS. LPS is a powerful 

adjuvant but too toxic for incorporation into human vaccines. Hydrolysis of the 

bioactive lipid A component results in the generation of monophosphoryl lipid A 

(MPL). LPS and MPL both signal through TLR4, however in contrast to LPS which 

activates both MyD88 and Trif mediated pathways, MPL selectively signals via 

Trif. As a consequence MPL can enhance cellular immunity but with reduced 

toxicity 283,291 1̂ jg jp combination with alum to form Adjuvant system 04

(AS04) in the HPV vaccine Cervarix® and the HBV vaccine Fendrix® The 

success of MPL has led to the development of new generation TLR4 agonists, 

such as amino alkyl glucosamimide phosphates (AGPs)^^^ and a synthetic LPS 

mimetic RC-529

CpG oligonucleotides, agonists of TLR9, have been extensively tested in clinical 

trials in a number of different vaccine formations, including the candidate hepatitis 

B vaccine Hepislav from Dynavax Ligation of TLR9 by CpG induces the
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production of type I IFNs, the upregulation of costimuiatory and MHCcll molecules 

on the surface of DCs, and additionally increases antigen processing and 

presentation by pDCs 294.295

Small molecule TLR7 and TLR8 agonists, such as imiquimod (R-837, TLR7) and 

resiquimoid (R-848, TLR8) have also demonstrated potential as vaccine adjuvants 

and have been evaluated in a number of clinical studies for chronic viral infection 

and cancer due to their ability to induce the production of type I IFNs. These 

synthetic small molecules promote the activation of DCs by enhancing the 

expression of costimulatory molecules as well as the production of cytokines, such 

as IL-12 to culminate in the induction of strong cellular and humoral immune

2Q6responses .

Another synthetic TLR ligand which induces the production of type I IFNs and 

holds significant promise as an adjuvant, is the dsRNA analog Poly l:C ®̂̂ 297,298 ^ 

functions as both a ligand for TLR3 and the RLRs; RIG-1 and MDA-5. In DCs, 

TLR3 activation induces IL-12 and type I IFN production while simultaneously 

enhancing MHCcll expression and cross presentation. MDA-5 ligation, particularly 

in non-hematopoietic cells, further augments type I IFN production This 

dsRNA analog effectively promotes strong Th i polarised CD4'^T cell responses in 

a number of different contexts "'̂ ■̂297,298 example is in the context of a

DC-targeted HIV vaccine in mice. Here Poly(l:C)-induced type I IFN production by 

bone marrow and stromal cells is critical for adjuvant-induced DC activation and 

induction of T h i CD4'" adaptive T cell responses However, Poly(l:C) has 

experienced limited success in primates (including humans) due to its increased 

susceptibility for degradation by serum nucleases. As a consequence, derivatives 

have been produced to improve both the activity and safety of these analogs, with
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polyriboinosinic-polyribocytidylic acid (Poly IC:LC) and Poly l:C i2 U (Ampligen®), a 

synthetically modified version of Poly l:C, being the two most widely studied

1.7.1.2. QS21

Other immunostimulatory adjuvants under evaluation for use as vaccine adjuvants 

include those derived from plants. QuilA is a natural saponin, and is extracted 

from the bark of the south American tree Quillaja saponaha It was first used in 

veterinary vaccines as it is too toxic for incorporation into human vaccines. 

Quillaja saponaria fraction 21 (QS21) is a less toxic fraction purified from QuilA. It 

possesses potent adjuvant properties that include enhanced antigen presentation 

by APCs, induction of CTL production and secretion of both Th1 and Th2 

cytokines in animal models adjuvant effects of QS21 on Th1 and CD8 ^

T cell responses are further enhanced when combined with other adjuvants such 

as AS02, a formulation containing a combination of the oil-in-water (0/W ) 

emulsion MF59, and MPL

1.7.1.3. STING-activating cyclic dinucleotides

Bacterial CDNs hold significant potential as candidate vaccine adjuvants. These 

molecules were initially characterised as ubiquitous bacterial secondary 

messengers, but have since been shown to constitute a class of PAMPs that 

activate the TBK1/IRF3/type I IFN signalling axis via the cytoplasmic PRR STING 

101,102 j|.^ 0 y consist of two ribonucleotides that are circularised by canonical 5’-3’ 

phosphodiesters bonds, with c-di-GMP being the most well studied and shown to 

regulate diverse aspects of bacterial physiology The roles of c-di-AMP and the 

hybrid c-di-AMP-GMP (3’3’-cGAMP, formally known as cGAMP) are less well 

understood. The transcriptional profile elicited in response to these bacterial
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molecules mirrors that induced by cytosolic DNA CDNs bind directly to STING 

and display potent immunostimulatory and immunomodulatory activities, including 

the ability to promote the activation and maturation of DCs in vitro 

Furthermore these molecules have been shown to function as potent adjuvants in 

murine immunisation models where they induce balanced antigen-specific humoral 

and cellular responses 206,307,309

Another CDN recently described was the unique mammalian endogenous

molecule 2’3’-cGAMP This is the first CDN to be identified in metazoans and

is synthesised by the enzyme cGAS in response to binding on DNA (described in

Section 1.2.5.) This CDN has demonstrated adjuvant potential, boosting

antigen-specific T cell activation and lgG1 production in mice to the model antigen

OVA in a STING-type I IFN-dependent manner In comparison to bacterial

CDNs, 2’3'-cGAMP has a higher affinity for and more efficiently activates human 

STING 310-313

Interestingly, while bacterial CDNs, such as c-di-GMP have been shown to induce 

type I IFN production in DCs, type I IFNs are not in fact required for their adjuvant 

activity in vivo. Rather c-di-GMP activates STING-dependent, IFNAR-independent 

production of TNF-a in vitro and in vivo and TNF-a is critical for CDN-induced 

antigen-specific antibody and Th1/Th2 cytokine production Thus this pathway 

is distinct from STING-mediated DNA and consequently 2’3’-cGAMP adjuvant 

activity which requires type I IFNs but not TNF-a

Together these molecules form a relatively new class of adjuvants which hold 

significant potential in preventive vaccine and immunotherapy settings ’’^i ^ie -|-q 

date they have only been evaluated in mice however this is likely to soon change. 

Indeed, a cell based cancer vaccine; STINGVAX is proposed to be ready for
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translation into clinical trials. STINGVAX consists of a synthetic CDN displaying 

enhanced binding to human STING co-formulated with an irradiated GM-CSF- 

secreting whole cell vaccine and has demonstrated potent anti-tumour effects in 

several anti-tumour models tests. Furthermore, when combined with PD-1 

blockade, STINGVAX was capable of promoting tumour regression

1.7.2. Particulate vaccine adjuvants

Particulate vaccine adjuvants (RVA) form a heterogeneous grouping. They 

typically exist as microscopic particles, and generally do not contain specific 

agonists for PRRs but are still capable of promoting innate and adaptive immune 

responses. This grouping was originally defined as antigen delivery systems, in 

which delivery of associated antigens was considered to be its predominant 

mechanism of their adjuvanticity . However, it is now clear that these adjuvants 

possess immunostimulatory properties which are central to their adjuvant effects, 

thus the overlap between the two groupings of adjuvants The exact

mechanism behind the adjuvant properties of PVA still remains to be precisely 

defined, but a number of theories have been brought forward, including depot 

formation and controlled antigen release. Furthermore, the release of DAMPs and 

activation of the inflammasome have been shown to contribute to the 

immunostimulatory activities of PVA A number of different types of particulate 

adjuvants have been described, and include emulsions, immunostimulatory 

complexes (ISCOMS), mineral salts, biodegradable particles, liposomes and 

virosomes (Table 1.5).

64



Table 1.5. Particulate vaccine adjuvants

Adjuvant Example Proposed 
mechanism of 

action

Licensed for use 
in humans

Emulsions CFA, AS03 and 
MF59®

Antigen depot MF59® is used in 
flu vaccine

ISCOMs ISCOMs and 
ISCOMATRIX

Induce DC 
activation and are 

phagocytosed 
stimulating both 

humoral and T cell 
responses

No

Mineral salts Alum Induces a humoral 
response that 

involves IL-4 and 
possibly depot/IL- 

1/uric acid and 
DNA.

Alum is widely 
used in human 

vaccine 
preparations.

Biodegradable
particles

PLGA and PLA Response is 
particle size and 

shape dependent. 
They target DCs 

and promote slow 
release of antigen.

PLGA is a 
licensed drug 

delivery system.

Liposomes Antigen can be 
incorporated onto 

the surface to 
facilitate targeting 

of certain cells.

Used as 
component of 

virus-like particles 
(VLPs)

Virosomes Virosomes and 
virus-like particles

Contain repetitive 
viral protein 

structures that 
target PRRs

Inflexal™ and 
Invivac™ 

(influenza) and 
Epaxal™ 

(Hepatitis A 
vaccine)
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1.7.2.1. Emulsions

Incomplete Freund’s adjuvant (IFA) was the first emulsion adjuvant and developed 

by Jules Freund in the 1930’s. It consisted of a paraffin oil-based emulsion that 

can also be enhanced by the addition of heat-killed Mycobacteria (Complete 

Freund’s adjuvant (CFA)). Both IFA and CFA are examples of water-in-oil 

emulsions (W/0), in which the water phase is made of droplets dispersed in a 

continuous oily phase. These preparations are however too reactogenic for use in 

humans and their use in a clinical setting has been discontinued

The refinement of base materials has led to the development of safer and more 

stable fluid emulsions. Two such examples are ISA 51 and ISA 720, both 

members of the Montanide family of W /0 emulsion adjuvants. ISA 51 is a mineral- 

based emulsion and ISA 720 contains the animal or vegetable oil squalene 

Both preparations can lead to mild to moderate reactions, and as a result are 

incorporated into therapeutic and prophylactic vaccines where the benefits of their 

application outweigh the associated risk

Oil-in-water emulsions (OA/V) were developed as alternatives to W /0 emulsions, 

where the continuous phase is water and the dispersed phase is oil. These 

emulsions have improved reactogenicity profiles compared with W /0 emulsions 

and as a result are widely used in adjuvants for human vaccines. The two leading 

emulsion-based adjuvants for human use are MF59® (Novartis, Basel, 

Switzerland) and AS03 (GSK, London). MF59® is licenced in Europe as an 

adjuvant in the seasonal influenza vaccine Fluad™ It has been shown to 

primarily induce humoral responses via a Th2 axis and improves the 

immunogenicity of the vaccine in elderly populations^^^ as well as stimulating 

enhanced immune responses to heterovariants of the influenza virus that are not
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included in the vaccine ^̂ 3-325 ^ j^gg gjg^ clinical trials for protection

against infectious diseases including herpes simplex virus (HSV), HBV and HIV 

While the precise mechanism of MF59’s adjuvanticity has not been defined, it 

is proposed to involve a number of activities including; local activation of muscle 

cells at the site of injection; recruitment of granulocytes to this location; increased 

endocytosis and expression of markers associated with DC activation (MHCcll, 

CD86, CD83 and CCR7) inflammasome-independent role for ASC has

been identified in the induction of antigen-specific humoral immunity and finally the 

transient release of ATP is required for protective immune responses mediated by 

this adjuvant 3̂0.331

1.7.2.2. Immunostimulating complexes

Immunostimulating complexes (ISCOMs) are hollow, spherical cage-like particles 

that are around 40 nm in size. They can be composed of a number of different 

materials and two main types have been described in the literature; classical 

ISCOMs and ISCOMATRIX®. Classical ISCOMs are composed of saponin, 

typically QuilA, cholesterol, phospholipids and antigen ISCOMATRIX® are 

identical in nature to ISCOMs except they do not contain antigen. They can 

however be mixed with antigen and as a result provide more general applications 

as they can accommodate non-hydrophobic antigens The particulate nature of 

ISCOMs facilitates their enhanced uptake by DCs and prolonged retention in 

draining lymph nodes, the result of which is the activation of DCs leading to long- 

lasting and robust antibody responses and T cell responses ISCOMs are

thought to destabilise endosomal membranes to allow greater access of co

delivered antigens to the cytoplasm. In contrast to other adjuvants, ISCOMs

67



enable a high degree of MHCcI presentation and induce both CDS'" and CD4"' T 

cell responses to a range of protein antigens in humans and animals

1.7.2.3. Mineral salts

Alum, principally aluminium hydroxide and aluminium phosphate are the most 

widely used adjuvants in humans and are incorporated into numerous vaccines 

currently in use including Hepatitis A virus (HAV) and Diphtheria-tetanus (DT) 

vaccines Alum adjuvants induce strong humoral responses primarily mediated 

by secreted antigen-specific antibodies, in particular lgG1. However, it is 

considered a relatively poor inducer of protective Th1-associated responses which 

are necessary to protect against intracellular pathogens.

Despite the fact that alum has been widely used for over 80 years, the mechanism 

behind its adjuvanticity has only recently begun to be elucidated. To date, several 

mechanisms have been proposed. The principal mechanism of action of alum 

was originally thought to be mediated by the antigen depot effect which prolonged 

the exposure of vaccine antigens to the immune system Alum rapidly forms

nodules at the site of injection as a result of interactions between the clotting agent 

fibrinogen and alum This theory has however been disputed by several 

observations, firstly fibrinogen-deficient mice, which do not form an alum depot, 

display similar antigen-specific lgG1 titres compared to their wildtype (WT) 

counterparts following vaccination Furthermore, surgical removal of the 

injection site and associated alum depot as early as 2h post injection was not 

found to alter alum’s ability to drive antigen-specific T and B cell responses 

The role of NLRP3 activation and subsequent IL-1(3 production in alum’s 

adjuvanticity is surrounded by a measure of controversy. Some groups have 

concluded that NLRP3 is required for alum-induced humoral responses whereas
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others demonstrate comparable antigen-specific T cell responses in WT and 

Nlrp3‘ '̂ mice^‘*̂ “ "̂®. The reasons for these contradictory results still remain unclear. 

A number of factors have been suggested to be involved, including different 

immunisation protocols, routes of delivery, adjuvant dose as well as the assays 

used to determine immune responses Other molecules that have been

implicated in alum adjuvanticity are uric acid, ATP and host DNA. These are two 

danger molecules released following alum injection and have been shown to be 

important for promoting alum-induced adaptive immunity Finally, alum

recognition is proposed to be mediated by plasma membrane lipids which lead to 

receptor-independent DC activation, dependent on the Syk-PI3 kinase pathway 

Interestingly, activation of the PI3K signalling has been implicated in the poor 

induction of alum-induced cellular immunity, as activation of this signalling 

pathway inhibits IL-12p70 secretion, an important Th1 polarising cytokine, by DCs
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1.7.2.4. Biodegradable microparticles

Polymeric microparticles have become well established in the last decade as 

potent antigen delivery systems and adjuvants. It has been widely reported that 

microparticles with encapsulated antigen are capable of inducing robust and 

durable antibody and T cell responses These particles can be formulated from 

a range of polymers such as poly (lactide-co-glycolide) (PLG), 

polymethylmethacrylate (PMMA) and poly (lactide) (PLA). PLG is a Food and 

Drugs administration (FDA) approved biopolymer that is biodegradable and broken 

down into lactic and glycolic acid metabolites that are well tolerated by the human 

body Consequently, PLG microparticles are prime candidates for use as 

adjuvant delivery systems. These particulate systems can directly target DCs
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promoting their uptake. Furthermore, antigen adsorbed onto the surface of these 

particles is readily available to these cells. PLG particles have been shown to 

promote robust humoral and cellular immune responses

1.7.2.5. Cationic liposomes, virus-like particles and virosomes as adjuvants

Other particulate adjuvants described in the literature include liposomes, virus-like 

particles and virosomes. Liposomes are synthetic spheres that are composed of 

lipid bilayers that encapsulate antigens and can act as both a vaccine delivery 

vehicle and adjuvant. Their lipid composition can determine the surface charge of 

the preparation, which in turn has a major influence on their adjuvant effect, with 

cationic liposomes displaying superior adjuvant activities to anonic or neutral 

liposomes Non-specific cellular damage at the injection site has been 

proposed to contribute to this enhanced adjuvant effect The mechanism 

behind the adjuvanticity of cationic liposomes is still not fully understood, however 

it would appear that immune responses differ with the cationic lipids tested 

implying different mechanisms of action for different lipids These preparations 

induce a much more potent immune response when incorporated with additional 

immunostimulators, one such example is the cationic adjuvant formulation CAF01 

CAF01 is based on liposomes formed by N, N-dimethyl-N, N’- 

dioctadecylammonium (DDA) with the synthetic mycobacterial immunomodulator 

a,a’ trehalose 6,6’-dibeheneate (TDB) inserted into the lipid bilayers The TDB 

component of the liposome engages the Syk-CARD9 signalling pathway via the 

CLR Mincle and also activates the NLRP3 inflammasome 

incorporation of TDB into DDA improves both the adjuvanticity and stability of the 

preparation CAF01 has been shown to induce protective immune responses 

in combination with recombinant subunit proteins in various disease models in
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mice, including TB, Chlamydia, influenza and malaria 360,363-368 induces a 

strong Th1/Th17 polarised response as well as a humoral response characterised 

by high levels of lgG2 which is efficiently maintained for up to a year 

Furthermore, it has been shown to create a prolonged antigen depot effect which 

is slowly released from the injection site and transported to the draining lymph 

nodes This adjuvant was tested in phase 1 clinical trials combined with the 

leading TB vaccine candidate Ag85b-ESAT-6 where it promoted long-lived 

antigen-specific T cell responses in adult subjects

Virus-like particles (VLPs) and virosomes were developed as adjuvant vectors 

based on the concept of viruses being highly efficient at penetrating host cells. 

VLPs are self-assembling particles composed of one or several viral proteins 

expressed in vitro through recombinant technologies. These preparations range in 

size from about 20-1 OOnm and are non-infectious as they don’t contain genetic 

material. They offer promise as adjuvants because of their repetitive, high density 

display of epitopes which can stimulate both cell-mediated and humoral immunity. 

In addition they can be manipulated so that other PAMPs can be incorporated into 

the structure allowing specific targeting of PRRs and as a consequence tailoring of 

the desired immune response Virosomes have been licensed as components 

for influenza and hepatitis A vaccines There is debate as to whether 

virosomes and VLPs actually meet the primary definition of an adjuvant, as it is 

unclear whether they significantly enhance immune responses over that achieved 

by the vaccines alone

1.7.3. Combination vaccine adjuvants

The advances made in biotechnology, molecular biology and immunology have 

facilitated the development of well-defined PAMP based adjuvants. In addition
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advances made in the area of synthetic chemistry have further enabled the 

development of combination adjuvants. Combination adjuvants consist of more 

than one adjuvant component, and the aim is to not only enhance but also tailor 

the immune response to the vaccine antigen. Advantages of this approach include 

its ability to promote the development of heterologous antibodies that have 

increased cross-reactivity among strains of pathogens, more effective T cell 

responses and functional antibodies. This approach was first described in the 

1970’s, but it is only recently that these types of adjuvants have been licenced for 

use in humans

GlaxoSmithKline (GSK) have led the field in the development of these combination 

adjuvants with their so-called Adjuvant Systems (AS). The AS developed are 

composed of various mixtures of classical adjuvants combined with other 

immunomodulators. The most advanced combination adjuvant is AS04, a 

combination of Alum and MPL that is included in the licensed vaccines Fendrix® 

and Cervarix®. A number of other AS are in clinical trials for vaccines against 

infectious disease like malaria and some cancers (Table 1.6)

IC31® is another example of a two-component adjuvant that comprises of the 

artificial antimicrobial cationic peptide KLKL5KLK (KLK) which acts as a vehicle to 

deliver the TLR9-stimulating oligonucleotide d(IC)(13) (0DN1a) to the endosomal 

compartments of APCs. This two-component system stimulates innate immune 

activation in a TLR9-MyD88-dependent manner to promote robust antigen-specific 

cellular and humoral immune responses IC31 promotes cellular immunity in a 

type I IFN and STAT1-dependent manner Furthermore, it was

demonstrated to induce type I IFN production in monocyte-derived human DCs via 

the ligation of endosomal TLRs
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Table 1.6. GSK combination adjuvant systems in clinical development of 

licensed products

Name Class Licensed for use

AS01 Liposomes formulated 
with MPL® and QS-21

As part of AS01E the 
malaria candidate vaccine 

RTS.S AS01, Phase III 
clinical trial

AS02 0/W  emulsion in 
combination with MPL® 

and QS-21

As part of AS01E the 
malaria candidate vaccine 

RTS,S AS01, Phase III 
clinical trial

AS03 O/W emulsion combined 
with a-tocopherol

Pandemic H1N1 flu 
vaccine Pandemrix™ and 

Arepanrix™
AS04 MPL® and alum HBV(Fendrix™ )and HPV 

(Cervarix™) vaccines, 
licensed in the EU

AS15 CpG 7009, MPL® and 
QS-21

MAGE-A3 
immunotherapeutic in 

Phase III trial for 
melanoma and non-small 

cell lung cancer
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1.7.4. Chitosan

The history of the carbohydrate biopolymer chitosan dates back to the 19*  ̂century 

when the deacetylated forms of the parent compound chitin were described by 

Rouget Over the next century and a half, the exploration of chitosan has taken 

on many different forms. It has been investigated both as a delivery system and as 

an adjuvant for vaccine preparations. Chitosan is a P-(1, 4)-linked polymer made 

up repeating glucosamine and N-acetyl glucosamine subunits. It is obtained by 

the chemical deacetylation of chitin, found in the cell wall of fungi, crustacean 

shells, and insect exoskeletons When more than 50% of the acetyl groups

have been removed from the surface of chitin, it is typically then referred to as 

chitosan, however this can vary depending on the origin of the polymer Most 

commercial preparations of chitin and chitosan are derived from crustacean shells. 

This process yields a preparation of chitosan with a typical degree of deacetylation 

(DDA) of around 80-95%, and the remaining acetyl groups are not evenly 

distributed along the chain but rather found in blocks The percentage of 

glucosamine units contained in chitosan is termed its DDA, and the high 

glucosamine content is responsible for its cationic and mucoadhesive properties 

The insolubility of chitosan at a pH above 6.5 is one of the main limitations for 

its use in biomedical applications. The amino groups of chitosan can be 

protonated by acids to yield water-soluble salts Furthermore, chitosan

formulations with altered characteristics and/or modifications to improve solubility 

at physiological conditions have been synthesised, examples include highly 

deacetylated chitosan oligosaccharides (of very low molecular weight(MW)) and N, 

N, N-trimethylchitosan (TMC)
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The biomedical potential of chitosan is not only limited to vaccines, it is approved 

by the FDA for use haemostatic gauze dressings due to its wound healing 

properties Chitosan displays antibacterial and antiviral activities that may 

contribute to its adjuvanticity and immunogenicity Furthermore, this polymer 

displays significant potential in tissue engineering as well as gene delivery and cell 

culture applications

The functionality of chitosan can be described in terms of its DDA and MW. These 

factors can influence properties such as solubility, mucoadhesion, in vivo 

degradation rates and as a result influence immunomodulatory properties 

The current consensus is that chitosan with a lower DDA elicits stronger immune 

responses but the mechanism behind this effect remains unclear. A lower

DDA correlates with faster in vivo degradation rate^® ’̂̂ ®'*, but also there are less 

moieties with a positive charge present. Positive charges are often associated 

with increased immunostimulatory effects but also toxicity / \

comprehensive list of chitosan properties that are influenced by DDA and MW  are 

outlined in Table 1.7.

In the past, chitosan has been shown to induce the activation of macrophages, 

supress tumour growth and promote nonspecific host resistance to E.coli in mice 

Different chemical compositions of chitosan were found to induce T N F-a  in 

human monocytes by a mechanism dependent on neutral solubility and MW and 

that involved binding to CD14 Chitosan but not chitin has been shown to 

mediate inflammasome activation in a phagocytosis-dependent manner. Size was 

also found to influence this activity, with the smallest chitosan particles eliciting the 

greatest activity In a follow up study, the authors implicated K"̂  efflux, ROS
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production and lysosomal destabilisation in contributing to optimal inflammasome 

activation by chitosan

Chitosan holds significant potential as a mucosal adjuvant; it is mucoadhesive and 

facilitates the opening of tight junctions between epithelial cells. The protonated 

amine groups on the surface of the polymer interact with cellular membranes to 

cause reversible structural re-organisation of tight junctions and as a result their 

opening In the case of epithelial cells, interaction with chitosan induces a 

redistribution of cytoskeletal F-actin and the tight junction protein ZO-1 leading to 

opening of the cellular tight junction and increased paracellular permeability of the 

epithelium These properties contribute to its ability to enhance the

absorption and/or cellular uptake of peptides and proteins across mucosal sites 

The application of chitosan and its various derivates as mucosal delivery 

systems have been shown to enhance the immunogenicity of a variety of different 

antigens following intranasal or oral vaccination In support of these

observations the promising ability of chitosan as an adjuvant platform for 

intranasal vaccination has been confirmed in a clinical trial. An intranasal Norwalk 

virus-like particle vaccine adjuvanted with MPL and chitosan was well tolerated 

and promoted strong humoral immune responses

Chitosan has also demonstrated potential in a parenteral setting. Chitosan 

solution has been shown to enhance humoral and cellular immunity to the model 

antigen (3-galactosidase when administered subcutaneously, with antigen depot 

formation proposed to contribute to the adjuvant effect of chitosan in this setting 

Chitosan glutamate and chitosan sulphate micro and nanoparticles were 

shown to enhance immunogenicity towards an inactivated poliovaccine following 

intramuscular immunisation, with fewer immunisations and lower antigen doses
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needed to induce neutralising antibodies in this model Similarly Neimert- 

Andersson et al. reported that the novel chitosan adjuvant ViscoGel® in 

combination with the commercial vaccine against Haemophilus influenzae type b 

(Act-HIB) enabled the antigen dose to be lowered ten-fold. This adjuvant/vaccine 

combination induced enhanced lgG1 and lgG2a responses and a mixed 

Th1/Th2/Th17 cellular response compared to administration of vaccine alone. 

Furthermore, similar adjuvant effects were observed following subcutaneous or 

intra-muscular immunisation A highly purified and soluble medical grade 

chitosan Viscosan™, with a DDA of 50% and random distribution of acetyl groups, 

was used to prepare the hydrogel ViscoGel®. This hydrogel was further 

mechanically processed into gel particles of a pre-defined size. ViscoGel® has 

subsequently been approved for use in human clinical trials and offers significant 

potential in vaccine development as it is well characterised and of a high degree of 

purity Chitosan has been proposed to serve as an attractive alternative to 

alum for the promotion of cellular immune responses when combined with the 

TLR9 agonist CpG in mice immunised intraperitoneally. Unlike alum, chitosan 

does not inhibit the secretion of the Th1 polarising cytokine IL-12 by BMDCs, and 

in vivo promotes the induction of strong Th1/Th17 responses compared to alum
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The mechanisms underlying chitosan’s adjuvanticity still remain to be fully 

elucidated. This has been impeded in part by the lack of published work on well 

characterised and purified chitosan formulations.^^. Most of the data published to 

date refers to chitosan in the 80-95% DDA range, as commercially available 

chitosans generally have a high DDA Identifying the mechanisms by which 

chitosan enhances immunity is an important aim given its potential for

incorporation into vaccine formulations for promoting cellular immunity.
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Table 1.7. Properties of chitosan as a function of MW and DDA

DDA MW
Solubility Inversely correlated Inversely correlated

Mucoadhesion Directly correlated Related to the flexibility 
and conformation of the 

polymer
Penetration

enhancement
Directly correlated Directly correlated

Biocompatibility Directly correlated Not crucial
Wound healing Directly correlated Inversely correlated
Antimicrobial Not proportional to DDA Inversely correlated

Immune stimulating Expected to affect uptake 
and release of antigen

Higher for lower 
molecular mass

In vivo degradation Inversely correlated Directly correlated
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1.8. Aims

There is a significant impetus to develop new and improved vaccine strategies for 

challenging diseases including HIV, TB and malaria A major obstacle is the 

lack of adjuvants that can safely drive potent cellular immunity against intracellular 

pathogens. Aluminium salts (alum) find wide clinical application and strongly 

promote humoral immunity and Th2 cell responses However, a major

disadvantage of alum is its limited ability to efficiently drive Th1 immune 

responses.

The chitin derivative chitosan is an attractive alternative to alum, being 

biocompatible, flexible in terms of formulation and degree of deacetylation and 

efficacious when administered mucosally Furthermore, chitosan was

demonstrated to possess superior adjuvant properties in promoting Th1 responses 

compared to alum However like alum, the mechanism underlying the

adjuvanticity of chitosan is not fully understood.

A deeper understanding of adjuvanticity is critical for the rational design of new 

and improved vaccines. Activation of innate immunity is essential for effective 

induction of protective antigen-specific responses Modulation of DCs by 

adjuvants is a major focus due to their superior ability to present antigen to naive T 

cells and consequently induce protective immune responses. Work carried out by 

Andres Mori in our lab highlighted the importance of signalling through the type I 

IFN receptor, IFNAR, in the ability of chitosan to promote cellular immunity against 

the candidate TB subunit vaccine antigen Hybrid 1 (PhD thesis). While the 

mechanism by which chitosan promotes inflammasome activation has been 

extensively characterised in recent years very little is known about how it

promotes the activation of DCs and the induction of immunity independently of its
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ability to activate the inflammasome. With these factors in mind, this research 

aims to accomplish the following objectives;

• To investigate the ability of chitosan to promote the activation of DCs, 

specifically the modulation of DC maturation and cytokine production.

• To examine the mechanism(s) by which chitosan promotes DC activation.

• To identify the receptor(s) involved in chitosan recognition and define the 

signalling pathway(s) engaged by chitosan in DCs, responsible for the 

production of the immunomodulatory type I IFN cytokines.
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Chapter 2

Materials and Methods



2.1 Materials

Unless otherwise stated, all materials were purchased from Sigma-Aldrich.

2.1.1. General cell culture reagents. 

Complete RPM11640 Medium

Roswell Park Memorial Institute (RPMI) 1640 medium (Biosera) was 

supplemented with 2 mlllimolar (mM) L-glutamine (Gibco), 50 units/ml penicillin 

(Gibco), 50 |jg/ml streptomycin (Gibco) and 8% (v/v) heat-inactivated (56°C for 30 

min) and filter sterilised foetal calf serum (PCS) (Biosera).

Complete DMEM culture medium

Dulbecco’s Modified Eagle Medium (DMEM) medium (Biosera) was supplemented 

with 8% (v/v) heat-inactivated PCS (Biosera), 2mM L-glutamine (Gibco), 

50units/ml penicillin (Gibco) and 50 pg/ml streptomycin (Gibco)

0.88% ammonium chloride (NHiiCI) red blood cell Ivsis solution

8.8g ammonium chloride was dissolved in 1L o f endotoxin-free water (H2O) 

(Baxter) and filter sterilised with a 0.22|jm  syringe-driven filter (Millipore).

Phosphate Buffered Saline

Sterile and endotoxin-free Phosphate Buffered Saline (PBS) was purchased from 

Biosera.
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2.1.2. Cell culture treatments 

Adjuvants used in vitro (Table 2.1)

Table 2.1. Adjuvants used in vitro.

Adjuvants Source
Alhydrogel (Alum) Brenntag Biosector, Frederikssund, 

Denmark
Chitosan Novamatrix, Norway

Preparation of chltosan solution for in vitro use

Cliitosan chloride (Researcli grade Ultrapure Protasan CL213, Novamatrix, 

Norway) with a DDA of 86% and a molecular weight of 296kDa was employed. 

According to the certificate of analysis supplied by the manufacturer, the endotoxin 

content of the batch was calculated as 52 EU/gram and the protein content as 

0.13%. To solubilise, chitosan chloride was dissolved in sterile PBS (Biosera) at 

37° C for 2 h 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 in sterile PBS (Biosera) to a range of working concentrations. 

These working concentrations of chitosan were then used in combination with a 

range of TLR agonists listed in Table 2.2 to stimulate BMDCs. To control for 

endotoxin contamination, BMDCs were assessed for IL-6 secretion in response to 

chitosan stimulation. To eliminate the possibility of contamination with nucleic 

acids, chitosan chloride was subject to nuclease digestion, specifically DNase I 

digestion.
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PRR and other agonists used in vitro (Table 2.2)

Table 2.2. PRR and other agonists used in vitro

PRR agonists Target Source
Pam3CSK4 TLR2 Invivogen

LPS (LPS from Escherichia coli {E.coli) LPS, 
Serotype R515)

TLR3 Enzo life Sciences

CpG ODN 1826 TLR9 Oligos etc.
Poly(l:C) TLR3 Invivogen

Poly(dA:dT) AIIVI2 Sigma-Aldrich
Curdlan Dectin-1 Invivogen

Recombinant murine IFNy IFNy
receptor

Immunotools

Inhibitors used in vitro (Table 2.3) 

Table 2.3. Inhibitors used in vitro.

Inhibitor Target Source
Cytochalasin D Inhibitor of actin polymerisation Sigma-Aldrich

MitoTEMPO Mitochondrial-specific antioxidant Sigma-Aldrich
Piceatannol Syk-selective tyrosine kinase inhibitor Sigma-Aldrich
Rotenone Mitochondrial complex 1 inhibitor Sigma-Aldrich
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Nuclease treatments and transfection agents used in vitro (Table 2.4)

Table 2.4. Nuclease treatments and transfection agents used in vitro.

Reagent Function Supplier
Recombinant 

DNase 1
Digests double- and 
single-stranded DNA

Roche

Lipofectamine 2000 Delivers nucleic 
acids into 

mammalian cells

Invitrogen

DOTAP Efficient at delivering 
proteins and 

positively charged 
molecules into 

mammalian cells

Roche
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2.1.3 Flow cytometry/Fluorescence-activated cell sorting (FACS) materials 

FACS Buffer

1X PBS (Biosera) was supplemented with 0.1% sodium azide and 2% heat- 

inactivated (56°C for 30 min) and filter sterilised PCS (Biosera).

Materials to measure cell death

Cells were stained with LIVE/DEAD Pixable Aqua Dead Cell Stain (Invitrogen), 

which bound free amines. Alternatively cells were incubated with propidium iodide 

(PI), which bound to DNA by intercalating between DNA bases.

Materials to measure mitochondrial-specific ROS production

Cells were stained with MitoSOX (Invitrogen), which, when oxidised by superoxide 

within the mitochondria produces red fluorescence.

Preparation of FITC-labelled chitosan

Pluorescein-5-isothiocyanate (FITC)-conjugated chitosan was prepared using a 

protocol adapted from Hunang et The synthesis of FITC-labelled chitosan

involved reaction of the isothiocyanate group of FITC with the primary amino group 

of chitosan 35ml of dehydrated methanol (CH3OH) containing 25mg of FITC 

was mixed with 25ml of a 1% w/v chitosan in 0.1 M acetic acid (C2H4O2) solution. 

After 3 h of reaction in the dark at room temperature, FITC labelled chitosan was 

precipitated with 0.2M sodium hydroxide (NaOH). FITC-labelled chitosan was 

centrifuged (4500g, 30 min) and the resultant pellet washed with 70% v/v CH3OH 

in water. The wash step was repeated twice and the pellet resuspended in 15ml 

of 0.1 M C2H4O2 solution and stirred overnight. The polymer solution was dialyzed
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in 2.5L of distilled (d) H2O for 3 days in the dark before freeze-drying. Care was 

taken to avoid endotoxin contamination of the buffers and equipment used in the 

protocol.

Flow cytometry antibodies used for lineaqe-marker analysis of BMDC (Table 

2^

Table 2.5. Flow cytometry antibodies used for lineage-marker analysis of BMDCs.

Antibody Fluorochrome Source Concentration 
(1x10® cells/ml in 

100|jl volume)
CD11c PerCP-Cy5.5 BD Bioscience 0.5ijg/ml (0.5|jg)

CD11b PE-Cy7 BD Bioscience 0.05|jg/ml (O.Spg)
8220 PE eBiosciences 0.1|jg/m!(0.1|jg)

MHCcll APC eBiosciences 0.2|jq/ml(0.2kig)
CD16/CD32 N/A BD Bioscience 2.5|jg/ml (0.25ijg)

Flow cytometry antibodies used to characterise the uprequlation of 

costimulatory molecules on the surface of BMDC (Table 2.6)

Table 2.6. Flow cytometry antibodies used to characterise the upregulation of 

costimulatory molecules on the surface of BMDCs.

Antibody Fluorochrome Source Concentration 
(1x10® cells/ml in 

100|jl volume)
CD40 APC eBiosciences 0.15 MQ/nil (0.15|jg)
CD80 FITC BD Bioscience 0.2 |jg/ml (0.2ijg)
CD86 PE eBiosciences 0.1 |jg/ml (0.1 |jg)

MHCcll APC eBiosciences 0.2 Mg/ml (0.2|jg)
CD11c PE-Cy7 BD Bioscience 0.5 Mfl/nil (0.5ijg)

CD16/CD32 N/A BD Bioscience 2.5|jg/ml (0.25|jg)
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2.1.4. Confocal microscopy materials 

4% Paraformaldehyde (PFA)

40g of PFA in 1L of sodium phosphate buffer (13.4g sodium phosphate dibasic 

(Na2HP0 4 ), 6.9g sodium dihydrogen phosphate (NaH2P0 4 ), 1L dH20). The PFA 

was dissolved by heating to 60°C for 30-45 min while stirring after which the 

solution was made up to a pH of 7.

Mounting medium

Prolong® Gold Antifade Reagent with DAPI (Invitrogen).

Fluorescent chitosan

Chitosan-FITC described in section 2.1.3 was used.

Fluorescent polvstvrene particles

Sphero™ Streptavidin Fluorescent Nile Red Particles (Spherotech Inc.)

Table 2.7. Reagents for assessing uptake of chitosan/polystyrene particles

Reagent Function Supplier
Cholera Toxin 

Subunit B Alexa 647 
(CTB-Alexa647)

Binds to lipid 
membranes

Molecular probes

FITC-conjugated
Fluorescein
Phalloidin

Binds to F-actin 
within cells

Invivogen
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2.1.5. Enzyme-linked immunosorbent assay (ELISA) materials 

10X PBS

400g sodium chloride (NaCI), 58g sodium phosphate dibasic (Na2HP0 4 ), 10g 

potassium monophosphate (KH2PO4), 10g potassium chloride (KCI).

Made up to a final volume of 5L with dH20 and brought to pH 7.2.

1% Bovine Serum Albumin (BSA)

10g BSA, 1LdH20

3% BSA

30g BSA, 1L dH20.

10% Milk

100g Marvel dried milk (Fluka Analytical), 1LdH20.

Sodium carbonate buffer

4.2g sodium bicarbonate (NaHCOs), 1.78g sodium carbonate (Na2C0 3 ).

Made up to a final volume of 1L with dH20 and brought to pH9.5.

Phosphate citrate buffer

10.19g anhydrous citric acid (CeHsO/), 14.6g sodium phosphate dibasic 

(N a 2 H P 0 4 ) .

Made up to a final volume of 1L with dH20 and brought to pH 5.5.
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Wash Buffer

0.05% (v/v) Tween 20 in PBS.

Stop solution 

1M sulphuric acid (H2SO4).

ELISA antibodies

Cytokine (Table 2.8) and chemokine (Table 2.9) antibodies were used at various 

concentrations depending on nnanufacturer’s instructions supplied with the 

individual kits. Horseradish-peroxidase (HRP)-conjugated streptavidin 

concentrations are outlined in Table 2.10. Reagent diluents varied according to 

the individual ELISA kits (Table 2.11)
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Table 2.8. Antibodies used to measure cytol<ine concentrations by ELISA.

Antibody Source Concentration Blocking
Solution

Top
Working
Standard

IL-1P R&D Systems Capture: 4|jg/ml 
Detection: 1|jg/ml

1% BSA 1.0 ng/ml

IL-1a Biolegend Capture: 2|jg/ml 
Detection: 
0.1|jg/ml

1% BSA 1.0 ng/ml

IL-6 BD Pharmingen Capture: 1|jg/ml 
Detection: 1|jg/ml

3% BSA 5.0 ng/ml

IL-12p40 BD Pharmingen Capture: O.Spg/ml 
Detection:0.5 

|jg/ml

10% Milk 2.0 ng/ml

IFNp Santa Cruz 
Biotechnology 
lnc.(Capture 

antibody) 
Interferome 

(Standard and 
detection antibody)

Capture:10ng/ml
Detection:
0.1|jg/ml

1% BSA 
with 10% 

PCS

2.1 X 10“ 
units/ml

Table 2.9. Antibodies used to measure chemoklne concentrations by ELISA.

Antibody Source Concentration Blocking
Solution

Top Working 
Standard

CXCL10 R&D
Systems

Capture:2|jg/ml
Detection:
600ng/ml

1% BSA 4.0 ng/ml

CCL5 R&D
Systems

Capture:2|jg/ml
Detection:
400ng/ml

1% BSA 2.0 ng/ml

90



Table 2.10. HRP-conjugated streptavidin concentrations.

Antibody Source Dilution
IL-1(3 R&D Systems 1:200 of stock
IL-1a Biolegend 1:1000 of stock
IL-6 Sigma 700 ng/ml

IL-12p40 Sigma 700 ng/ml
CXCL10 R&D Systems 1:200 of stock

IFNp Santa Cruz Biotechnology 
Inc.

1:2000 of stock

Table 2.11. Reagent diluents specified by individual suppliers of ELISA antibodies

Supplier Diluent
BD PBS

Biolegend 1% BSA
R&D 1% BSA

Santa Cruz Biotechnology Inc. PBS supplemented with 10% PCS
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2.1.6. Real-time PCR materials 

RNA Isolation

RNA was isolated using High Pure RNA Isolation Kit (Roche) with accordance to 

the protocol provided by the supplier.

Reverse transcription reagents

Reagents used for reverse transcription are outlined in Table 2.12.

Table 2.12. Reagents used for reverse transcription.

Reagent Supplier Concentration
Deoxyribonucleotide 

triphosphates (dNTPs)
Biolabs 2.5mM/NTP

Reverse Transcriptase buffer Promega -

-M-MLV Reverse Transcriptase Promega 200 U/|jl
Random primers 5’-NNNNNN-3’ MWG Biotech 1 pg/rnl

RNaseOUT Invitrogen 40 U/pl

Table 2.13. Reverse transcription PCR settings

Temperature (°C) Time Cycles
25 10 min 1
42 30 min 1
95 3 min 1
4 OO -
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Quantitative PCR (aPCR) Reagents

KARA SYBR® FAST qPCR Kit (Kapa Biosystems) containing ROX reference dye 

was used in combination with nuclease-free water.

Primers

Primers (MWG Biotech) were directed against mouse genes and designed to be 

intron-spanning to avoid amplification of genomic DNA (Table 2.14). Dissociation 

curve analysis was performed after each real-time qPCR to exclude non-specific 

products.

Table 2.14. Primers used for qPCR.

Primer Forward Reverse
P-actin 5’-TCCAGCCTTTCTTGGT-3’ 5’-

GCACTGTGTTGGCATAGAGGTC-
3’

Ifna 5’-
ATGGCTAGGCTCTGTGCTTT

CCT-3’

5’-
AGGGCTCTCCAGAGTTCTGCTCT

G-3’
Ifnb 5’-

ATGGTGGTCCGAGCAGAGAT
-3’

5’-CCACGACTCATCCTGAGGGA-3’

CxcHO 5’-
TCTGAGTGGGACTCAAGGGA

T-3’

5’-
TCGTGGCAATGATCTCAACACG-

3’

qPCR cycle settings

The real-time qPCR cycle settings used are described in Table 2.15.

Table 2.15. Real-time qPCR cycle settings.

Temperature (°C) Time Cycles
95 2 min 1
95 3s 40
60 30s 40
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2.2. Methods

2.2.1. Mice

Female C57BL/6 mice were obtained from Harlan Olac (Bicester, UK) and were 

used at 8-16 weeks of age. Animals were maintained according to the regulations 

of the European Union and the Irish Department of Health. Animal studies were 

approved by the TCD Animal Research Ethics Committee (Ethical Approval 

Number 091210) and were performed under the appropriate licence (Licence 

Number B100/3321). IfnarT'' KO mice were generously provided by Paul Hertzog 

(Centre for Innate Immunity and Infectious Diseases MIMR-PHI and Monash 

University, Clayton, Victoria, Australia) and bred in TBSI Comparative Medicines 

Unit. C3H/HeN and C3H/HeJ mice were purchased from Harlan Olac (Bicester, 

U.K.) and bred in TBSI Comparative Medicines Unit. Femurs from Caspase-1V'' 

mice were kindly provided by Dr. Emma Creagh (School of Biochemistry and 

Immunology, TBSI). Dr. Philip Taylor (School of Medicine, Cardiff University) 

kindly supplied femurs from Dectin-1'^' mice. Femurs from Sting'^'m\ce were gifted 

from Dr. Lei Jin (Centre for Immunology and Microbial Disease, Albany Medical 

Centre, Albany, New York, USA). Finally, femurs from cG/\S'^ mice were kindly 

provided by Professor Kate Fitzgerald (Program in Innate Immunity, Division of 

Infectious Diseases and Immunology, Department of Medicine, University of 

Massachusetts Medical School, Worchester, Massachusetts, 01605, USA).

2.2.2. Cell Culture

Cells were cultured at 37°C in an atmosphere maintained at 95% humidity and 5% 

CO2.
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2.2.2.1. Cell viability and counting

Cell viability was determined using the trypan blue exclusion method. Cell 

suspension was diluted by a factor of one in ten in trypan blue; lOpI of this solution 

was loaded onto a KOVA Glasstic cell counter slide with grids (Hycor Biomedical 

Inc.). Cells were viewed under a light microscope at 10X magnification. Cell 

viability was assessed by dye exclusion. The number of cells/ml was determined 

using the following formula:

Number of cells/ml = cell number x 10“*cells/ml x dilution factor

2.2.2.2. Culture of J558 granulocyte-macrophage colony-stimulating factor 

(GM-CSF)-expressing cell line

To obtain GM-CSF for the culture of murine BMDCs, the murine gene encoding 

GM-CSF was cloned into a mammalian expression vector containing a geneticin 

resistance gene and subsequently transfected into the plasmacytoma line X63- 

AgS (J558 cells). J558 cells were provided by Dr. Nathalie Winter (INRA, French 

University Francois-Rabelais in Tours). These cells were grown for two passages 

in complete RPMI 1640 medium supplemented with the selective antibiotic 

geneticin (Sigma, final concentration of 1 mg/ml). Following the second passage, 

the cells were washed with complete RPMI 1640 medium and re-seeded at 1 x 

10®cells/ml in the absence of geneticin in T175 flasks (Grenier BioOne). The cells 

were cultured to a medium density for the first passage without geneticin and were 

re-seeded at lower concentrations (0.25 x 10®cells/ml) for subsequent passages. 

The supernatant was collected from each passage up until passage 9. The 

supernatants were pooled and the concentration of GM-CSF was determined by 

ELISA.
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2.2.2.3. Culture of L929 macrophage colony-stimulating factor (M-CSF)- 

expressing cell line

The murine gene encoding M-CSF was cloned into a mammalian expression 

vector and transfected into the murine aneuploid fibrosarcoma ceil line L929. 

These cells were seeded at a concentration of 0.5 x 10®cells/ml in complete RPMI 

medium supplemented with ciprofloxacin (10 pg/ml) and were cultured for 7 days. 

Following this, the supernatants were harvested and filter sterilised. The cells 

were washed with sterile Ca^VMg^'^free PBS, after which 10ml of trypsin solution 

was added to the cell layer and incubated for 10 min at 37°C. The cells were 

subsequently transferred to a new 50ml falcon tube and centrifuged. The 

supernatant was then discarded and the cells resuspended in complete RPMI 

supplemented with ciprofloxacin (10 pg/ml) and re-seeded at 0.5 x 10®cells/ml and 

the process repeated again.

2.2.2.4. Isolation, culture and stimulation of murine BMDC

Murine BMDCs were prepared using protocols adapted from Lutz et Female 

mice (C57BL6, IfnarV'', Sting'', cGas'' and Decf/n-T^'strains) were euthanized by 

carbon dioxide (CO2). Their femurs and tibia were dissected from the surrounding 

muscle tissue. BMDCs were isolated using a 27G needle by flushing the bone 

marrow from the femurs and tibiae of mice into a petri dish using complete RMPI 

1640 medium. To avoid cell aggregates the cell suspension was passed through 

a 19G needle. The resulting single cell suspension was transferred to a 50ml tube 

(Grenier BioOne) and centrifuged (400g, 5 min, room temperature). The 

supernatant was discarded and the pellet disrupted by the addition of 1ml 0.88% 

ammonium chloride and pipetting up and down for 1 min. To stop the lysis 

reaction 40ml of complete RMPI 1640 medium was then added and the contents
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of the 50ml tube were inverted to mix well. The cells were then centrifuged (400g, 

5 mln, room temperature) and then resuspended In 10ml of complete RPMI 1640 

medium for counting. Cell numbers were determined as described in Section 

2.2.2.1. Cells were seeded at 0.4 x 10®cells/ml in complete RMPI 1640 medium 

supplemented with supernatant obtained from a GM-CSF-expressing J558 cell line 

(final concentration of 20 ng/ml unless otherwise stated) in T175 flasks. The 

culture of this J558 cell line is described in Section 2 .2 .2 2 . The flasks were then 

incubated at 37°C (5% CO2).

After incubation for 3 days cells were fed by the addition of 30ml of complete RMPI 

1640 medium supplemented with GM-CSF. On day 6, the supernatant from each 

flask was discarded in order to remove any non-adherent cells, including 

granulocytes from the culture. 30ml of sterile PBS, preheated to 37°C, was added 

to each flask. The cells were removed from the surface of the flask by repeated 

pipetting. The PBS was collected from each flask and transferred to a 50ml falcon 

tube containing 10ml of complete RMPI 1640 medium. Subsequently, 30 ml of 

sterile 0.02% Ethylene-diamine-tetra-acetic acid (EDTA) solution, preheated to 

37°C was added to each flask. The flasks were incubated for 10 min at 37°C, after 

which the cells were removed from the flask by repeated pipetting. The EDTA 

solution was removed from each flask and added to a 50ml falcon tube containing 

10ml of complete RPMI 1640 medium. The cells in each of the 50ml falcon tubes 

were pelleted by centrifugation (400g, 5 min, room temperature). The supernatant 

was discarded and the cell pellets were resuspended and pooled in 10ml of 

complete RMPI 1640 medium and counted as described in Section 2.2.2.1. Cells 

were then seeded at a concentration of 0.42 x 10®cells/ml in complete RPMI 1640 

medium supplemented with GM-CSF.
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On day 7, cells were again fed by the addition of 30ml of complete RPMI 1640 

medium, supplemented with GM-CSF as before.

On day 10, loosely adherent cells were harvested by gentle repeated pipetting. 

The cells were pelleted by centrifugation (400g, 5 min, room temperature) and 

resuspended in 10ml of complete RPMI 1640 medium. Cell numbers were 

determined as described in Section 2.2.2.1. Cells were plated at a concentration 

of 6.25 X 10®cells/ml in 200pl of complete RPMI 1640 medium supplemented with 

GM-CSF (10 ng/ml) in 96-well round bottom tissue culture plates (Cruinn). 

Alternatively, cells were plated at a concentration of 1 x 10®cells/ml in 1ml of 

complete RPMI 1640 medium supplemented with GM-CSF (10 ng/ml) in 12-well 

tissue culture plates (Grenier BioOne). Cells were stimulated 2 h later, unless 

stated otherwise. The specific treatments and conditions for stimulation are 

outlined in each experimental figure legend. Cells were either lysed for RNA 

extractions or stained for flow cytometry at indicated time points. For cytokine and 

chemokine analysis, supernatants were collected after 24 h and analysed by 

ELISA.

2.2.2.5. Culture of bone marrow-derived macrophages.

Bone marrow cells were flushed from murine bone marrow as described in section 

2.2.2.3. Cells were seeded at an initial concentration of 1 x 10® cells/ml in complete 

DMEM supplemented with 30% of L929 conditioned medium containing M-CSF in 

T-175 flasks. The culture of this L929 cell line is described in Section 2.2.2.3. On 

day 4, 30ml of complete DMEM supplemented with 20% L929 conditioned medium 

was added to the flask. On day 10, cells were lifted with ice cold PBS, scraped 

and pelleted by centrifugation (400g, 5 min, room temperature). Cells were 

subsequently resuspended in 10ml of complete DMEM medium and cell numbers
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were determined as described in Section 2.2.2.1. Cells were plated at a 

concentration of 1 x 10®cells/ml in 1ml of complete DMEM supplemented with 15% 

L929 conditioned medium. Cells were stimulated 2 h later and the specific 

treatments and conditions for stimulation are outlined in each experimental figure 

legend. Cells were lysed for RNA extractions at indicated time points.

2.2.2.6. Culture of immortalised cell lines 

Culture of immortalised bone marrow-derived macrophages

Immortalised bone marrow-derived macrophages (iBIVIDMs) were a gift from 

Professor Katherine Fitzgerald (University of Massachusetts Medical School, 

USA). iBMDMs were cultured in complete DMEM medium. Every second day 

cells were scraped, washed with complete DMEM medium and passaged at a 1:5 

dilution. For experiments, iBMDMs were plated at 0.5 x 10® cells/ml in 96-well flat 

bottom tissue culture plates (Cruinn). They were used the following day when 

their confluence reached between 80-90%.

Culture of RAW 264.7 macrophages

RAW 264.7 macrophages were obtained from the American Type Culture 

Collection (ATCC). RAW264.7 macrophages were cultured in complete DMEM 

medium and on every second day cells were scraped, washed with complete 

DMEM medium and passaged at a dilution of 1:5. For experiments, cells were 

plated at a concentration of at 0.5 x 10®cells/ml in 96-well flat bottom tissue culture 

plates and were used the following day when their confluence reached between 

80-90%.
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2.2.3. Flow Cytometry 

2.2.3.1. Measuring cell death

Cell death was assessed using either Aqua LIVE/DEAD or PI staining. For Aqua 

LIVE/DEAD staining, cells were washed and transferred to FACS tubes (BD), 

centrifuged (400g, 5min, 4°C) and resuspended in lOOpI of PBS supplemented 

with LIVE/DEAD fixable Aqua dead cell stain (Invitrogen) used at a 1:1000 dilution 

in PBS in a total volume of 250[jl/sample. After 30 min, cells were washed again 

and resuspended in 200|jl of FACS buffer. In the case of PI, 1 (jg/ml of PI was 

added directly to FACS tubes immediately before the acquisition of samples at the 

flow cytometer. Samples were acquired using summit software (Dako, Colorado) 

and the data analysed using Flowjo™ software (Treestar, Oregon).

2.2.3.2. Lineage-marker analysis of BMDCs generated in vitro following 

differentiation in GM-CSF.

The differentiation of bone marrow cells with GM-CSF gives rise to DCs that 

resemble cDCs'*^  ̂'*̂ ,̂ in particular monocyte-derived DCs. To characterise and 

confirm the cDC phenotype generated by this culture method, lineage-marker 

analysis was performed by flow cytometry on the final day of the culture protocol 

(day 10). The cells were transferred to FACS tubes, centrifuged (400g, 5 min, 

4°C) and stained with Aqua LIVE/DEAD as outlined in section 2.2.3.1. Following 

this, the cell suspension was centrifuged (400g, 5 min, 4°C), supernatant decanted 

and the cells re-suspended in lOOpI of FACS buffer supplemented with purified 

anti-mouse CD16/CD32 (dilution outlined in Table 2.5) and incubated for 10 min at 

4°C. Cells were then stained with the relevant fluorochrome-labelled antibodies for 

30 min at 4°C by the addition of a total volume of lOpI of antibodies to the cells 

(dilutions outlined in Table 2.5). After this incubation period cells were centrifuged
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(400g, 5 min, 4°C) and the supernatant decanted before the cells were re

suspended in 200ijl of FACS buffer for analysis of immunofluorescence. Samples 

were acquired using summit software (Dako, Colorado) and the data analysed 

using Flowjo™ software (Treestar, Oregon). The cDC phenotype was confirmed 

by the high expression of CD11 c, CD11 b and lack of B220.

2.2.3.S. Detection of cell surface marker expression

BMDC were plated in a volume of 1ml in 12-well tissue culture plates at a 

concentration of 1 x 10®cells/ml and stimulated with medium only or a range of 

treatments. After 24 h the tissue culture plates were centrifuged (400g, 5 min, 

4°C) and the supernatants discarded. The cells were scraped off the plate in 

200ijl of PBS and transferred to FACS tubes. The cells were again centrifuged 

(400g, 5 min, 4°C) resuspended and stained with Aqua LIVE/DEAD as outlined in 

section 2.2.3.1. Following this the cell suspension was centrifuged (400g, 5 min, 

4°C), supernatant decanted and the cells re-suspended in lOOpI of FACS buffer 

supplemented with purified anti-mouse CD16/CD32 (dilution outlined in Table 2.6) 

and incubated for 10 min at 4°C. Cells were then stained with the relevant 

fluorochrome-labelled antibodies for 30 min at 4°C by the addition of a total 

volume of 10pl of antibodies to the cells (dilutions outlined in Table 2.6). After this 

incubation period cells were centrifuged (400g, 5 min, 4°C), the supernatant 

decanted before the cells were re-suspended in 200pl of FACS buffer for analysis 

of immunofluorescence. Samples were acquired using summit software (Dako, 

Colorado) and the data analysed using Flowjo™ software (Treestar, Oregon).
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2.2.3.4. Measuring uptake of chitosan-FITC by BMDC

Uptake of FITC-labelled chitosan was assessed by flow cytometry. BMDC were 

plated in a volume of 1ml in 12-well tissue culture plates at a concentration of 1 x 

10®cells/ml and stimulated with medium only or with increasing concentrations of 

chitosan-FITC. After the indicated time points, tissue culture plates were 

centrifuged (400g, 5 min, 4°C) and the supernatants discarded. The cells were 

scraped off the plate in 200|jl of PBS and transferred to FACS tubes (BD). The 

cells were again centrifuged (400g, 5 min, 4°C) resuspended and stained with 

Aqua LIVE/DEAD as outlined in section 2.2.3.1. After 30 min cells were 

centrifuged (400g, 5 min, 4°C), the supernatant decanted before the cells were 

resuspended in 200|jl of FACS buffer for analysis of immunofluorescence. An 

equal volume of trypan blue (0.4%) was added to samples immediately before 

sample acquisition to quench external fluorescence. The quenching of external 

fluorescence distinguished between internalised and surface bound FITC-labelled 

chitosan.

2.2.3.5. Measuring mitochondrial-specific ROS production

BMDC were plated in a volume of 1ml in 12-well tissue culture plates at a 

concentration of 1 x 10®cells/ml and stimulated with medium or chitosan (4|jg/ml) 

for 3 h and 24 h. As a positive control BMDCs were incubated with Rotenone 

(5|jM) for 3 h. Cells were then washed and incubated with MitoSOX (Invitrogen) at 

a final concentration of IpM for 15 min at 37°C. Cells were once again washed 

and resuspended in 200|jl of FACS buffer before analysis on the flow cytometer.
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2.2.4. Confocal microscopy 

2.2.4.1. Preparation of cover slips

16mm cover slips were incubated with concentrated nitric acid (HNO3) for 1 h. 

Following this, coverslips were washed 10 times with sterile water and incubated 

in CH4O overnight. The methanol was subsequently removed and the cover slips 

were left to dry in a laminar flow hood. Cover slips were autoclaved before use.

2.2.4.2. Fixed cell imaging

Sterile cover slips were placed in a 12-well plate and BMDCs were plated at a 

concentration of 0.625 x 10® in cRPMI supplemented with lOng/ml of GM-CSF 

(1 ml/well). The following day, non-adherent cells were removed and 0.5ml of 

fresh, pre-warmed cRPMI was added to wells. 30 min later, fluorescent chitosan 

was added and cells were incubated for 6 h. Following incubation, the cover slips 

were washed once with 1ml of PBS and were fixed by incubation with 1ml of 2% 

PFA for 40 min. The cover slips were then washed again 3 times with PBS and 

then blocked with 1% BSA in PBS (500|jl). After 30 min, the cover slips were 

washed 3 times with PBS. 100|jI of O.ljjg/ml cholera toxin subunit B (CTB) 

conjugated with Alexa Fluor 647 was added to each cover slip and incubated at 

room temperature for 30 min. Following incubation, the cover slips were washed 

again 3 times in PBS and rinsed with sterile water. 20|jl of mounting medium was 

added to onto the glass microscope slides and the cover slips were mounted cell- 

side down. Prepared slides were left to dry at room temperature in the dark 

overnight and then stored at 4°C. Cells were viewed using Point Scanning 

Confocal Microscope (Olympus FV100 LSM Confocal Microscope).
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2.2.5. ELISA

2.2.5.1. Measurement of cytokine and chemokine secretion

96-well high binding ELISA plates (Grenier Bio-one) were coated with 40|jl per well 

of rat anti-mouse capture antibody diluted in PBS (dilutions outlined Table 2.8 and 

2.9) and were incubated overnight at 4°C. The ELISA plates were washed 4 times 

in wash buffer and incubated with 100|jl per well of blocking solution (refer to 

Table 2.8 and 2.9) for 2 h at room temperature. The blocking solution was washed 

from the ELISA plates as before and samples and standards were diluted in 

reagent diluents (1% BSA in PBS for R&D and Biolegend, PBS for BD antibodies) 

and added to plates (top working standards are outlined in Table 2.8 and 2.9). 

The ELISA plates were incubated overnight at 4°C and subsequently washed in 

wash buffer as before. 40|jl per well of biotinylated goat anti-mouse detection 

antibody diluted in reagent diluents (Table 2.8 and 2.9) was added to the plates 

which were then incubated for either 1 h (BD antibodies, Biolegend kits) or 2 h ( 

R&D kits, Peprotech kits) at room temperature in the dark.

The ELISA plates were then washed as before and incubated with 40|jI per well of 

HRP-conjugated streptavidin (dilutions outlined in Table 2.10) diluted in the 

appropriate reagent diluent for 20 min at room temperature in the dark. The plates 

were again washed in wash buffer as before, 0-phenylenediamine dihydrochloride 

(OPD) substrate was dissolved in phosphate citrate buffer (0.4mg/ml OPD) and 

hydrogen peroxide (0.7|jl hydrogen peroxide per 1mg of OPD) was added to the 

solution. 40jjl per well of this solution was added to the ELISA plate which were 

allowed to develop for the required time in the dark. The enzyme reaction was 

arrested by the addition of 20;jl per well of 1M H2SO4. The optical density (OD) 

values were measured at 492nm using a Versa Max microplate reader. A
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standard curve was generated and this was then used to determine the cytokine 

concentration of the unknown replicates.

2.2.6. Relative Quantitation of Gene Expression 

2.2.6.1. RNA Isolation

Total RNA was isolated from cells using the High Pure RNA Isolation Kit (Roche) 

according to the instructions provided by the manufacturer. Cells were lysed and 

added to a column. DNA present in the preparation was removed by digestion 

with Dnase I. Following three wash steps RNA was eluted into nuclease-free 

microcentrifuge tubes. The RNA concentration was determined using a Nanodrop 

spectrophotometer, the absorbance of 1pl of RNA was read at 260nm and the 

260/280 nm ratio determined. RNA was then stored at -80°C for future use.

2.2.6.2. Reverse Transcription

Complementary DNA (cDNA) was generated by the reverse transcription of 200ng 

of RNA using reagents outlined in Table 2.12. Briefly, cDNA was synthesised with 

random hexamer (0.5[jg/ijl) as primer (Eurofins MWG Operon). Reverse 

transcriptase (m-MLV RT H (-) point mutant, Promega) was used at 2000U/|jl. 

RNaseOUT (Invitrogen) was used as the ribonuclease inhibitor. The concentration 

of RNA was adjusted using nuclease-free water up to a volume of 5|jl. To exclude 

the possibility of DNA contamination one control was included where the RT 

enzyme was replaced with nuclease-free water (no RT). The PCR settings used 

are described in Table 2.13, after which cDNA was diluted with 20|jl of nuclease- 

free water and stored at -20°C.
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2.2.6.3. Quantitative Real Time qPCR

Quantitative real-time qPCR was performed with freshly synthesised cDNA and 

forward and reverse primers (5pmol/|jl) (Table 2 .14) using the KARA SYBR®FAST  

qPCR Kit (Section 2.1.6). Samples were run on an Applied Biosystems 7500 Fast 

System using settlings outlined in Table 2.15 and analysed by relative quantitation. 

This provided Ct values, the Ct value is the cycle number required for the 

fluorescence signal to cross a fixed threshold, which exceeds background 

fluorescence. The change in gene expression was normalised to (3-actin 

expression from the corresponding sample (Ctgene - Ctptin = ACt). The ACt values 

from the control samples were then averaged and subtracted from the ACt of each 

sample (ACti -  ACt ctri mean = AACti. Finally fold induction was calculated as 2*‘

AACt)

To exclude genomic DNA contamination in samples and in reagents, two control 

samples were prepared. The first control served to exclude DNA contamination 

from samples, a control sample was prepared from the ‘no R T’ sample included in 

the reverse transcription step. In the second control sample, cDNA was replaced 

with nuclease-free water, and this served to rule out DNA contamination in the 

reagents used in the reaction.

2.3 Statistical analysis

Statistical analysis was performed using Graphpad Prism 5 software. The means 

for 3 or more groups were compared by one-way analysis of variance (ANOVA). 

Where significant differences were found, the Tukey-Kramer multiple comparisons 

test was used to identify differences between individual groups.

106



Chapter 3

An investigation into the ability of 

chitosan to promote DC activation and 

type IIFN production



3.1 Introduction

To advance the development of new vaccines, a nnove away from empirical 

approaches towards a mechanistic understanding of how adjuvants induce and 

direct immune responses is required. Adjuvants can act in several non-mutually 

exclusive ways to augment adaptive immunity, and generate effective memory. In 

order for adjuvants to induce protective immune responses they must first engage 

with the innate immune system. Many of these effects are at the level of APCs, in 

particular DCs, given their distinct capacity to initiate T cell activation 

Relatively few adjuvants are licensed for use in humans; this list includes alum, the 

oil-in-water emulsions MF59, AS03 and AF03, virosomes and AS04. While these 

adjuvants are effective at inducing humoral immunity, they are for the most part 

weak inducers of cellular immune responses This poses a challenge as many 

of the infectious diseases for which effective vaccines are lacking require cellular 

adaptive immunity to confer protection

Adjuvants can be broadly classified into two groupings; immunostimulatory 

adjuvants and particulate vaccine adjuvants Immunostimulatory adjuvants 

interact with specific receptors expressed by APCs to mediate their adjuvant 

activity. In DC populations, these interactions have direct effects on the activation 

and function of these cells Such effects include the upregulation of surface 

MHCcI and MHCcll molecules, enhanced antigen presentation to T cells, 

upregulation of costimulatory molecules required for T cell activation as well as 

promoting the secretion of a range of proinflammatory cytokines and chemokines 

Adjuvants belonging to this category include the TLR4 agonist MPL, the TLR9 

activator CpG, small molecule TLR7 and TLR8 agonists, such as imiquimoid (R- 

837, TLR7) and resiquimoid (R-848, TLR8) and the ds RNA analog Poly(l:C).
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Currently, MPL is the only TLR agonist licensed for use in humans, where it is 

combined with alum to form AS04 and incorporated into the HPV vaccine Ceravix 

However, the others have all demonstrated potential in pre-clinical and clinical 

studies

A feature shared by CpG, TLR7/8 agonists and Poly(l:C) is their ability promote 

the production of type I IFNs. This family of cytokines possess a number of 

attractive adjuvant properties, in particular for the induction of cell-mediated 

immunity. Type I IFNs are potent inducers of DC activation, they promote Th1 

cytokine production and directly act on T cells to induce the robust expansion of 

CDS'" T cell populations Adjuvants which can promote DC survival and

activation in addition to the controlled release of type I IFNs and proinflammatory 

cytokines may be required to promote strong cell-mediated immunity

The mechanism behind the adjuvanticity of particulate adjuvants is much less 

clear. In the past, the formation of an antigen depot was proposed as a primary 

mode of action leading to enhanced antigen uptake and processing by ARCs. It is 

now evident that other mechanisms are involved, which in certain cases may be 

more influential, these include adjuvant-induced release of DAMPs and activation 

of the inflammasome This case is illustrated perfectly with alum, the most 

widely used adjuvant licensed for use in humans. While initially proposed to 

function as an antigen depot^^®, recent evidence suggests that this activity is 

dispensable for alum’s adjuvanticity Rather, danger signals, such as uric

acid and host DNA released at the site of alum injection have emerged as 

important mediators in alum-mediated adjuvant activity Furthermore,

activation of the NLRP3 inflammasome has been implicated in its adjuvanticity,
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however the requirement for NLRP3 in alum-induced innate and adaptive 

immunity is now controversial

Chitosan displays potential as an adjuvant for promoting cellular immunity. When 

combined with the TLR9 agonist CpG, chitosan was found to promote superior 

NLRP3-dependent antigen-specific Th1/Th17 responses to the model antigen 

OVA compared to alum Recently, co-administration of the viscoelastic

chitosan hydrogel, ViscoGel® with Act-HIB®, the commercially available vaccine 

against Haemophilus influenza was shown to enhance a mixed Th1/Th2/Th17 

cellular response as well lgG1 and lgG2a responses compared to administration 

of the vaccine alone in naive mice Viscosan™, a medical grade chitosan with 

a DDA of 50% and random distribution of acetyl groups was used to prepare the 

ViscoGel® hydrogel. Furthermore, ViscoGel® displayed equivalent adjuvant 

effects following vaccine administration via subcutaneous and intramuscular 

routes. ViscoGel® has since been tested in phase I/ll clinical trials, where is was 

found to be safe and well tolerated

Defining the adjuvant properties of chitosan and its mechanism of action has 

proven difficult; this is in part a consequence of the lack of published data on well 

characterised chitosan-based formulations There are several reports

describing how chitosan may function as an adjuvant. Chitosan can directly 

modulate the immune system in a number of ways. Pioneering studies 

demonstrated the ability of a 70%-deacetylated chitosan to enhance the cytolytic 

activity of murine peritoneal macrophages, as assessed by their ability to lyse 

tumour cells ex vivo Furthermore, 70%-deacetylated chitosan suppressed the 

growth of MetA tumours and stimulated non-specific host resistance against E.coli 

infection in mice Water-insoluble chitosan with a MW of 300kDa and a DDA of
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85% has been shown to promote the activation of peritoneal macrophages in vitro, 

specifically by inducing the production of nitric oxide (NO). This feature was 

attributed to the N-acetylglucosamine unit of chitosan rather than glucosamine 

The ability of chitosan of different chemical compositions to promote TNF-a 

secretion in human monocytes was reported. In this scenario, the MW and 

solubility of chitosan preparations at neutral pH were influencing factors. Chitosan 

preparations with a DDA of 40 and 55% that were soluble at neutral pH required 

MW values above 10-15kDa respectively to promote TNF-a secretion. In contrast, 

80% deacetylated chitosan with a MW as low as 3.5kDa could stimulate TNF-a 

production. Furthermore, binding to CD14 was proposed to mediate a role in 

cytokine secretion Similar to particulates such as alum and microparticles, 

chitosan activates the NLPR3 inflammasome to promote the release of IL-1(B and 

IL-18 In contrast to alum, chitosan promotes the secretion of the Th1-

polarising cytokine, IL-12 when combined with CpG, by BMDCs in vitro, a feature 

which may explain why chitosan displays an enhanced capacity to promote Th1 

responses Depot formation at the site of injection has been proposed to 

contribute to the adjuvanticity to chitosan when administered subcutaneously with 

the model antigen 3-galactosidase It’s mucoadhesive and permeation

enhancing properties contribute to its adjuvanticity in a mucosal setting 

Additional proposed mechanisms include enhanced antigen uptake and 

presentation Despite these advances, the molecular mechanisms behind 

chitosan’s adjuvant action have not been resolved in terms of which innate 

sensors and pathways contribute most significantly to its efficacy.
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3.2. Aims

The initial focus of this research was to assess the modulatory properties of the 

vaccine adjuvant chitosan on innate immunity. Specifically, the ability of chitosan 

to promote the activation of DCs was assessed. DC activation in the context of 

cytokine secretion and increased expression of costimulatory molecules is widely 

used as a valid measure of the immunomodulatory properties of adjuvants. The 

specific aims of this chapter were:

• To investigate the ability of chitosan to promote the maturation of 

BMDCs in vitro.

• To investigate if chitosan promotes the secretion of inflammatory 

cytokines by BMDCs.

• To investigate the role of type I IFNs in chitosan-induced DC 

maturation.

• To investigate the role of the inflammasome in chitosan-induced type 

I IFN production.
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3.3 Results

3.3.1. High concentrations of chitosan are toxic to BIVIDCs in vitro.

Vaccine adjuvants such as alum, are known to induce cytotoxicity and local 

inflammation Therefore, the cytotoxic effect of chitosan on BMDCs was 

assessed. BMDCs were incubated with medium or increasing concentrations of 

chitosan (2-16 |jg/ml). After 24 h cells were collected and stained with Aqua 

LIVE/DEAD and analysed by flow cytometry to distinguish dead from viable cells. 

AQUA LIVE/DEAD reacts with cellular amines, the dye can permeate the 

compromised membranes of necrotic cells and bind with free amines on the 

interior and exterior of the cell yielding brightly stained cells. In contrast, only cell 

surface amines of live cells are capable of reacting with the dye which results in 

weakly fluorescent ceils. Dead cells were gated on as AQUA positive. Chitosan 

at concentrations ranging from 2-4 pg/ml induced negligible cell death compared 

to medium only. Higher concentrations of 8 and 16 pg/ml induced a significant 

increase in cell death when compared to medium (Figure 3.1a, b). Amine groups 

are present of the surface of chitosan, therefore it was possible that AQUA 

LIVE/DEAD might bind to chitosan and interfere with this cytotoxicity assay. Thus, 

cells were also stained with another viability dye, propidium iodide (PI) which binds 

nucleic acids. A similar trend was observed using PI to identify dead cells, with 

chitosan inducing moderate toxicity compared to the negative control. A 

significant increase in cell death compared to medium treated cells was only 

observed at the higher concentrations tested (8 and 16 pg/ml) (Figure 3.1a, b).
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Figure 3.1. Chitosan induces cell death in a dose-dependent manner.
BMDCs were stimulated with medium and the indicated concentrations of chitosan 
(2-16 Mg/mi). After 24 h, cel! death was assessed by AQUA LIVE/DEAD or PI 
staining. Cells were analysed by flow cytometry (a) Representative results from 
one experiment (b) Results are expressed as the mean ± SEM of two independent 
experiments. Medium v treatment, *p<0.05, **p<0.01, ***p<0.001.
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3.3.2. Chitosan promotes the upregulation of costimulatory molecules on the 

surface of BMDCs.

The activation of DCs is an essential requirement for effective adjuvanticity An 

important step in DC activation is the upregulation of surface markers, including 

CD40, CD80, CD86 and MHCcll in a process referred to as maturation. 

Accordingly, the ability of chitosan to promote DC maturation was assessed. 

Surface marker expression was analysed after 24 h of incubation with chitosan by 

flow cytometry on cells gated according to the strategy outlined in Figure 3.2a. 

BMDCs were incubated with medium or increasing concentrations of chitosan (2-8 

|jg/ml). Additionally, the TLR agonists LPS and CpG served as positive controls to 

promote DC maturation. As expected both LPS and CpG strongly enhanced 

surface expression of CD40, CD80 and to a lesser extent CD86. In the case of 

MHCcll expression, treatment of BMDCs with LPS and CpG resulted in an 

increased proportion of cells expressing MHCcll rather than an overall increase in 

surface expression of this marker (Figure 3.2b). Chitosan promoted a dose- 

dependent increase in CD40 expression which reached significance at the highest 

concentration tested (8 pg/ml) when compared to medium treated cells (Figure 

3.2b, Figure 3.3a). In the case of CD80 and CD86 surface expression, an 

increase was observed in response to chitosan treatment; this trend was not as 

marked as that observed in the case of CD40 (Figure 3.2b, Figure 3.3b, c). 

Similar to what was observed with LPS and CpG, treatment with chitosan led to an 

increase in the proportion of MHCcll expressing cells, and this increase was not 

statistically significant when compared to the negative control (Figure 3.2b, Figure 

3.3d).
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A role for TLR4 In chitosan-lnduced DC maturation has been proposed To 

ascertain whether TLR4 was involved in this setting, upregulatlon of CD40 and 

CD86 was studied in W T C3H/HeN and TLR4 hyporesponsive C3H/HeJ mice. As 

was expected, BMDCs generated from CSH/HeJ mice failed to upregulate CD40 

and CD86 in response to LPS but not CpG. However, chitosan-mediated 

enhancement of both CD40 and CD86 was maintained in CSH/HeJ BMDCs 

(Figure 3.4a, b), indicating in this scenario that chitosan-induced DC maturation 

was TLR4 independent.
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Figure 3.2. Chitosan enhances the expression of CD40, CD80, CD86 and 
MHCcll on the surface of BMDCs. (a) Gating strategy used to define CD11c^ 
population. Cells were gated to include only single and live cells. CD11c was 
used as a pan-DC marker in these experiments, and CDUc"" positive cells were 
gated on for further analysis, (b) BMDCs were left untreated (shaded histogram) or 
incubated with the indicated concentrations of chitosan (2-8 pg/nil), LPS (10 ng/ml) 
and CpG (4 pg/ml) for 24 h. CD1 Ic'^ cells were analysed for expression of CD40, 
CD80, CD86 and MHCcll by flow cytometry. Immunofluorescence is shown for 
treated cells (black line) compared to untreated cells (shaded histograms). 
Median fluorescence values (MFI) are shown for each treatment (black) compared 
to control MFI value (grey). Data is representative of three independent 
experiments.
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117



CD40 CD86
C3H/HeN C3H/HeJ C3H/HeN CSH/HeJ

132
222

•  K* • 9 t ««■ t*

132
2M 269

1i«* <a*•  n* • It*

132
274 164

• 0*.* t II'

8

I
266 j

132
216

16

2421 145

»•*I !• to

O)

c
ra
(Ao

LPS

1J2

1947

>« • I*t *1* •l' ( <a

CpG

926
2131 2302

1
t H'

926
2703

709 I 
2171 i

.» tl

8

709 I 
1049 :

I.
t** *•* *•* *»*•  **■

16

■)26
14400

i i»’

O)3̂
Cre
(Ao
!E
o

LPS

926
9207

t»’

CpG

Figure 3.4. The enhancement of CD40 and CD86 surface expression by 
chitosan is independent of TLR4. BMDCs from C3H/HeN and CSH/HeJ mice 
were left untreated (shaded histogram) or incubated with the indicated 
concentrations of chitosan (2-16 LPS (10 ng/ml) or CpG (4 |jg/rnl) for 24 h.
CDIIc"^ cells were analysed for expression of (a) CD40 and (b) CD86 by flow 
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(black line) compared to untreated cells (shaded histograms). MFI are shown for 
each treatment (black) compared to control MFI value (grey). Data are from a 
single experiment.
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3.3.3. Chitosan promotes the secretion of the chemokines CXCL10 and CCL5 

in the absence of pro-inflammatory cytokine production.

Another key feature of DC activation is the enhanced capacity to secrete 

cytokines. The inability of chitosan to promote the secretion of proinflammatory 

cytokines in bone marrow derived-macrophages (BMDMs) has been reported 

To confirm this was the case for BMDCs, chitosan-induced cytokine secretion in 

these cells was assessed. Chitosan failed to elicit the secretion of IL-6, TNF-a or 

IL-12p40 by BMDCs at the range of concentrations tested (2-8 |jg/ml)- This was in 

sharp contrast to LPS, which induced robust secretion of all three inflammatory 

cytokines (Figure 3.5a, b, c).

The panel of cytokines assayed was broadened to include a number of 

chemokines. Interestingly, chitosan was found to promote the secretion of the 

chemokines CXCL10 (IP-10) and CCL5 (RANTES) (Figure 3.5d, e). In the case of 

CXCL10, production of this chemokine was much more robust, with higher 

concentrations of chitosan (4, 8 |jg/ml) inducing levels of CXCL10 that were 

comparable to the positive control LPS (Figure 3.5d).
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Figure 3.5. Chitosan promotes the secretion of the chemokines CXCL10 and 
CCL5 but not the inflammatory cytokines IL-6, TNFa or IL-12p40. BMDCs 
were incubated witin medium or the indicated concentrations of chitosan (2-8 
Mg/ml) or LPS (10 ng/ml) for 24 h. Levels of (a) IL-6, (b) TNFa (c) IL-12p40, (d) 
CXCL10 and (e) CCL5 in supernatants were determined by ELISA. Results are 
expressed as the mean ±SD of triplicate samples and are representative of three 
independent experiments. Medium v adjuvant, ** p<0.01 *** p<0.001.
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3.3.4. Chitosan induces the transcription of type I IFNs by BMDCs.

Type I IFNs are known to initiate the transcription of a large group of ISGs through 

the type I IFN receptor^^^, such ISGs include the chemokine CXCL10. 

Consequently the possibility that chitosan was mediating the production of type I 

IFNs was addressed. Quantitative PCR (qPCR) provided a reliable and sensitive 

method to assess the induction of Ifnb and Ifna, the best characterised and most 

broadly expressed type I IFN family members Primers were designed to 

amplify the single Ifnb gene and a large subset of the 14 murine Ifna subtypes 

described. A time course was first conducted to determine if in fact chitosan was 

capable of inducing type I IFN transcription and when this was occurring. BMDCs 

were incubated with chitosan (2 pg/ml) for 1, 4, 9 and 24 h and the induction of 

Ifnb and Ifna messenger RNA (mRNA) was assessed. Induction of type I IFN 

genes was calculated with respect to actb (P-actin) mRNA expression. Detectable 

levels of Ifnb but not Ifna were observed no earlier than 9 h following treatment 

with chitosan. After 24 h, considerable induction of both Ifnb and Ifna in response 

to chitosan was observed (Figure 3.6a, b). In all subsequent experiments the 

induction of type I IFN mRNA in response to chitosan was studied after 9 and 24 

h, as maximal induction of type I IFN mRNA was observed between these two 

time points.

Since chitosan at concentrations of 2, 4 and 8 pg/ml promoted DC maturation 

(Figure 3.2b) and CXCL10 secretion (Figure 3.5d), the ability of these chitosan 

concentrations to induce Ifnb and Ifna transcription was investigated. As controls, 

cells were incubated with LPS for 1 h, or alternatively transfected with the dsDNA 

analog Poly(dA:dT) for 6 h. Additionally, cells were incubated with the transfection 

reagent Lipofectamine 2000 alone. LPS strongly promoted the induction of Ifnb
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but not Ifna mRNA, while Poly(dA;dT) stimulated induction of both Ifna mRNA and 

Ifnb mRNA. Lipofectamine 2000 failed to induce detectable levels of Ifnb or Ifna in 

BMDCs and consequently this control was omitted from all subsequent 

experiments (Figure 3.7c). Chitosan at a concentration of 8 |jg/ml was capable of 

significantly enhancing the expression of Ifnb and Ifna mRNA after 9 h when 

compared to the control (Figure 3.7a). After 24h, robust induction of Ifnb and Ifna 

mRNA was observed in response to all concentrations of chitosan tested when 

compared to medium treated cells (Figure 3.7b).

Given chitosan’s capacity to promote CXCL10 secretion, CxcHO mRNA transcript 

induction in response to chitosan was studied. Displaying similar kinetics to Ifnb 

and Ifna induction, CxcHO mRNA was detected after incubation with chitosan for 9 

h and this response peaked after 24 h (Figure 3.8a). The transcription of Irf7, 

another example of a classical IFN-responsive gene, was also induced in 

response to treatment with chitosan, with mRNA detected both after 9 h and 24 h 

(Figure 3.8b).
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Figure 3.6. Chitosan induces the transcription of the type I IFN genes Ifnb 
and Ifna by BMDC. Quantitative PCR (qPCR) analysis of mRNA encoding (a) 
IFNP (Ifnb), (b) IFNa (Ifna) by BMDCs stimulated for the indicated times with 
medium and chitosan (2 |jg/ml). mRNA levels calculated with respect to (3-actin 
and results presented relative to those of untreated cells. Results are expressed 
as the mean ±SD of samples in triplicate and are representative of three 
independent experiments. Medium v adjuvant, ***p<0.001.
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Figure 3.7. Chitosan induces the production of type I IFNs. qPCR analysis of 
mRNA encoding IFNp {Ifnb) and IFNa {Ifna) by BMDCs stimulated for (a) 9 h and 
(b) 24 h with medium and the indicated concentrations of chitosan (2-8 pg/ml). (c) 
As controls cells were incubated with medium, LPS (10 ng/ml) for 1h, 
Lipofectamine 2000 alone or in the presence of Poly(dA:dT) (5 MQ/ml) for 6 h. 
Expression of Ifnb and Ifna mRNA was quantitated by qPCR. mRNA levels 
calculated with respect to |3-actin and results presented relative to those of 
untreated cells. Results are expressed as the mean ±SD of samples in triplicate 
and are representative of three independent experiments. Medium v adjuvant,
**p<0.01, ***p<0.001.
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Figure 3.8. Chitosan promotes the transcription of the ISGs CxcHO and Irf7 
by BMDCs. qPCR analysis of mRNA encoding (a) CXCL10 {CxcHO) and (b) IRF7 
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independent experiments. Medium v adjuvant, *p<0.05, **p<0.01, ***p<0.001.
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3.3.5. Chitosan-induced type I IFN production is sustained by signalling 

through the IFNAR.

In response to viral infection, type I IFN induction in DCs occurs in two phases; an 

initial induction phase, followed by an IFN feedback loop whereby type I IFN 

signalling in an autocrine or paracrine manner amplifies the response To 

determine if this was the case with chitosan-mediated type I IFN production, Ifnb 

and Ifna transcript induction was tested in BMDCs generated from mice deficient 

in the IFNAR1 subunit of the type I IFN receptor (IFNAR). These mice would not 

generate the feedback loop because of the lack of the type I IFN receptor. The 

initial induction of Ifnb mRNA 9 h following chitosan treatment was independent of 

signalling through IFNAR. However, after 24 h, Ifnb mRNA transcripts were no 

longer detected in IfnarT^' DCs (Figure 3.9a), indicating that IFNAR signalling 

contributes to a feed-forward loop of IFN(3 production in DCs in response to 

chitosan. In contrast the induction of Ifna mRNA transcription in response to 

chitosan was completely reliant on type I IFN signalling (Figure 3.9b). 

Furthermore, the transcription of CxcHO in response to chitosan was dependent 

on autocrine IFN(3 signalling through IFNAR, confirming in this experimental 

setting that CXCL10 is an ISG induced in response to chitosan-mediated IFN(3 

production (Figure 3.9c).
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Figure 3.9. Signalling through IFNAR is required for sustained transcription 
of Ifnb mRNA and induction of Ifna and CxcHO in response to chitosan.
qPCR analysis of (a) Ifnb, (b) Ifna and (c) CxcHO mRNA in WT and IfnarT^' 
BMDCs left untreated (control) or treated with chitosan (2 |jg/ml) for 9 h or 24 h. 
Gene induction was calculated with respect to p-actin. Results are expressed as 
the mean ±SD of samples in triplicate and are representative of two independent 
experiments. Treatment (WT) v treatment {Ifnarl ), ***p<0.001.
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3.3.6. The ability of chitosan to promote type I IFN production is not 

restricted to BIVIDCs.

In order to deternnlne If chitosan-lnduced type I IFN production was restricted to 

DC populations, other innate immune cells, BMDMs, immortalised BMDMs 

(iBMDMs) and RAW264.7 macrophages were used. Firstly, the capacity of 

chitosan to induce Ifnb transcription in BMDMs was investigated. BMDMs and as 

a control BMDCs were incubated with increasing concentrations of chitosan for 24 

h. Chitosan induced the robust transcription of Ifnb mRNA in both BMDCs (Figure 

3.10a) and BMDMs (Figure 3.10b). Interestingly, a higher concentration of 

chitosan (4pg/ml) was required to induce detectable levels of Ifnb transcript in 

BMDMs.

Using CXCL10 secretion as readout of type I IFN induction, the secretion of this 

chemokine in response to chitosan was quantitated in iBMDMs and RAW264.7 

macrophage cell lines. A broader concentration range of chitosan (1.25-20 pg/ml) 

was assessed in these cell lines based on the observation that higher doses of 

chitosan were required to elicit Ifnb transcription in BMDMs (Figure 3.10b). Cells 

were incubated with LPS and IFN-y as positive controls for CXCL10 secretion. 

Chitosan induced robust secretion of CXCL10 in iBMDMs (Figure 3.10c) but not 

RAW264.7 macrophages (Figure 3.10d). Importantly, RAW264.7 macrophages 

were capable of secreting CXCL10 in response to both LPS and IFN-y, suggesting 

this defect in cytokine secretion was chitosan-specific (Figure 3.10d). Similar to 

what was observed in BMDCs, chitosan in contrast to LPS did not promote 

secretion of the inflammatory cytokine IL-6 by either iBMDMs (Figure 3.10e) or 

RAW264.7 macrophages (Figure 3.1 Of).
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Figure 3.10. Chitosan induces the transcription of Ifnb in BMDCs and 
BMDMs, and the secretion of CXCL10 in iBMDMs but not RAW264.7 
macrophages. qPCR analysis of Ifnb by (a) BMDCs and (b) BMDMs stimulated 
for 24 h with medium, the indicated concentrations of chitosan (2-16 |jg/ml). 
mRNA levels calculated with respect to |3-actin and results presented relative to 
those of untreated cells (c) CXCL10 in supernatants of iBMDMs or (e) RAW264.7 
macrophages incubated with chitosan (1.25-20 pg/ml), LPS (10 ng/ml) or IFNy 
(100 ng/ml) for 24 h (d) IL-6 in supernatants of iBMDMs or (e) RAW264.7 
macrophages incubated with chitosan (1.25-20 pg/ml) or LPS (10 ng/ml). Results 
are expressed as the mean ±SD of samples in triplicate and are representative of 
three independent experiments. Medium v adjuvant, *p<0.01, **p<0.01,
***p<0.001.
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3.3.7. Nuclease treatment has no effect on the ability of chitosan to induce 

the transcription and secretion of the ISG CXCL10 by BIVIDCs.

An important concern was the possibility that contaminants were present in the 

chitosan preparation and these were responsible for the immunostimulatory effects 

observed. Contamination with nucleic acids was a particular concern given their 

propensity to induce type I IFNs. Furthermore, a similar situation arose in the 

literature where the immunostimulatory properties of malarial hemozoin were 

shown to be the consequence of contaminating malarial DNA To eliminate this 

possibility chitosan was subject to nuclease digestion. Briefly, chitosan was 

incubated with DNase I following guidelines outlined by the manufacturer and the 

preparation was subsequently heat inactivated. BMDCs were then treated with 

DNase I digested chitosan or alternatively as a control chitosan treated only with 

DNase I incubation buffer. Firstly the induction of CxcHO mRNA transcripts was 

assessed: nuclease treatment did not impair the ability of chitosan to induce 

CxcHO mRNA transcription (Figure 3.1 la ). Furthermore, the capacity of chitosan 

to promote CXCL10 secretion was not affected by DNase I treatment. Importantly 

the ability of the dsDNA analog Poly(dA:dT) to induce cytokine secretion was 

ablated following nuclease digestion (Figure 3.11b).
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secretion of CXCL10 by DCs is unaffected by nuclease treatment. Analysis of 
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representative of two independent experiments. Treatment (control) v treatment 
(DNase I). **p<0.01.
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3.3.8. Signalling through IFNAR is required for upregulation of CD40 and 

CD86 by BMDCs in response to chitosan.

In section 3.3.4., chitosan was shown to promote the transcription of type I IFNs 

and associated genes. These cytokines have been implicated in the maturation of 

DCs in response to dsRNA and viral infection consequently, this study set

out to determine whether chitosan-induced type I IFN production was required for 

its ability to promote DC maturation. To answer this question, upregulation of the 

costimulatory molecules CD40 and CD86 in response to chitosan was studied in 

Ifna rf'' BMDCs. As before, BMDCs were treated with chitosan, or as controls 

LPS and CpG. Additionally the TLR3 agonist Poly(l:C) was included. In the 

absence of intact signalling through the type I IFN receptor, chitosan was no 

longer able to enhance the expression of CD40 on the surface of cells. CD40 

median fluorescence intensity (MFI) levels were significantly lower in IfnarT^' 

BMDCs treated with 8 pg/ml of chitosan compared to WT BMDCs (Figure 3.12a, 

b). In a similar trend, chitosan-mediated enhancement of CD86 expression was 

compromised in Ifnarl deficient BMDCs, with CD86 MFI values significantly 

decreased in IfnarV'' BMDCs compared to WT cells (Figure 3.13a, b). Importantly, 

the upregulation of CD40 and CD86 in response to CpG was maintained in IfnarT'' 

BMDCs indicating that these cells were capable of responding to IFNAR- 

independent stimuli (Figure 3.12b, Figure 3.13b). Poly(l:C)-induced upregulation 

of CD40 was compromised in BMDCs, however in the case of CD86, Poly(l;C) did 

not induce any noticeable increase in expression (Figure 3.12b, Figure 3.13b). 

IFNAR-independent upregulation of CD40 and CD86 in response to LPS was 

consistently observed in each experiment (Figure 3.12a, b. Figure 3.13a, b).
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Figure 3.12. Chitosan-induced upregulation of CD40 on BMDC is dependent 
on signalling through IFNAR. BMDCs from WT or Ifnarf^' mice were left 
untreated (shaded histogram) or incubated with the indicated concentrations of 
chitosan (2, 4 and 8 |jg/ml), LPS (10 ng/ml), Poly (l:C) (10 ng/ml) or CpG (4 [jg/ml) 
for 24 h. Cells were analysed for expression of CD40 by flow cytometry, (a) 
Immunofluorescence is shown for chitosan treated cells (black line) compared to 
untreated cells (shaded histograms). Data representative of three independent 
experiments (b) Data are represented as MFI and expressed as the mean ± SEM
of three independent experiments. — *----- * aa;t\ *— +----- ♦ / it—
***p<0.05.
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Figure 3.13. Chitosan-induced upregulation of CD86 on BMDC is dependent 
on signalling through IFNAR. BMDCs from WT or IfnarT'' mice were left 
untreated (shaded histogram) or incubated with the indicated concentrations of 
chitosan (2, 4 and 8 |jg/ml), LPS (lOng/ml), Poly (l:C) (10 ng/ml) or CpG (4 pg/ml) 
for 24 h. Cells were analysed for expression of CD86 by flow cytometry, (a) 
Immunofluorescence is shown for chitosan treated cells (black line) compared to 
untreated cells (shaded histograms). Data representative of three independent 
experiments (b) Data are represented as MFI and expressed as the mean ± SEM
of three independent experiments. 
***p<0.05.
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3.3.9. Inflammasome activation is maintained in the absence of signalling 

through IFNAR.

Chitosan alone does not promote the secretion of the proinflammatory cytokines 

IL-6, IL-12p40 and TNF-a by BMDCs (Figure 3.5a, b, and c). When combined with 

TLR agonists such as LPS and CpG, chitosan promotes NLRP3-dependent 

secretion of IL-1(3 by BMDMs and BMDCs The ability of chitosan when

combined with CpG to promote the secretion of the IL-1 cytokine family members; 

IL-1(3 and IL-1 a was confirmed in this experimental setting (Figure 3.14a, b). A 

role for type I IFNs in the ability of chitosan to promote inflammasome activation 

was investigated. WT and IfnarT^' BMDCs were incubated with CpG (0.04 pg/ml, 

0.4 pg/ml and 4 MQ/ml) alone or in combination with chitosan (2 pg/ml). Chitosan- 

CpG was still capable of promoting IL-1 (3 secretion independent of signalling 

through IFNAR, but the levels of cytokine were lower in IfnarT^' BMDCs compared 

to WT BMDCs (Figure 3.14 c, d). Secretion of IL - ip  in response to alum and CpG 

(4 |jg/ml) was comparable between the two strains (Figure 3.14e, f).
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Figure 3.14. Chitosan in combination with CpG pronriotes the secretion of the 
IL-1 cytokines; IL-1P and IL-1a by BMDCs and this is maintained in the 
absence signalling through IFNAR. BMDCs were incubated with medium, CpG 
(0.04 |jg/ml, 0.4 pg/ml and 4 |jg/ml) alone or in combination with chitosan (2 
|jg/ml). Levels of (a) IL-1p and (b) IL-1 a in supernatants were determined after 
24h by ELISA, (c) BMDCs from WT or Ifnarf^' mice were incubated with medium 
or with CpG (0.04 pg/ml, 0.4 pg/ml and 4 pg/ml) in combination with chitosan (2 
|jg/ml). (d) As controls, BMDCs from WT or IfnarV'' mice were incubated with CpG 
(4 pg/ml) in combination with alum (100 pg/mj). Levels of IL-ip in supernatants 
were determined after 24 h by ELISA. Results are expressed as the mean ±SD 
for triplicate samples and are representative of three independent experiments. 
TLR agonist + adjuvant v TLR agonist alone, **p<0.01, ***p<0.001.
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3.3.10. The ability of chitosan to promote type I IFNs is independent of 

inflammasome-mediated cell death.

As described earlier, chitosan activates the NLRP3 inflammasome in BMDMs 

380,399 /Activation of both the NLRP3 and AIM2 Inflammasomes can culminate In 

either caspase-1-dependent lytic pyroptotic cell death or alternatively caspase-8- 

dependent apoptotic cell death, by a process requiring the adaptor apoptosis- 

associated speck like protein containing a CARD (ASC) Given chltosan’s 

ability to promote NLRP3 activation In the presence of an NFkB activator, a role for 

NLRP3-mediated cell death in chitosan-lnduced IFN production was Investigated. 

The ability of chitosan to Induce IFN|3 secretion was not affected by the absence of 

NLRP3 (Figure 3.15a). While secretion of CXCL10 was decreased in Nlrp3''' 

BMDCs compared to WT cells In response to chitosan, this was also the case for 

CpG-induced CXCL10 secretion (Figure 3.15b).

To further verify that NLRP3 was not involved in chltosan-induced type I IFN 

production the role of NLRP3 In chltosan-induced DC maturation was studied. 

Upregulation of CD40 surface expression in response to the controls LPS and 

CpG was comparable between Nlrp3''' and WT BMDCs. Similarly, the increase In 

CD40 surface expression in response to chitosan was preserved In N!rp3''' BMDCs 

(Figure 3.16a). This trend was further reflected in CD80 and CD86 MFI values, 

which were comparable between WT and NlrpS' '̂ BMDCs following Incubation with 

chitosan for 24 h (Figure 3.16b).

The AIM2 inflammasome is also capable of activating apoptotic and pyroptotic cell 

death pathways in an ASC-dependent manner. To completely rule out the 

involvement of inflammasome-mediated cell death in chitosan-lnduced type I IFN 

production, the ability of chitosan to promote the secretion of type I IFNs and
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associated genes was analysed in BMDCs generated from mice deficient in the 

adaptor protein ASC. In the absence of ASC, chitosan-induced IFN(3 and CXCL10 

secretion was unaffected. Importantly, secretion of these cytokines in response to 

the control CpG was not compromised in the absence of ASC (Figure 3.17a, b). 

Together these findings suggest that the ability of chitosan to promote the 

secretion of type I IFNs is independent of inflammasome-mediated cell death.
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Figure 3.15. Chitosan-induced IFNp but not CXCL10 secretion by BMDCs is 
independent of NLRP3. BMDCs from WT and Nlrp3'^' mice were incubated with 
medium, the indicated concentrations of chitosan (2-8 |jg/fTii) or CpG (4 (jQ/ml)- 
Levels of (a) IFN|3 and (b) CXCL10 in supernatants were determined by ELISA 24 
h later. Results are expressed as the mean ±SD for triplicate samples and are 
representative of two independent experiments. Treatment (WT) v treatment 
{NlrpJ^-), *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.16. Chltosan-induced upregulation of CD40, CD80 and CD86 is not 
compromised in the absence of NLRP3. BIVlDCs from WT and Nlrp3'^' mice 
were left untreated (shaded histogram) or incubated with the indicated 
concentrations of chitosan (2-8 mq/itiI), LPS (10ng/ml) or CpG (4 pg/ml) for 24 h. 
Cells were analysed for expression of CD40, CD80 and CD86 by flow cytometry, 
(a) CD40 immunofluorescence is shown for chitosan treated cells (black line) 
compared to untreated cells (shaded histograms). Data representative of two 
independent experiments (b) CD40, CD80 and CD86 expression is represented as 
MFI and expressed as the mean ± SEM of two independent experiments.
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Figure 3.17. The ability of chitosan to promote IFN|3 and CXCL10 secretion 
by BMDCs is independent of ASC. BMDCs from WT and Asc‘' mice were 
incubated with medium, the indicated concentrations of chitosan (2-8 |jg/ml) or 
CpG (4 pg/ml). Levels of (a) IFNp and (b) CXCL10 in supernatants were 
determined by ELISA 24 h later. Results are expressed as the mean ±SD for 
triplicate samples and present data from one experiment. Treatment (WT) v 
treatment (Asc' ).
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3.3.11. Inflammasome activation in response to chitosan-CpG is independent 

of caspase-11.

The noncanonical inflammasome pathway is an alternative mechanism for 

caspase-1 activation; this pathway engages caspase-11 to trigger capase-1 

activation, leading to the release of IL -ip , IL-18 and IL-1a in response to 

cytoplasmic LPS usually in the context of infection with Gram-negative bacteria. A 

link has been established between type I IFNs and this noncanonical 

inflammasome pathway, with IFNp and IFNa shown to Induce the expression of 

caspase-11 chltosan promotes NLRP3 actlvatlon^®°’̂ ®® as well as the

production of type I IFNs. A role for caspase-11 in chitosan-induced 

Inflammasome activation was consequently investigated. Briefly, BMDC were 

treated with CpG (0.04 pg/ml, 0.4 pg/ml, 4 pg/rnl) In combination with chltosan (2 

jjg/ml) for 24 h. The secretion of IL-1(3 In response to chitosan-CpG remained 

intact In the absence of caspase-11, with Caspase-1 T'' BMDCs secreting elevated 

levels of cytokine compared to WT cells (Figure 3.18).
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Figure 3.18. The ability of chitosan-CpG to promote iL-ip secretion by 
BMDCs was not affected by the loss of caspase-11. BMDCs from WT or 
Caspase-1l '' mice were incubated with medium or CpG (0.04 |jg/ml, 0.4 |jg/ml 
and 4 |jg/ml) in combination with chitosan (2 Mg/inl)- Levels of IL-1(3 in 
supernatants were determined after 24 h by ELISA. Results are expressed as the 
mean ±SD for triplicate samples and are representative of two independent 
experiments. Treatment (WT) v treatment {Caspase-11^'), *p<0.05, ***p<0.001.
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3.3.12. Upregulation of CD40 and CD80 in response to chitosan is 

independent of caspase-11.

Type I IFNs have been reported to modulate the expression and/or processing of 

caspase-11 in murine macrophages following infection with Gram-negative 

bacteria As chitosan induces the transcription of type I IFNs by DCs, a role for 

caspase-11 in chitosan-induced DC maturation was investigated. LPS and CpG 

were again used as positive controls for DC maturation. CpG-induced CD40 

expression was comparable between WT and Caspase-11'^' BIVlDCs (Figure 

3.19a). In the case of CD80 expression, CD80 MFI values were slightly lower in 

Caspase-1 T'' BMDCs compared to WT cells following treatment with CpG (Figure 

3.19b). The increase in both CD40 and CD80 MFI values in response to LPS 

were compromised slightly in the absence of caspase-11, but this was not 

significant when compared to WT cells (Figure 3.19a, b). Chitosan-mediated 

enhancement of CD40 and CD80 expression was not compromised in the 

absence of caspase-11, ruling out its involvement in chitosan-induced DC 

maturation and by extension type I IFN production (Figure 3.19c, d).
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Figure 3.19. Chitosan-induced upregulation of CD40 and CD80 by BMDCs is 
intact in the absence of caspase-11. BMDCs from WT and Caspase-1 T'' mice 
were incubated with (a), (b) medium, LPS (10 ng/ml) or CpG (4 pg/ml) or (c), (d) 
medium or the indicated concentrations of chitosan (2-16 pg/ml) for 24 h. Cells 
were analysed for expression of CD40 and CD80 by flow cytometry. CD40 and 
CD80 expression is represented as MFI and expressed as the mean ± SEM of two 
independent experiments. Treatment (WT) v treatment {Caspase-11'' ).
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3.4. Discussion

A deeper understanding of adjuvanticity is critical for the rational design of new 

and improved vaccines. Significant advances have been made in the field of 

adjuvant research, in particular the realisation that DC activation is a critical 

property of an adjuvant DCs are professional APCs with unique potency in 

presenting antigen to naive T cells. In order for DCs to initiate T cell immunity they 

must undergo activation. DC activation is characterised by elevated surface 

expression of costimulatory molecules, including CD40, CD80 and CD86 as well 

as MHC molecules in a process referred to as DC maturation In the past, 

phenotypically mature DCs were generally assumed to be immunogenic as 

elevated expression of costimulatory and MHC molecules often correlates with T- 

cell priming ability This simplified observation has been called into question by 

findings that phenotypically mature DCs can in some instances induce tolerance 

In keeping with recent suggestions in the literature^^®, within this work 

maturation is defined according to these phenotypic changes. To obtain further 

information regarding adjuvanticity in this study, the ability of DCs to secrete 

inflammatory and immunomodulatory cytokines was assessed. This chapter set to 

define DC activation mediated by the candidate vaccine adjuvant chitosan. 

Specifically the ability of chitosan to induce DC maturation and cytokine production 

was assessed. Continuing from there, the role of these cytokines in chitosan- 

mediated DC activation was studied.

Dendritic cells are a heterogeneous population composed of numerous subsets 

that differ in their phenotype, anatomic location and functional properties. Among 

the main subsets described in vivo, the conventional DCs (cDCs) are highly 

specialised in phagocytosis of antigens and presentation to T cells. They are
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characterised by expression of the pan-DC marker CD11c, high expression of 

MHCcll and they lack expression of B220 (CD45R) On the other hand, 

plasmacytoid DCs (pDCs) show high surface expression of B220 along with the 

panDC-marker CD11c, although to a lesser extent compared to cDCs Both 

subtypes of DCs produce a different range of cytokines upon activation. While 

cDCs normally respond by secreting inflammatory cytokines such as IL-1, IL-6, 

TNF-a, IL-23, IL-12 pDCs are considered professional producers of type I IFN 

since they constitutively express IRF7 Despite the fact that cDCs do not 

express IRF7 constitutively, they can also contribute to type I IFN secretion 

through IRF7 upregulation in response to IFN-I feedback loop after activation of 

IRF3, for instance during a viral infection

Although pDCs can efficiently present antigens either derived from viruses or from 

endogenous origins, they are poor ARC for exogenous antigens when compared 

to cDCs because of their limited phagocytic capacity and the fact that they have 

limited capacity to accumulate long-lived MHC ll-peptide complexes on the cell 

surface Conventional DCs also outnumber pDCs and can be rapidly

expanded in inflammatory contexts where monocytes are recruited and can 

differentiate towards a DC phenotype characterised in vivo by high expression of 

CD11c and CD11b as well as MHCcll together with moderate expression of F4/80, 

Ly6C, mannose receptor (CD206) and the lack of B220. These cells produce a 

wide range of inflammatory cytokines and show enhanced antigen presenting 

capacity upon activation and can efficiently activate T cells

Taking this information in account, the cDC subset could be productively targeted 

by adjuvants with the purpose of boosting T cell responses. Primary DCs can be 

generated in vitro from murine bone marrow precursors in the presence of growth
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factors, giving rise to highly purified cultures of DC subtypes. The two most widely 

used strategies to differentiate DCs involve the use of either GM-CSF, alone or in 

combination with IL-4 or the Fms-related tyrosine kinase 3 ligand (Flt3L), and 

these methods give rise to different subtypes of DCs. DCs differentiated from 

precursors in presence of GM-CSF resemble phenotypically and functionally 

cDCs, in particular in vivo monocyte-derived DCs, whereas those obtained in 

presence of FItSL (FL-DCs) represent the steady-state resident DCs. To carry out 

this work the method of choice was differentiation of cells with GM-CSF to 

give rise to DCs resembling cDCs. As expected, the lineage-marker expression 

analysis of the cells differentiated in presence of GM-CSF confirmed 

characteristics of cDCs, with high levels of CD11c and CD11b expression and a 

lack of B220 expression.

A range of immunostimulatory effects have been described for chitosan including 

enhanced macrophage cytotoxic activity, H2O2 and NO production both in vivo and 

in vitro it was proposed that chitosan induced CD14-dependent

inflammatory cytokine production (TNF-a) secretion in human monocytes In 

contrast, recent studies by Bueter et a!., have clearly demonstrated that highly 

purified preparations of chitosan do not elicit the production of pro-inflammatory 

cytokines including TNF-a, from BMDMs These observations are likely to be 

influenced in part by the relative purity and heterogeneity of the chitosan 

preparations used. Otterlei and colleagues evaluated the endotoxin context of 

their various chitosan preparations by the limulus amebocyte lysate (LAL) assay 

and obtained endotoxin levels that ranged from 0.24-190 pg/pg Thus, the 

possibility that endotoxin may be a contributing factor to these documented 

immunostimulatory effects cannot be discounted.
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Indeed, concerns have been raised recently regarding the description, or lack 

thereof, of the chitosan preparations used in published studies The current 

study aimed to characterise the response of BMDCs to a commercially available 

ultrapure chitosan chloride salt, Protasan UP CL213, derived from crustacean 

sources. Protasan UP CL213 had an approximate MW of 269kDa and 86% of the 

acetyl groups had been removed.

In the literature, chitosan has been described as safe and shown to induce very 

little cytotoxicity in a variety of different cell types The toxicity of chitosan is 

intimately linked to the charge density of the polymer, with more positively charged 

formulations associated with increased toxicity. The charge density of chitosan is 

determined by the degree of deacetylation of the polymer and the pH of the 

solution in which it is dissolved Furthermore, MW has also been found to 

influence the cytotoxic effects of chitosan, with this effect being most pronounced 

in preparations with a high DDA. In contrast, chitosan with a lower DDA displays 

reduced toxicity that is less related to the MW of the polymer ^^8-430 Results 

presented in this work demonstrate that chitosan with an approximate MW of 

269kDa and a DDA of 86% induces cell death at increasing concentrations in 

BMDCs in vitro. Furthermore, this was also confirmed using another viability dye 

PI to exclude the possibility of AQUA LIVE/DEAD binding to the surface of 

chitosan and interfering with the accuracy of the assay. PI accumulates in cells 

with compromised membranes suggesting chitosan induces a necrotic form of cell 

death; however the precise mechanism of cell death was not investigated further 

in this research.

To address the question of whether chitosan promoted the activation of DCs, firstly 

the ability of chitosan to induce DC maturation was studied. Chitosan was found

149



to strongly enhance the expression of the costimulatory molecule CD40 on the 

surface of BMDCs. In line with this, chitosan promoted an increase in CD80 and 

CD86 surface expression, albeit to a lesser extent than what was observed with 

CD40. Furthermore, incubation with chitosan increased the proportion of MHCcll 

expressing BMDCs. Together these results indicate that chitosan promotes a 

mature DC phenotype in vitro, frequently associated with T cell priming ability. 

This observation is in agreement with a recent publication reporting chitosan to 

function as an 'adjuvant-like substrate’ to enhance DC activation and anti-tumor 

immunity Intact upregulation of CD40 and CD86 in response to chitosan in 

BMDCs generated from the TLR4-defective C3H/HeJ mouse strain indicated that 

the mechanism of chitosan-induced DC maturation outlined here differs from that 

previously described in the literature, in which a role for TLR4 was proposed

Activated DCs display an enhanced capacity to secrete cytokines which function in 

a variety of processes including the polarisation of T cell responses 

Consequently, the ability of chitosan to promote cytokine secretion by BMDCs was 

assessed. In support of a publication documenting the inability of chitosan to 

promote pro-inflammatory cytokine secretion in BMDMs^®^, chitosan failed to 

induce secretion of IL-6, TNF-a and IL-12p40 by BMDCs. Interestingly, secretion 

of the chemokines CXCL10 and CCL5 in response to chitosan was observed, with 

CXCL10 expressed at higher levels than CCL5. Chitosan has been shown to 

promote the dose-dependent release of chemokines including CCL3 (MIP1a), 

CCL4 (MIP1P), CCL2 (MCP1) and CCL5 in BMDMs However, treatment of 

BMDMs with low MW hyaluronan, another polysaccharide, promotes the release 

of identical profile of chemokines As a result, it was proposed that chitosan- 

induced chemokine secretion may be as a consequence of general phagocytic
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activity or cell stress and not the result of a specific cell response to chitosan 

binding

CXCL10 production can be induced by type I IFN cytokines Accordingly, the 

capacity of chitosan to induce the type I IFNs family members 1FN(3 and IFNa was 

addressed by qPCR. Chitosan was found to promote the transcription of the type I 

IFN genes Ifnb and Ifna. Investigation into the kinetics of type I IFN induction in 

response to chitosan revealed that the earliest time point after which Ifnb 

transcripts could be detected was 9 h, with levels peaking after 24 h. In keeping 

with the literature, signalling through the TLR4-Trif axis by LPS induced Ifnb but 

not Ifna mRNA In contrast, delivery of Poly(dA:dT) into the cytosol of BMDCs 

via the transfection agent Lipofectamine 2000 stimulated robust induction of Ifna 

compared to Ifnb, but still in line with the literature, Poly(dA:dT) induced both Ifnb 

and Ifna This dsDNA analog is recognised by several DNA sensors including 

DAI in addition to being indirectly sensed by the RLR RIG-1 via RNA polymerase III 

Lipofectamine 2000 has been reported to induce the production of CXCL10 

in BMDCs in an IRF3-dependent manner However, in this work significant 

induction of Ifnb, Ifna or CxcHO in response to incubation with Lipofectamine 2000 

was not observed in BMDCs.

Chitosan-induced type I IFN production was observed to occur in two phases, an 

initial induction phase in which Ifnb transcripts are induced followed by an IFN 

feedback loop where large amounts of Ifnb and Ifna variants are expressed. In 

contrast to Ifnb, the induction of Ifna mRNA in response to chitosan was 

dependent on signalling through IFNAR and so it is likely that chitosan-induced 

Ifna transcription first requires priming by Ifnb. In line with the finding that chitosan 

induced the secretion of CXCL10 in BMDCs; CxcHO mRNA transcript induction by
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chitosan was confirmed by qPCR. Furthermore, the induction of Irf7, another 

classical IFN responsive gene was observed. CXCL10 was identified as an ISG 

induced in response to chitosan-mediated IFNp production as evidenced by the 

absence of CxcMO mRNA in IfnarV'' BMDCs treated with chitosan. This pattern of 

two phase kinetics is reminiscent of two step type I IFN induction described for 

both non DC and DC populations in response to viral infection ‘̂’,435,436 ^

notable difference however, is the lack of Ifna subtypes induced in the initial 

phase, which differs from the pattern observed in response to viral infection in DCs 

where multiple Ifna subtypes are induced This is likely due to the fact that 

chitosan-induced Ifnb induction is first required to prime Ifr7 responses before Ifna 

subtypes can be induced.

The finding that chitosan induces an IFN feedback loop no earlier than 9h after

stimulation to mediate the induction of type I IFNs and associated genes is in line

with a recent publication demonstrating delayed STAT1 activation and CXCL10

release in the human U937 macrophage cell line following treatment with chitosan.

STAT1 activation in response to chitosan was reported after 10 h and CXCL10

secretion detected after 24 h In the canonical type I IFN-induced signalling

pathway, STAT1 is activated following IFNAR engagement and forms the ISGF3

complex along with STAT2 and IRF9 to mediate the transcription of ISGs In

this study the DDA of chitosan but not the MW influenced the degree of STAT1

activation, with 80% deacetylated chitosan inducing STAT1 activation after 10 h,

but 98% deacetylated chitosan only capable of weakly inducing STAT1

phosphorylation after 24 h. An explanation for this effect was not elucidated, but it

was proposed to be independent of toxicity However, preliminary work carried

out by our group has found that highly deacetylated chitosan preparations are

extremely toxic to BMDCs. Furthermore, it is tempting to postulate that this
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delayed STAT1 activation and engagement of the IFN feedback loop by chitosan 

may in part explain the observation made by Bueter et al., that chitosan did not 

promote significant secretion of CCL5 by BMDMs after 6 ĥ ^®, CCL5 can be 

induced in response to type I IFNs and thus this may have been too early to detect 

significant induction of this chemokine as engagement of the IFN feedback loop 

would not have yet occurred.

Confirming that this response was not just limited to DCs, chitosan induced the 

robust transcription of Ifnb in BMDMs, with a higher threshold concentration 

required by these cells. A surprising result was encountered when studying the 

response of the immortalised cell lines, iBMDMs and RAW264.7 macrophages 

cells. While chitosan induced robust secretion of CXCL10 in iBMDMs this profile 

was not mirrored in RAW264.7 macrophages. RAW264.7 cells remained 

unresponsive to all concentrations of chitosan tested despite inducing robust 

secretion of CXCL10 to the controls LPS and IFN-y. Furthermore, the inability of 

chitosan to elicit IL-6 secretion was observed in these immortalised cell lines, 

further confirming the results obtained in BMDCs and the described literature

As highlighted previously, there are some concerns regarding contamination of 

chitosan preparations, in particular with endotoxin and nucleic acids The 

failure of chitosan to promote the secretion of inflammatory cytokines such as IL-6 

is a strong indicator that endotoxin contamination was not an issue in this setting, 

as LPS is a potent inducer of inflammatory cytokines The possibility of nucleic 

acid contamination was much more of a concern, in particular because nucleic 

acids are well known inducers of type I IFNs. In addition, it was demonstrated that 

the TLR9 activating properties of malarial hemozoin were a result of contaminating 

malarial DMA Evidence is presented to indicate that the induction of type I IFN
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and associated genes in response to chitosan was not the consequence of any 

potential contaminating DNA in the chitosan preparation. DNase l-mediated 

digestion of chitosan did not impair its ability to induce CxcHO transcription or 

secretion, but importantly abolished the ability of the dsDNA analog Poly(dA:dT) to 

induce CXCL10 secretion. Additionally, the lack of CXCL10 induction in response 

to chitosan in RAW264.7 macrophages would further support the conclusion that 

type I IFN induction in response to chitosan is not a consequence of non-specific 

contamination. The ability of chitosan to produce type I IFNs was further 

confirmed using Viscosan^'^, a highly purified medical grade chitosan with a 90% 

DDA and an approximate MW of 1200kDa (data not shown).

Since type I IFNs have been implicated in mediating the functional and phenotypic 

activation of DCs, the next question addressed was whether type I IFNs were 

important in the ability of chitosan to induce DC maturation. Indeed signalling 

through IFNAR was found to be essential for the ability of chitosan to enhance 

CD40 and CD86 expression on the surface of BMDCs, inferring that type I IFNs 

mediate the immunostimulatory effects elicited by chitosan. Type I IFN signalling 

has been implicated in dsRNA and LPS-induced DC maturation Consistent

with this, BMDCs generated from IfnarT'' mice upregulated CD40 and CD86 in 

response to the IFNAR-independent stimulus CpG, but not to Poly(l:C). A 

surprising observation made in this study was that LPS-induced maturation was 

IFNAR-independent. This may be due to the difference in mice strains used in this 

study and that published by Hoebe et al. The IfnarV^' mice used in the latter study 

were generated on a 129 background, whereas in this work the mice are on a 

C57BL/6 background. The 129 strain have been shown to harbour a mutation in 

the caspase-11 locus that attenuates capase-11 expression This is of
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relevance as LPS can promote non-canonical inflammasome activation via a 

TLR4-independent but caspase-11 dependent mechanism

Chitosan has been shown to promote the secretion of IL-1P in LPS-primed murine 

macrophage and DC populations 351,380,399 j|^jg peg,j|  ̂ replicated here, with

the secretion of IL-1|3 as well as another IL-1 family member IL-1a in response to 

chitosan-CpG documented in BMDCs. Type I IFNs have been reported to inhibit 

the activation of the NLRP1 and NLRP3 inflammasomes IL-1|3 secretion in

response to chitosan-CpG, but not alum-CpG was reduced in the absence of 

signalling through the type I IFN receptor. Depending on the cell type, type I IFN 

signalling is reported to regulate NLRP3-dependent production in two ways, 

NLRP3-mediated activation of caspase-1 can be repressed in a STAT1-dependent 

manner or alternatively the expression of pro-IL-1p and IL-1 a is reduced by type I 

IFN-induced IL-10 production The observation that chitosan-induced IL -ip  

was not elevated in IfnarT^' BMDCs would suggest that the mechanism by which 

chitosan activates the inflammasome is distinct from its ability to induce type I 

IFNs in DCs.

Engagement of the NLRP3 and AIM2 inflammasome results in cell death via two

different pathways: apoptosis and pyroptosis. Signal strength is proposed to

determine the pathway of cell death. For example cytosolic DNA, an activator of

the AIM2 inflammasome, induces apoptosis at lower concentrations while initiation

of pyroptosis has a higher threshold AIM2 inflammasome activation is

mediated by the recognition of DNA in the cytosol. Binding of DNA to the HIN

domain of AIM2 promotes the recruitment of ASC via homotypic pyrin domain

interactions. In response to low signal concentrations, the apoptotic initiator pro-

caspase-8 is recruited via the pyrin domain of ASC to modulate its activation. This

pathway culminates in the downstream cleavage of the executioner caspase-3 and
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apoptotic cell death. Conversely, at higher concentrations of activating stimuli, 

pro-caspase-1 molecules are recruited to ASC via CARD-CARD interactions, 

clustering of pro-caspase-1 molecules leads to their activation and the induction of 

pyroptosis A potential role for NLRP3 and inflammasome-mediated cell death 

in chitosan-induced type I IFN responses was explored, given the well 

documented observation that chitosan activates the NLRP3 inflammasome 

The ability of chitosan to promote IFNp secretion as well as DC maturation was 

unaffected in the absence of NLRP3. Surprisingly, chitosan-induced CXCL10 

secretion was compromised in the absence of NLRP3. However, it would appear 

that Nlrp3'^' BMDCs were also compromised in their ability to secrete CXCL10 in 

response to the NLRP3-independent control CpG, which mediates IFN(3 and 

CXCL10 secretion via TLR9. This would imply that there was more of a general 

defect rather than a chitosan-specific defect in CXCL10 secretion. Loss of AIM2 

inflammasome activation by genetic deletion of Asc, did not compromise the 

secretion of IFNp nor CXCL10 by chitosan. When taken together, these results 

would suggest that the ability of chitosan to promote type I IFN production and by 

extension DC activation does not involve NLRP3 inflammasome activation or the 

engagement of inflammasome-mediated cell death pathways. Furthermore, the 

observation of ASC-independent IFNp and CXCL10 secretion in BMDCs, would 

indicate that the lack of response to chitosan observed in RAW264.7 

macrophages was not a consequence of their documented lack of ASC expression

440,441

Gram-negative bacteria such as E.coli mediate non-canonical activation of 

caspase-1, a response that requires caspase-11 in addition to ASC and NLRP3. 

Specifically the hexa-acyl lipid A moiety of LPS from Gram-negative bacteria is 

sensed in an intracellular context Furthermore, sensing of Gram-negative
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bacteria mediates caspase-11-dependent cell death via pyroptosis. Type I IFNs 

have been shown to induce pro-caspase-11 expression'*^^'*'*^, but whether these 

cytokines have a role beyond capase-11 priming remains to be fully defined 

Given the ability of chitosan to induce type I IFNs, the possibility that caspase-11 

was involved in chitosan-mediated inflammasome activation was explored. In the 

absence of caspase-11, IL-1(3 secretion in response to chitosan-CpG was not 

compromised, indicating that inflammasome activation in response to chitosan 

was independent of the non-canonical inflammasome pathway activated in 

response to Gram-negative bacteria.

Type I IFNs were shown to be crucial in chitosan-induced DC maturation, 

consequently a role for caspase-11 in this response was investigated. CD40 and 

CD80 MFI values were comparable between WT and Caspase-11'^' BMDCs, 

inferring that chitosan-induced DC maturation and by extension chitosan-induced 

type I IFN production were not modulated by caspase-11. Interestingly, Caspase- 

11' '̂ BMDCs were slightly compromised in their ability to upregulate expression of 

CD40 and CD80 in response to LPS but not CpG. As outlined earlier, LPS- 

induced DC maturation was reported to be IFNAR-dependent in SvJ mice'*^” , 

which unlike C57BL/6 mice lack caspase-11 expression Therefore it was 

plausible to speculate that caspase-11 may contribute to LPS-induced DC 

maturation. The modest reduction in LPS-induced CD40 and CD80 expression in 

Caspase-11'^' DCs may point to a partial role for caspase-11, however, it is clear 

that alternative mechanism(s) exist by which LPS promotes the maturation of DCs 

independent of IFNAR and caspase-11.

In conclusion, this chapter illustrates the ability of chitosan to promote the 

activation of BMDCs in vitro, a process characterised by the upregulation of 

maturation markers and the expression of type I IFNs and associated genes.
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Signalling through the type I IFN receptor, IFNAR is required for chitosan to 

mediate DC activation. Furthermore, the mechanism by which chitosan promotes 

type I IFN production is distinct from its ability to activate the inflammasome.
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Chapter 4

Investigating the mechanism of 

chitosan-induced type I IFN production



4.1. Introduction

Until relatively recently particulate adjuvants such as alum were thought to function 

primarily as depots prolonging exposure of vaccine antigens to the immune 

system. As the field of adjuvant research has progressed, so too has our 

understanding of how particulate adjuvants function to mediate adjuvanticity. It is 

now appreciated that the ability of particulate adjuvants to modulate innate 

immune responses is key to their adjuvant properties 299,444-447 jq  advance a 

mechanistic understanding of adjuvanticity and provide a basis for developing 

improved systems, defining the innate receptors and signalling pathways utilised 

by particulate adjuvants is essential In the case of alum, recognition by innate 

immune cells is proposed to be receptor-independent and mediated by interaction 

with plasma membrane lipids, thereby initiating Syk-PI3K signalling

The possibility that chitosan is recognised by a specific receptor(s) mediating 

phagocytosis has been suggested in the literature Chitin is the parent 

compound of chitosan, and while no specific receptor for chitin has been reported, 

a number of chitin-binding proteins have been described. These include Regllly 

(HIB/PAP) a CLR expressed on neutrophil-like Paneth cells of the small intestine, 

FIBCD1, a calcium-dependent acetyl group binding protein also expressed in the 

gastrointestinal tract, NKR-PI an activating receptor on rat NK cells and Galectin-3 

a lectin with an affinity for (3-galactosides. Furthermore, the innate immune 

receptors TLR2 , Dectin-1 and the mannose receptor have been implicated in 

mediating a range of immune responses to chitin and its derivates Mora- 

Montes and colleagues demonstrated that Dectin-1 was required for recognition of 

ultrapurified chitin In a contrasting study, TLR2 was reported to be involved in 

chitin sensing in keratinocytes Da Silva et al., assigned a role for this same
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receptor in chitin-induced IL-17A and IL-17AR expression in peritoneal 

macrophages Finally, TLR2, Dectin-1 and the mannose receptor were later 

implicated in mediating chitin-induced TNF-a and IL-10 production in a follow up 

study

Interestingly, the CLRs Dectin-1 and Dectin-2 mediate the production of type I IFN 

in response to the fungal pathogen Candida albicans and p glucan particles 

An another important class of PRRs involved in mediating TLR-independent 

production of type I IFNs are the cytosolic sensors that respond to pathogen or 

self-derived nucleic acids.

Recently nucleic acid sensing has been proposed to underlie the efficacy of a 

number of widely employed vaccines A range of nucleic acid sensors have 

been identified, including the RLR family of PRRs which mediate type I IFN 

production in response to RNA species, these members include RIG-1 and MDA-5 

Furthermore dsDNA is indirectly sensed by RIG-1 via the DNA-dependent RNA 

polymerase III The identification of PRRs involved in the sensing of cytosolic 

DNA has been the subject of intense research in the last few years with a variety 

of DNA sensors identified; including DAI, RNA polymerase III, the DExD/Hbox 

helicases (DDX41, DHX9, and DHX39) and IFI16. These sensors however 

display cell-type specificity, thus there was some confusion in the field regarding 

the relative importance and contribution of these individual sensors to cytosolic 

DNA sensing Clarity was attained by the discovery of the DNA sensing enzyme 

cGAS^°'* which displays broad cell distribution cGAS lies upstream of the 

adaptor STING and catalyses the synthesis of 2’3’-cGAMP in response to DNA 

binding, 2’3’-cGAMP subsequently binds to and activates STING STING 

functions as a critical adaptor molecule in mediating the induction of type I IFN in
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response to cytosolic DNA by directing the activation of the transcription factors 

NFkB and IFNR3 via the kinases IKK and TBK1 Bacterial CDN signalling 

molecules: including c-di-GMP and c-di-AMP also function as direct ligands for 

STING^°^ leading to a gene induction profile that is similar to that observed in 

response to DNA Interestingly, STING is proposed to be activated in response 

to the fusion of viral envelopes with target host cells in a novel innate immune 

detection pathway described by the authors Holm et at. The outcome of this 

pathway is the selective induction of type I IFN and ISGs by a STING-dependent 

but nucleic acid-independent mechanism

With the crucial role nucleic acid sensing is thought to play in mediating the 

efficacy of certain vaccines, the identification of adjuvants which can trigger these 

pathways to induce protective adaptive immunity would be of considerable interest 

to the field of adjuvant research.
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4.2. Aims

The previous chapter identified a crucial role for type I IFNs in mediating the 

activation of DCs by chitosan. The adjuvant properties of type I IFNs are well 

recognised, in particular their ability to induce cell-mediated immunity 

Consequently, this chapter set out to define the mechanism by which chitosan 

elicits the production of type I IFN by BMDCs. To do this the following aims were 

addressed;

• To determine if a specific receptor(s) on the surface of DCs was involved in 

chitosan recognition and the subsequent induction of type I IFN.

• To investigate the role of the cGAS-STING DNA sensing pathway in 

chitosan-induced type I IFN production

• To define the mechanism by which chitosan activates cGAS-STING- 

dependent type I IFN production.
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4.3. Results

4.3.1. Uptake by BMDC is important for chitosan-mediated type I IFN 

production.

Chitosan and its parent compound chitin are readily phagocytosed by BMDMs 

To ascertain if chitosan was taken up by BMDCs, flow cytometry was used to 

quantitatively examine the uptake of FITC-conjugated chitosan in these cells. To 

distinguish between surface bound and internalised chitosan-FITC, trypan blue 

was used to quench external FITC fluorescence. The addition of trypan blue 

immediately before sample acquisition completely quenched the fluorescence of 

FITC-labelled chitosan in this setting (Figure 4.1a). Incubation of BMDCs with 

increasing concentrations of chitosan-FITC led to a substantial increase in the 

percentage of FITC positive cells after 6 h. However, the addition of trypan blue 

immediately before sample acquisition led to a marked decrease in the number of 

FITC-positive cells (Figure 4.1b). As a control BMDCs readily phagocytosed Nile 

Red fluorescent polystyrene particles (540nm in size) (Figure 4.1c). Importantly, 

following trypan blue quenching, a significant increase in the percentage of 

chitosan-FITC positive cells compared to cells incubated with medium alone was 

observed (Figure 4.1 d). As expected, a significant increase in the number of Nile 

Red-positive cells compared to medium-treated cells was also documented 

(Figure 4 .Id). To further verify that chitosan was internalised by cells, BMDCs 

incubated with chitosan-FITC for 6 h were stained with cholera toxin B which binds 

to cell membranes and DAPI which labels the nuclei of cells. Chitosan was clearly 

identified within cells (Figure 4.2).
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To determine if uptake of chitosan-FITC by BMDCs was mediated by 

phagocytosis, BMDCs were treated with cytochalasin D, a broad inhibitor of 

phagocytosis, 40 min prior to the addition of chitosan-FITC. Incubation with 

cytochalasin D greatly reduced the uptake of chitosan-FITC by BMDCs (Figure 

4.3). Cell death was comparable between untreated and cytochalasin D treated 

cells indicating that treatment with cytochalasin D was not killing the cells (data not 

shown).

Phagocytosis was shown to be required for chitosan to activate the NLRP3 

inflammasome, suggesting that uptake was important for its immunostlmulatory 

effects Consequently, the importance of phagocytosis in chitosan-induced 

type I IFN production was addressed. The ability of chitosan to promote the 

transcription of Ifnb and CxcHO mRNA after 24 h was compromised in the 

absence of uptake. As controls, BMDCs were transfected with Poly(dA:dT) for 6 h 

and importantly, the induction of Ifnb and CxcHO in response to Poly(dA:dT) was 

not impaired following the inhibition of phagocytosis. In fact, Poly(dA:dT)-induced 

Ifnb was increased in cells treated with cytochalasin D compared with untreated 

cells (Figure 4.4a, b).
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Figure 4.1. Chitosan is phagocytosed by BIVIDCs. BMDCs were incubated with 
medium, chltosan-FITC (2, 4 and 8 |jg/ml) and 540nm Nile Red polystyrene 
particles (100 pg/nil) for 6 h. Uptake was assessed by flow cytometry and the 
percentages of FITC-positive cells were determined before and after trypan blue 
quenching. In the upper panel of (a) as a control, BMDCs were treated with 1 
mg/ml chitosan-FITC immediately before sample acquisition and FITC 
fluorescence quenched by the addition of trypan blue (0.04%). Uptake of PS 
particles was quantitated as percentage of Nile Red positive cells, (a), (b), and (c) 
Results are representative of two independent experiments (d) Results expressed 
as mean ±SEM of two independent experiments, Medium v treatment, **p<0.01,
***p<0.001.
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Figure 4.2. Chitosan is phagocytosed by BMDCs. BMDCs were incubated with 
medium and chitosan-FITC (4 |jg/ml) for 6 h. Cells were subsequently washed 
and cell membranes stained with fluorescent cholera toxin B (red) and nuclei 
stained with DAPI (blue) followed by analysis by confocal microscopy. Cells were 
visualized by confocal microscopy, scale bar 30|jm. Results are representative of 
two independent experiments.
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Figure 4.3. Uptake of chitosan-FITC by BMDCs requires actin polymerisation.
BMDCs were incubated with medium or cytochalasin D (5|jIV1) 40 min prior to the 
addition of chitosan-FITC (2, 4 |jg/ml). Uptake of chitosan was assessed by flow 
cytometry after 6 h and the percentage of FITC-positive cells was determined after 
trypan blue quenching. Results present data from one experiment.
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Figure 4.4. The ability of chitosan to promote the transcription of Ifnb and 
CxcllO is compromised in the absence of uptake by the cell. BMDCs were 
pre-incubated with medium (white bars) or cytochalasin D (5pM) (black bars) 40 
min prior to the addition of chitosan (2, 4, 8 jjg/ml) for 24 h. As a control, cells 
were transfected with Poly(dA:dT) (5pg/ml) and RNA harvested after 6 h. mRNA 
levels were calculated by qPCR with respect to p-actin and results presented 
relative to those of untreated cells. Results are expressed as the mean ±SD of 
triplicate samples and are representative of two independent experiments. 
Treatment v treatment + cytochalasin, D, *p<0.05, **p<0.01, ***p<0.001.
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4.3.2. Dectin-1 is not required for uptake of chitosan by BMDCs

The observation that chitosan was readily phagocytosed suggested that it may be 

recognised via specific receptor(s) mediating phagocytosis. A receptor(s) for 

chitosan has yet to be definitively identified The CLR Dectin-1 has been

implicated in mediating a range of immune responses to chitin and its derivatives 

Given the relationship between chitosan and chitin, a potential role for Dectin- 

1 in the recognition of chitosan by BMDCs was explored. Engagement of Dectin-1 

can induce phagocytosis, thus the role of Dectin-1 in the phagocytosis of chitosan 

was first investigated.

To assess whether chitosan was internalised in the absence of Dectin-1, BMDCs 

generated from WT and Dectin-T'' mice were incubated with increasing 

concentrations of chitosan-FITC and after 6 h were stained with the membrane 

stain cholera toxin B and DAPI. Chitosan was clearly identified within both WT 

and Dectin-1'^' BMDCs (Figure 4.5). The uptake of chitosan-FITC by Dectin-V'' 

BMDCs was subsequently quantified by flow cytometry. Following trypan blue 

quenching, higher percentages of Dectin-1'' BMDCs were positive for chitosan- 

FITC compared to their WT counterparts (Figure 4.6). A similar trend was 

observed for polystyrene particles where after 6 h of incubation, a higher 

percentage of Nile Red positive Dectin-1‘' BMDCs was detected than in the case 

of WT BMDCs (Figure 4.6a, b). While this increase was consistently observed 

across two independent experiments, it did not reach significance (Figure 4.6b).
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WT

Dectin-1-^-

Figure 4.5. Chitosan is phagocytosed in the absence of dectin-1. BMDCs 
from WT and Dectin-f'' mice were incubated with medium or chitosan-FITC (4 
|jg/ml) for 6 h. Cells were subsequently washed and cell membranes stained with 
fluorescent cholera toxin B (red) and nuclei stained with DAPI (blue). Cells were 
visualized by confocal microscopy, scale bar 30|jm. Results are representative of 
two independent experiments
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Figure 4.6. The uptake of chitosan by BMDCs is independent of Dectin-1.
BMDCs from WT and Dectin-1'' mice were incubated with medium, chitosan-FITC 
(2, 4 pg/ml) and 540nm Nile Red polystyrene particles (100 pg/ml) for 6 h. Uptake 
was assessed by flow cytometry and the percentage of FITC-positive cells was 
determined after trypan blue quenching, (a) Results are representative of two 
independent experiments (b) Results expressed as mean ±SEM of two 
independent experiments.
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4.3.3. The induction of type I IFNs by low concentrations of chitosan requires 

Dectin-1 and Syk

Recently IFNp production by DCs in response to Candida albicans was shown to 

be largely dependent on Dectin-1 and Dectin-2-Syk mediated signalling 

Consequently, a role for Dectin-1 and Dectin-2 in chitosan-induced type I IFN 

production was investigated. At low concentrations of chitosan (1-4 the

production of Ifnb and Ifna was compromised in the absence of Dectin-1 (Figure 

4.7a, Figure 4.8a). To assess the role of Dectin-2 in chitosan-induced Ifnb and 

Ifna production, BMDCs were pre-incubated with a blocking anti-Dectin-2 antibody 

(clone D2.11E4) or isotype-matched control antibodies 2 h prior to the addition of 

chitosan. Antibody-mediated blockade of Dectin-2 led to a reduction in the levels 

of Ifnb mRNA, but this was not significant compared to isotype-matched control. 

Although LPS-induced Ifnb transcription was modest, this was not affected by 

either the absence of Dectin-1 or following Dectin-2 blockade (Figure 4.7b). 

Similarly, the induction of Ifna by chitosan was not compromised following 

treatment with D2.E114 (Figure 4.8b). Complete blockade of both CLRs by 

treatment of Dectin-T'' BMDCs with the anti-Dectin-2 antibody D2.11E4 did not 

decrease the induction of Ifna or Ifnb further (Figure 4.7c, Figure 4.8c).

Engagement of Dectin-1 and Dectin-2 results in the recruitment of Syk to facilitate 

intracellular signalling events A role for Syk in chitosan-induced IFN|3 

production was therefore investigated. WT BMDCs were incubated with 

increasing concentrations of the Syk inhibitor piceatannol 40 min prior to the 

addition of various adjuvants. At lower concentrations of piceatannol (5[j M) the 

secretion of IFNp in response to chitosan and CpG was unaffected (Figure 4.9a). 

However, the secretion of IFNp in response to low concentrations of chitosan (1-2
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|jg/ml) was compromised in BMDCs Incubated with piceatannol at 25|jl\/l. The 

requirement for Syk was overcome at concentrations of 4[jg/ml and above (Figure 

4.9b). The secretion of IFN|3 in response to curdlan, while modest was reduced 

following Inhibition of Syk at both concentrations of piceatannol (Figure 4.9a, b). It 

was noted however, that CpG-induced secretion of IFNp was decreased in the 

presence of higher concentrations of piceatannol (Figure 4.9b).
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Figure 4.7. At low adjuvant concentrations the induction of Ifnb in response 
to chitosan is impaired in the absence of dectin-1 and dectin-2, with dectin-1 
mediating a dominant role in this effect. qPCR analysis of Ifnb mRNA in (a) 
WT and dectin-1'^' BMDCs stimulated with medium, chitosan (1-8 |jg/ml) for 24 h 
and LPS (10 ng/ml) for 1 h.(b) WT BMDCs pre-incubated with blocking anti-dectin- 
2 antibodies (clone D2.11E4) (10 |jg/ml) (WT -t-D2.il E4) or isotype-matched 
control antibodies (10 pg/ml) 2h prior to treatment with chitosan and LPS as 
described in (a) (c) WT and dectin-l '' BMDCs pre-incubated with isotype-matched 
control antibodies and D2.11E4, respectively. BMDCs were subsequently treated 
2 h later with chitosan and LPS as outlined in (a). Gene induction was calculated 
with respect to (3-actin. Results are expressed as the mean ±SD of samples in 
triplicate and are representative of two independent experiments. Treatment (WT) 
V treatment {dectin-T'\ WT-I-D2.11E4, dectin-1'^ + D2.11E4), **p<0.01, ***p<0.001.
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Figure 4.8. At low chitosan concentrations the induction of Ifna is impaired 
in the absence of dectin-1. qPCR analysis of Ifna mRNA in (a) WT and dectin-1' 
'' BMDCs stimulated with medium, chitosan (1-8 [jg/ml) for 24 h or LPS (10 ng/ml) 
for 1 h.(b) WT BMDCs pre-incubated with D2.11E4 (10 pg/ml) or isotype-matched 
control antibodies (10 pg/ml) 2h prior to treatment with chitosan and LPS as 
described in (a) (c) WT and dectin-T’' BMDCs pre-incubated with isotype-matched 
control antibodies and D2.11E4, respectively. BMDCs were subsequently treated 
2 h later with chitosan and LPS as outlined in (a). Gene induction was calculated 
with respect to p-actin. Results are expressed as the mean ±SD of samples in 
triplicate and are representative of two independent experiments. Treatment (WT) 
V treatment (decf/n-7 ^  WT+D2.11E4, dectin-V^~+ D2.11E4), *p<0.01, ***p<0.001.
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Figure 4.9. Syk is required for the secretion of IFNp in response to low 
concentrations of chitosan. BMDCs were treated with medium (white bars) or 
piceatannol (5|jM and 25|jM) (black bars) for 40 min prior to the addition of 
chitosan (1, 2, 4 and 8 mq/ itiI). CpG (4 |jg/ml) and curdlan (10 MQ/nil). After 24 h 
supernatants were harvested and the concentration of cytokine was measured by 
ELISA. Results represent the mean ±SD of samples in triplicate and are 
representative of two independent experiments Treatment (control) vs Treatment 
(inhibitor), *p<0.05, **p<0.01, ***p<0.001.
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4.3.4. The upregulation of CD40 by low concentrations of chitosan is 

dependent on Dectin-1.

In section 3.3.8., signalling through IFNAR was shown to be required for the ability 

of chitosan to enhance the expression CD40 and CD86 by BMDCs. Based on the 

observation that chitosan-induced type I IFN responses were reduced in the 

absence of Dectin-1, a role for this receptor in chitosan-induced DC maturation 

was investigated. Interestingly, the upregulation of CD40 in response to low 

concentrations of chitosan (1-4 (jg/ml) was compromised. However, the 

requirement for Dectin-1 was overcome at higher concentrations of chitosan (8-16 

|jg/ml) (Figure 4.10a). CD40 upregulation by the TLR ligands Pam3CSK4, 

Poly(l;C), LPS and CpG was comparable between wild type and Dectin-1'^' 

BMDCs. The upregulation of CD40 in response to the dectin-1 ligand curdlan was 

reduced in the absence in Dectin-V^'BMDCs compared to WT cells (Figure 4.10b)
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Figure 4.10. The upregulatlon of CD40 by low concentrations of chitosan is 
compromised in the absence of dectin-1. BMDCs from WT and Dectin-T'' mice 
were left untreated (shaded histogram) or incubated (a) chitosan (1-16 |jg/ml), (b) 
Pam3CSK4 (10 |jg/ml), Poly(l:C) (10 |jg/ml), LPS (10 ng/ml), CpG (4 pg/ml) and 
curdlan (10 pg/ml) for 24 h. Cells were analysed for expression of CD40 by flow 
cytometry. Immunofluorescence is shown for treated cells (black line) compared 
to untreated cells (shaded histograms). MFI are shown for each treatment (black) 
compared to control MFI value (grey). Results present data from one experiment.
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4.3.5. Inflammasome activation by chitosan-CpG is independent of Dectln-1.

(3-glucans have been shown to activate NLRP3-dependent secretion of IL -ip  in 

murine DCs by a mechanism dependent on Dectin-1 and complement receptor 3 

(CR3), an integrin receptor implicated in p-glucan recognition The possibility 

that Dectin-1 was involved in chitosan-induced NLRP3 inflammasome activation 

was subsequently explored. However, it was observed that secretion of IL-1|3 in 

response to chitosan-CpG was comparable between WT and Dectin-1'^' BMDC, 

implying that chitosan-induced inflammasome activation was independent of 

Dectin-1, In contrast, the production of IL-1(3 in response to curdlan was 

significantly impaired in the absence of Dectin-1 (Figure 4.11).
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Figure 4.11. The ability of chitosan to promote the secretion of IL-1P by 
BMDCs is independent of dectin-1. BMDCs from WT and dectin-1'^' mice were 
incubated with medium, chitosan (2 pg/ml) in combination with CpG (0.4 pg/ml and 
4 |jg/ml) or curdlan (10 pg/mO- After 24 h, supernatants were harvested and the 
concentration of cytokine was measured by ELISA. Results represent the mean 
±SD of samples in triplicate and are representative of two independent 
experiments Treatment (WT) vs Treatment {Dectin-1'^'), *p<0.05, ***p<0.001.
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4.3.6. STING is required for chitosan-induced IFN responses in BMDCs.

The induction of type I IFN in response to chitosan did not exclusively depend on 

Dectin-1. Type I IFN production can be mediated by the engagement of a range of 

other PRRs, in particular by intracellular nucleic acid sensors. STING has been 

identified as a central player in mediating type I IFN induction in response to 

cytosolic DNA, with a number of intracellular type I IFN activating pathways 

converging at the level of STING As a consequence, it was tempting to 

hypothesize that chitosan may be engaging with this adaptor to mediate type I IFN 

production. In support of this hypothesis, BMDCs generated from Sting'^' mice 

were no longer capable of inducing the transcription of Ifnb and Ifna mRNA in 

response to all concentrations of chitosan tested after 9 h and 24 h (Figure 4.12a, 

b). BMDCs generated from Sting'^' mice were still capable of inducing the 

transcription of Ifnb in response to LPS, albeit to a lesser extent than in WT cells 

(Figure 4.12d). In line with this, the induction of CxcllO mRNA in response to 

chitosan was abrogated in the absence of STING (Figure 4.12c). Importantly, LPS- 

induced CxcUO transcription was preserved in Sting'' BMDCs (Figure 4.12e). The 

absolute requirement for STING in chitosan-induced type I IFN production was 

then confirmed at the protein level, with the secretion of IFNp and CXCL10 in 

response to chitosan but not LPS abolished in the absence of STING (Figure 

4.13a, b).
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Figure 4.12. STING is required for chitosan-induced type I IFN responses.
Expression of mRNA encoding (a) IFNp (Ifnb), (b) IFNa {Ifna) and (c) CXCL10  
(CxcHO) by W T  or Sting'^' BMDCs stimulated for the indicated times with medium, 
chitosan (2-8 |jg/ml) for 9 h or 24 h. As controls, the expression of Ifnb and CxcHO 
mRNA in W T  and Sting'^' BMDCs incubated with LPS (10 ng/ml) for (d) 1 h or (e) 4 
h. mRNA levels calculated by qPCR with respect to (3-actin and results presented 
relative to those of untreated cells. Data are expressed as the mean ±SD of 
samples from two independent experiments. Treatment (W T) v treatment {Sting'^' 
), *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.13. The ability of chitosan to promote IFNp and CXCL10 secretion 
by BMDCs requires STING. BMDCs from WT and Sting'' mice were incubated 
with medium, the indicated concentrations of chitosan (2-8 |jg/nnl) and LPS (10 
ng/ml). Levels of (a) IFNp and (b) CXCL10 in supernatants were determined by 
ELISA 24 h later. Results are expressed as the mean ±SD for triplicate samples 
and are representative of two independent experiments. Treatment (WT) v 
treatment {Sting ' ), *p<0.05, **p<0.01, ***p<0.001
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4.3.7. Chitosan-induced upregulation of CD40 and CD86 expression on 

BiVIDCs is dependent on STING.

To further implicate STING in chitosan-induced type I IFN responses, the ability of 

chitosan to promote DC maturation in the absence of STING was investigated. 

Chitosan-mediated enhancement of CD40 surface expression was absent in Sting 

''' BMDCs. However, Sting'^' BMDCs were capable of upregulating CD40 surface 

expression in response to the TLR ligands Pam3CSK4, Poly(l:C), LPS and CpG 

(Figure 4.14a). This trend was also reflected in CD40 MFI values (Figure 4.14b). 

In a similar fashion, there were a decreased proportion of Sting'^' BMDCs 

expressing CD86 following treatment with chitosan but not with TLR ligands when 

compared to WT BMDCs (Figure 4.15a). This trend was further reflected in CD86 

MFI values (Figure 4.15b).
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Figure 4.14. Chitosan-induced upregulation of CD40 is dependent on STING.
(a) WT and Sting''' BMDCs were left untreated (shaded histogrann) or incubated 
with chitosan (1-16 |jg/ml), Pam3CSK4 (10 MQ/mi), Poly(l:C) (10 |jg/ml), LPS 
(lOng/ml) and CpG (4|jg/ml) for 24 h. Cells were analysed for expression of CD40 
by flow cytometry. Immunofluorescence is shown for treated cells (black line) 
compared to untreated cells (shaded histograms) Data are representative of two 
independent experiments (b) CD40 expression represented as MFI in WT and 
Sting'^' BMDCs treated for 24 h with chitosan, LPS or CpG. Results are expressed 
as the mean ± SEM of two independent experiments. Treatment (WT) v treatment 
(Sting-^-), *p<0.05.
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Figure 4.15. Chitosan-induced upregulation of CD86 is dependent on STING.
WT and Sting'^' BMDCs were left untreated (shaded histogram) or incubated with 
chitosan (1-16 MQ/ml). Pam3CSK4 (10 |jg/nii), Poly(l:C) (10 Mg/ml). LPS (10 ng/ml) 
or CpG (4 |jg/ml) for 24 h. Cells were analysed for expression of CD86 by flow 
cytometry. Immunofluorescence is shown for treated cells (black line) compared 
to untreated cells incubated with medium (shaded histograms) Data are 
representative of two independent experiments (b) CD86 expression represented 
as MFI in WT and Sting'^' BMDCs treated for 24 h with chitosan, LPS or CpG. 
Results are expressed as the mean ± SEM of two independent experiments. 
Treatment (WT) v treatment (Sting'^'), *p<0.05, ***p<0.01.
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4.3.8. STING is not required for inflammasome activation and secretion of iL- 

1|3 in response to chitosan- CpG.

Results presented In this work so far suggest that the ability of chitosan to induce 

the production of type I IFNs is independent of its ability to activate the 

inflammasome. To further confirm this hypothesis the role of STING in chitosan- 

CpG-induced IL -ip  secretion was subsequently addressed. In line with previous 

observations, inflammasome activation in response to chitosan-CpG remained 

intact in the absence of STING, with the levels of IL-1(3 comparable between WT 

and Sting'^' BMDCs (Figure 4.16a). Similarly, WT and Sting'^' BMDCs responded in 

an identical fashion to LPS in combination with Poly(dA;dT) or alum (Figure 

4.16b).
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Figure 4.16. The ability of chitosan to promote the secretion of IL-ip by 
BMDCs is independent of STING. BMDCs from WT and Sting' '̂ mice incubated 
with medium, CpG (0.04 pg/ml, 0.4 |jg/ml and 4 |jg/ml) alone or in combination 
with chitosan (2 |jg/ml). As controls, BMDCs were incubated with LPS (10 ng/ml) 
alone or in combination with alum (100 ijg/ml) or Poly(dA:dT) (5 pg/ml). Levels of 
IL-ip in supernatants were determined after 24 h by ELISA. Results are 
expressed as the mean ±SD for triplicate samples and are representative of two 
independent experiments. TLR agonist + adjuvant v TLR agonist alone, *p<0.05,
**p<0.01, ***p<0.001.
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4.3.9. cGAS is required for chitosan-induced type I IFN production in 

BMDCs.

This research then progressed to Identify what components upstream of STING 

were involved in mediating the activation of the chitosan-STING-type I IFN 

pathway. The enzyme cGAS has been identified as the main DNA sensor 

upstream of STING The possibility that chitosan engaged the DNA-sensing 

cGAS-STING pathway was therefore explored using cGas^' BMDCs. Strikingly, 

the induction of Ifnb mRNA in response to chitosan was fully dependent on cGAS 

(Figure 4.17a). In keeping with this, CxcHO expression in response to chitosan 

was abrogated in cGas^' BMDCs (Figure 4.17b). In contrast, LPS-induced 

expression of both Ifnb and CxcHO mRNA remained intact in cGas'^' BMDCs 

(Figure 4.17c, d).

Furthermore, the secretion of IFN-p and CXCL10 in response to chitosan was 

compromised in the absence of cGAS. The secretion of IFN-P in response to CpG 

was decreased in the absence of cGAS, however CpG-induced CXCL10 secretion 

was comparable between WT and cGas''" BMDCs (Figure 4.18a, b).
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Figure 4.17. The transcription of Ifnb and CxcHO in response to chitosan is 
dependent on the DNA sensor cGAS. Expression of mRNA encoding (a) IFN(3 
(Ifnb) and (b) CXCL10 (CxcHO) by WT or cGAS'^- BMDCs stimulated for the 
indicated times with medium, chitosan (2-8 pg/ml) for 9 h or 24 h. As controls, the 
expression of Ifnb and CxcHO mRNA in WT and cGAS'^' BMDCs incubated with 
LPS (10 ng/ml) for (c) 1 h or (d) 4 h. mRNA levels calculated by qPCR with 
respect to (3-actin and results presented relative to those of untreated cells. Data 
are expressed as the mean ±SD of samples in triplicate and are representative of 
two independent experiments. Treatment (WT) v treatment {cGas'^'), *p<0.05,
***p<0.001.
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Figure 4.18. The secretion of IFNP and CXCL10 in response to chitosan is 
abolished in the absence of cGAS. BMDCs from WT and cGas'' mice were 
incubated with medium or the indicated concentrations of chitosan (2, 4 and 8 
|jg/ml) or CpG (4 |jg/ml). Levels of (a) IFN|3 and (b) CXCL10 in 24 h supernatants 
were determined by ELISA. Results are expressed as the mean ±SD for triplicate 
samples and are representative of two independent experiments. Treatment (WT) 
V treatment {cGas ), *p<0.05, ***p<0.001
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4.3.10. Chitosan-induced upregulation of CD40 and CD86 is dependent on 

cGAS

Results in the previous section suggested an indispensable role for cGAS in 

nnediating type I IFN production in response to chitosan. Here, it was found that 

the ability of chitosan to promote the upregulation of CD40 was compromised in 

cGas'' BMDCs (Figure 4.19a). Likewise, chitosan failed to promote an increase in 

the percentage of CD86 expressing cells in the absence of cGAS (Figure 4.20a). 

Notably, the upregulation of CD40 and CD86 in response to Pam3CSK4, 

Poly(l:C), LPS and CpG was maintained in cGas^' BMDCs (Figure 4.19b, Figure 

4.20b).
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Figure 4.19. Chitosan-induced upregulation of CD40 requires the DNA 
sensor cGAS. CD40 expression as analysed by flow cytometry in WT and cGAS 
''' BMDCs left untreated (shaded histogram) or stimulated with (a) chitosan (1-16 
|jg/ml),(b) Pam3SCK4 (10 |jg/ml). Poly(l:C) (10 \ jgM),  LPS (10 ng/ml) or CpG (4 
jjg.ml) for 24 h. Cells were analysed for expression of CD40 by flow cytometry. 
Immunofluorescence is shown for treated cells (black line) compared to untreated 
cells (shaded histograms). MFI are shown for each treatment (black) compared to 
control MFI value (grey). Results present data from one experiment.
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Figure 4.20. The upregulation of CD86 expression in response to chitosan 
requires cGAS. CD86 expression as analysed by flow cytometry in WT and 
cGAS'̂ ' BMDCs left untreated (shaded histogram) or stimulated with (a) chitosan 
(1-16 Mg/ml), (b) Pam3CSK4 (10 Mg/ml). Poly(l:C) (10 |jg/ml), LPS (10 ng/ml) or 
CpG (4 Mgml) for 24 h. Cells were analysed for expression of CD86 by flow 
cytometry. Immunofluorescence is shown for treated cells (black line) compared 
to untreated cells incubated with medium (shaded histograms). MFI are shown for 
each treatment (black) compared to control MFI value (grey). Results present 
data from one experiment.
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4.3.11. Chitosan enhances mitochondrial ROS production, an action 

necessary for the secretion of type I IFNs.

Mitochondrial stress has been shown to trigger the release of mitochondrial DNA 

into the cytosol, to culminate in the induction of innate inflammatory responses, 

such as inflammasome activation or the activation of cGAS-STING-dependent 

signalling The generation of mitochondrial ROS is indicative of

mitochondrial stress.

It was speculated that chitosan may be inducing some degree of mitochondrial 

stress, sufficient to induce the production of ROS. The mitochondrial-specific ROS 

indicator MitoSOX was used to selectively detect superoxide in the mitochondria of 

live cells after stimulation with chitosan. Rotenone, the mitochondrial complex I 

inhibitor, known to induce the accumulation of ROS'*^^ was used as a positive 

control and as expected promoted an increase in MitoSOX fluorescence. A similar 

enhancement in MitoSOX fluorescence was seen in BMDCs incubated with 

chitosan. The production of mitochondrial-specific ROS was observed as early as 

3 h following treatment, and sustained up to 24 h (Figure 4.21).

Mitochondrial ROS has been reported to positively regulate RLR-mediated type I 

IFN production Consequently, it was postulated that chitosan-induced

mitochondrial ROS might be important for the subsequent induction of type I IFN. 

To this end, BMDCs were pre-treated with the mitochondria-targeted antioxidant, 

MitoTEMPO, 40 min prior to the addition of chitosan, LPS or CpG. Interestingly, 

pre-incubation with MitoTEMPO at a concentration of lOOpM suppressed chitosan- 

induced IFN(3 but not CXCL10 secretion. The secretion of IFNp and CXCL10 in 

response to LPS or CpG remained unaffected by pre-treatment with MitoTEMPO 

at this concentration (Figure 4.22a). When a higher concentration of MitoTEMPO
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(500|jM) was used, chitosan-induced IFNp and CXCL10 secretion were both 

inhibited. In the case of IFNp secretion, MitoTEMPO suppressed chitosan- 

induced IFN(3 secretion at all concentrations of chitosan tested. However, LPS- 

and CpG-induced IFN|3 secretion was also compromised in the presence of 

MitoTEMPO at a concentration of SOOpM. Regarding CXCL10 production, 

chitosan-induced CXCL10 secretion was inhibited following incubation with 

MitoTEMPO (500pM), with this effect being most evident at the lower 

concentrations of chitosan tested (1-8 pg/rnO- MitoTEMPO-induced suppression 

of CXCL10 was overcome at the highest concentration of chitosan tested (16 

pg/ml). LPS-induced CXCL10 secretion remained intact in the presence of 

MitoTEMPO at a concentration of SOOpM, it was however observed that CpG- 

induced CXCL10 secretion was decreased in the presence of MitoTEMPO when 

compared to control cells incubated with CpG-medium alone (Figure 4.22b).
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Figure 4.21. Chitosan induces the generation of mitochondrial-derived ROS.
BMDCs were incubated with chitosan (4 |jg/ml) for 3 h and 24 h or rotenone (5iJiV!) 
for 6h. Cells were analysed for expression of MitoSOX by flow cytometry. 
Immunofluorescence is shown for chitosan or rotenone treated cells (black line) 
compared to medium treated cells (shaded histograms). Results are 
representative of two independent experiments.
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Figure 4.22. Chitosan-mediated secretion of IFNP and CXCL10 is inhibited in 
the absence of mitochondrial ROS production. BMDCs were pre-incubated 
with medium (white bars) or MitoTEMPO at (a) 100pM or (b) 500pM (black bars) 
40 min prior to the addition of chitosan (2, 4, 8, 16 |jg/ml). LPS (10 ng/ml) or CpG 
(4 pg/ml). Levels of IFN(3 and CXCL10 in supernatants were determined by ELISA 
24 h later. Results represent the mean ±SD of samples in triplicate and are 
representative of two independent experiments. Treatment (control) vs Treatment 
(inhibitor), *p<0.05, **p<0.01, ***p<0.001.
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4.3.12. Chitosan promotes the release of endogenous DNA which is 

responsible for the induction of type IIFN responses.

Building on the observation that chitosan promotes mitochondrial stress, it was 

hypothesised that treatment of BMDCs with chitosan mediates the release of 

mitochondrial DNA into the cytosol, which is then responsible for the activation of 

the cGAS-STING pathway, leading to type I IFN production.

To determine if the release of endogenous cytosolic DNA was involved in 

chitosan-induced type I IFN production, DNase I or heat inactivated DNase I (HI 

Dnase I) were delivered into the cytosol of BMDCs using the liposomal 

transfection reagent DOTAP. For control purposes, cells were mock transfected 

with DOTAP alone. BMDCs were subsequently stimulated with chitosan or LPS, 

40 min following DNase I transfection. Secretion of CXCL10 was significantly 

compromised in cells transfected with DNase I when compared to cells exposed to 

heat-inactivated DNase I (Figure 4.23a). To ensure that DNase I did not cause a 

global defect in cytokine secretion, CXCL10 secretion in response to LPS was 

examined. Encouragingly, LPS-induced CXCL10 secretion was not sensitive to 

introduction of either DNase I or heat inactivated DNase I (Figure 4.23b). 

Together, these data suggest that chitosan mediates the release of endogenous 

DNA into the cytosol which promotes the induction of type I IFN.

199



a

^  2,000

5) 1,500

o  1,000

y  500

Chitosan — — — +

kV ^ eS> eS> x<y eS> ®

^  2,500

o>a
2,000 

1,500 

I] 1,000
O
X  500 
O

0
LPS

ns

- I   I M "

-  -  -  +

j? .ja
O O '̂ O 'V  O'- O - o'

Figure 4.23. The release of endogenous DNA is required for the ability of 
chitosan to promote CXCL10 secretion. BMDCs were transfected using 
DOTAP transfection reagent with DNase I, heat-inactivated (HI) DNase I (1.5 pg) 
or with transfection reagent alone (Control) 40 min prior to the addition of (a) 
medium or chitosan (4 |jg/ml) and (b) medium or LPS (10 ng/ml). After 24 h 
supernatants were harvested and the concentration of cytokine was measured by 
ELISA. Results represent the mean ±SD of samples in triplicate and are 
representative of two independent experiments Treatment (DNase I) vs Treatment 
(HI DNase I), ***p<0.001.
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4.4. Discussion

The focus of this chapter was to elucidate the mechanism by which chitosan 

induces the production of type I IFNs by BMDCs. The first objective was to 

determine if a specific receptor(s) on the surface of DCs was involved in mediating 

the phagocytosis of chitosan and subsequent induction of type I IFN. 

Phagocytosis of chitosan has been demonstrated in BMDM populations, and this 

action is required for its ability to promote activation of the NLRP3 inflammasome 

A similar scenario was observed in this experimental context, in that 

fluorescent chitosan was engulfed by BMDCs. Treatment with cytochalasin D, a 

broad inhibitor of actin polymerisation, inhibited the uptake of chitosan-FITC by 

BMDCs, suggesting that chitosan was actively phagocytosed. Furthermore, in the 

presence of cytochalasin D, BMDCs were compromised in their ability to promote 

the transcription of Ifnb and CxcHO in response to chitosan. When Poly(dA:dT) 

was delivered directly to the cytosol of BMDCs by Lipofectamine 2000, 

cytochalasin D did not impair Poly(dA;dT)-induced Ifnb or CxcHO transcription. 

This suggested that the effect of cytochalasin D on chitosan-induced type I IFN 

production was most likely to be as a consequence of decreased uptake and not 

general toxicity. However, given the broad specificity of this inhibitor, non-specific 

side effects cannot be completely discounted.

Dectin-1 has been implicated in mediating chitin recognition^^®’‘*'’®’'‘^ \  and the 

relationship between chitin and chitosan provided the rationale behind 

investigating the role of Dectin-1 in the uptake and subsequent response of 

BMDCs to chitosan. Dectin-1 is expressed on a variety of myeloid cells including 

DCs and macrophages and ligand binding induces a range of cellular responses 

which include phagocytosis, ROS production as well as the induction of a range of
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cytokines Phagocytosis of chitosan was not compronnised in the absence of 

dectin-1. In fact, BMDCs derived from Dectin-T'' mice displayed enhanced uptake 

of FITC-chitosan compared to their WT counterparts. However, these cells also 

displayed increased uptake of Nile Red polystyrene particles suggesting that 

enhanced phagocytic capacity was a general feature of these cells rather than 

specific to chitosan.

Dectin-1 and Dectin-2-mediated signalling has been implicated in the production of 

type I IFNs in response to C.albicans as well as |3-glucan particles in DCs 

Consequently, a role for these two CLRs in chitosan-induced type I IFN production 

was assessed. The induction of type I IFN transcripts in response to low doses of 

chitosan were compromised in BMDCs generated from Dectin-T'' mice compared 

to WT counterparts. While incubation of WT BMDCs with the anti-Dectin-2 

blocking antibody D2.11E4 led to a decrease in the induction of Ifnb at low 

adjuvant concentrations, this was not significant when compared to cells incubated 

with the isotype-matched control antibody. Furthermore, the induction of Ifna in 

response to chitosan was not affected by Dectin-2 blockade, even at the lowest 

concentrations of chitosan tested. This would suggest that at low doses of 

chitosan, Dectin-1 is the predominant CLR involved in mediating the induction of 

type I IFN to chitosan. This is analogous to the sensing of curdlan; which is more 

efficiently recognised by Dectin-1 rather than Dectin-2 In the absence of both 

Dectin-1 and Dectin-2, type I IFN induction in response to chitosan was not 

impaired any further, lending support to the hypothesis that Dectin-1 was the main 

CLR involved in chitosan-induced type I IFN responses at low adjuvant 

concentrations. Importantly, LPS-induced Ifnb responses were maintained in the 

absence of Dectin-1 and blockade of Dectin-2.
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The induction of IFN3 in response to p-glucans proceeds via a signalling axis 

involving the tyrosine kinase Syk and the transcription factor IRF5 The 

involvement of Syk in chitosan-induced IFN3 production was subsequently 

investigated using the Syk inhibitor piceatannol. At inhibitor concentrations of 

25|jM and above, chitosan-induced IFN(B secretion was compromised at low 

adjuvant concentrations. As was the case in the absence of Dectin-1, this 

suppression was overcome at higher concentrations of chitosan. Curdlan-induced 

IFN(3 secretion, while modest in these experiments was reduced following the 

inhibition of Syk, which was in keeping with the literature It was noted that pre

incubation of BMDCs with piceatannol at this concentration did cause a slight but 

significant reduction in CpG-mediated IFNp secretion compared to the control, 

suggesting that this inhibitor may be inducing moderate toxicity in these cells. The 

role of IRF5 in chitosan-induced type I IFN responses was not explored in this 

research.

In line with the observation that chitosan-induced type I IFN responses are 

compromised at low adjuvant concentrations in the absence of Dectin-1, chitosan- 

induced upregulation of CD40 on BMDCs was also reduced. This requirement for 

Dectin-1 was again overcome at higher adjuvant concentrations, and was specific 

for chitosan as Dectin-1'^' BMDCs responded in a similar manner to their WT 

counterparts in response to the TLR ligands Pam3CSK4, Poly(l:C), LPS and CpG.

The Dectin-1 ligand curdlan promoted an increase in CD40 expression by BMDCs, 

which has been previously documented However, in the absence of Dectin-1 

curdlan was still capable of enhancing CD40 expression albeit with a lower 

intensity to WT cells. The integrin complement receptor 3 (CR3) has been 

implicated as a critical sensor coupling p-glucan recognition and inflammasome
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activation . Therefore, it is plausible to suggest that CR3 ligation by curdlan may 

be contributing to Dectin-1-independent upregulation of CD40. However, the 

possibility of endotoxin contamination contributing to this effect cannot be 

discounted.

B-glucans are highly immunostimulatory compounds that promote robust 

activation of the inflammasome. Dectin-1 and CR3 play a crucial role upstream of 

the canonical NLRP3-ASC-Caspase-1 inflammasome pathway in (3-glucan- 

induced IL-1(3 processing and cell death in murine DCs. Proapoptotic caspase-8 

has also been identified as a critical player mediating IL-1(3 maturation and 

inflammasome-independent cell death in response to (3-glucans Interestingly, 

particulate but not soluble p-glucans activate Dectin-1-mediated signalling events 

and cytokine production A similar observation has been made with regard to 

chitosan, where optimal inflammasome activation is achieved when chitosan is in 

particulate and not soluble form However, when the involvement of Dectin-1 in 

chitosan-induced NLRP3 activation was assessed, the ability of chitosan-CpG to 

promote IL-1p secretion was unaffected in the absence of Dectin-1. As was 

expected, curdlan-induced IL-ip was significantly reduced in Dectin-1'' BMDCs 

when compared to WT cells Particulate p-glucans can induce cell death via a 

dectin-1-caspase-8-dependent mechanism; it was possible that chitosan may 

engage this pathway and this may account for the reduced type I IFN induction 

observed in the absence of dectin-1. However, this was ruled out by the 

observation that chitosan-induced cell death was comparable between WT and 

Dectin-1'^' BMDCs (data not shown).

Overall these results suggest that the ability of chitosan to activate BMDCs does 

not solely depend on Dectin-1. A more likely scenario is that several receptors
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working in collaboration are involved in chitosan sensing. While this work did not 

definitively identify a role for dectin-1 in mediating the uptake of chitosan by 

BMDCs; it was required for optimal induction of type I IFN in a dose-dependent 

manner. It should be stressed that even at low adjuvant concentrations; Dectin-1 

was not absolutely required for chitosan-induced type I IFN production. It was 

clear from these findings that other receptors were involved in mediating the 

induction of type I IFNs in response to chitosan.

Building on the observation that uptake was important for the ability of chitosan to 

induce type I IFNs, the possibility of chitosan activating an intracellular pathway for 

the induction of type I IFN was explored. The cGAS-STING pathway has been 

identified as the principal DNA sensing pathway initiating innate immune 

responses to cytosolic DNA of endogenous or exogenous origin Strikingly, the 

induction of type I IFN responses by chitosan was found to absolutely require both 

the DNA sensing enzyme cGAS and the downstream adaptor STING. The 

transcription of type I IFNs and associated genes in response to chitosan but not 

LPS was abolished in the absence of STING. Moreover, the secretion of IFN3 and 

CXCL10 in response to chitosan but not LPS was abrogated in STING deficient 

BMDCs.

Further affirming a role for STING in chitosan-induced type IFN responses, the 

ability of chitosan to enhance CD40 expression and increase the proportion of 

CD86 expressing cells required STING. Demonstrating that this effect was 

specific for chitosan, Sting'̂ ' BMDCs retained their ability to upregulate CD40 and 

CD86 in response to TLR2, TLR3, TLR4 and TLR9 ligands. In the previous 

chapter the ability of chitosan to induce type I IFNs was shown to be distinct from 

its inflammasome activating capabilities, in line with this, chitosan-CpG-mediated
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IL-1(3 secretion was maintained in the absence of STING, as was alum and 

Poly(dA:dT)-induced IL-1P production in LPS primed STING deficient cells.

An almost identical requirement for cGAS in chitosan-induced type I IFN

responses was observed. The capacity of chitosan to promote Ifnb and CxcHO

transcripts was dramatically compromised in the absence of cGAS. Importantly,

LPS induced the robust transcription of both genes in cells deficient in cGAS;

surprisingly Ifnb transcript levels were significantly higher in cGas^' BMDCs when

compared to WT cells. Similarly, chitosan-induced IFNp and CXCL10 secretion

was abrogated in cGas'' BMDCs. Importantly, cGas'^' BMDCs were still capable of

inducing the secretion of CXCL10 in response to CpG, in fact CpG-induced

CXCL10 secretion was significantly higher in cGas'^' BMDCs compared to WT

controls. Interestingly, detectable levels of CxcHO mRNA after 9 h and protein

after 24 h were detected in response to chitosan in cGas'' BMDCs. The induction

of CxcHO by chitosan first requires IFNp production; it is possible that a small

amount of IFNp is induced in a cGAS-independent manner at time points earlier

than 9 h; and this subsequently engages the IFN feedback loop to induce small

but detectable quantities of CxcHO. This might imply that other DNA sensors such

as DDX41 may play a minor role in mediating chitosan-induced type I IFN

responses. Indeed, this situation might be analogous to that recently described for

Poly(dA;dT) sensing in BMDMs, where constitutively expressed DDX41 and

basally expressed cGAS are responsible for the first wave of type I IFN induction.

Type I IFN induced in this early phase engages IFNAR to induce cGAS expression

leading to the amplification of type I IFN responses via the positive feedback loop

of type I IFN production In keeping with results observed in STING deficient

BMDCs, the ability of chitosan to enhance CD40 and CD86 expression on BMDCs

was compromised in the absence of cGAS. BMDCs deficient in cGAS expression
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were not globally compromised in their capacity to promote CD40 and CD86 

expression in response to various TLR ligands. The role of cGAS in chitosan- 

induced inflammasome activation was not explored in this research based on the 

conclusions drawn that inflammasome activation operates through an IFN- 

independent mechanism.

Finally this research set out to elucidate how chitosan engaged the cGAS-STING 

pathway to mediate type I IFN induction. Chitosan was found to generate 

mitochondrial-specific ROS, an event necessary for the subsequent secretion of 

IFN(3 and CXCL10. Furthermore, delivery of DNase I into the cytosol of BMDCs, 

compromised the induction of CXCL10 in response to chitosan, indicating that 

release of DNA into the cytosol is an important prerequisite for the induction of 

type I IFN responses to chitosan. This is in keeping with several publications 

demonstrating the release of mitochondrial DNA in response to mitochondrial 

stress in a number of contexts

The selective induction of type I IFN responses by chitosan, with little or no effect 

on the expression of inflammatory proteins and inflammasome activation is an 

interesting feature and draws some parallels with the innate immune response to 

membrane fusion events recently defined. Virus-cell fusion triggers an 

inflammatory response that is limited to STING-dependent production of type I 

IFNs. This process was also found to enhance responses to TLR7/9 agonists, by 

a mechanism proposed to involve the production of ROS ROS can function as 

a danger signal for both inflammasome activation"*®^ and NFkB activation In a 

recent commentary, it was suggested that the magnitude of the ROS response 

was insufficient to engage other inflammatory pathways such as inflammasome 

activation and inflammatory cytokine production It is conceivable to suggest
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that a similar scenario exists for chitosan that might explain the lack of additional 

inflammatory responses observed in this in vitro setting.

In conclusion, results presented in this chapter suggest that chitosan promotes the 

release of endogenous DNA from host cells, which is responsible for triggering the 

cGAS-STING pathway, mediating type I IFN production. Based on the evidence 

that chitosan promoted mitochondrial stress, it was hypothesised that this 

endogenous DNA was of mitochondrial origin. Mitochondrial ROS generation can 

result in the formation of oxidized mitochondrial DNA. Interestingly, oxidized 

cytosolic DNA has been shown to enhance STING-dependent type I IFN induction 

due to its increased resistance to TREX1-mediated degradation but not to DNase I 

or DNase ll-mediated digestion It is possible that chitosan may promote the 

release of oxidized mitochondrial DNA into the cytosol of DCs, where given its 

enhanced resistance to TREX1-mediated degradation, but not DNase I it engages 

cGAS-STING dependent signalling. The CLR Dectin-1 was implicated in the 

optimal induction of type I IFN responses to low concentrations of chitosan. To 

date no existing links between this CLR and DNA sensing have been established 

in the literature, so this connection could be a productive avenue for further 

research. While this work has clearly demonstrated a crucial role for type I IFNs in 

promoting chitosan-induced DC activation, it is likely that other mechanisms 

contribute to chitosan’s adjuvant activity.
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Chapter 5

General Discussion



5. General Discussion

Each year vaccination is reported to prevent over two and a half million deaths 

worldwide, making it arguably one of the most important medical intervention 

strategies Despite its resounding success, a number of challenges remain. 

Regulatory bodies are demanding safer vaccines. Moreover, there are a number 

of diseases which continue to evade current vaccination strategies, the three most 

recognised examples being HIV, TB and malaria The development of effective 

and well tolerated vaccines against these maladies requires the identification of 

adjuvants capable of promoting cellular immune responses, as these are 

necessary for protection. The realisation of this goal can only be achieved by 

gaining a more comprehensive insight into the mechanisms mediating 

adjuvanticity. Innate immune activation is known to govern the induction of 

protective adaptive immunity. In particular, DCs play a pivotal role in bridging the 

innate and adaptive arms of the immune response Consequently, DC 

modulation is a critical feature defining a successful candidate vaccine adjuvant. 

Understanding how adjuvants regulate DC activation is a critical aim of adjuvant 

research and formed the basis of this study.

The adjuvant potential of chitosan has been demonstrated in both mucosal and 

parenteral contexts following intranasal, oral, subcutaneous and intramuscular 

immunisation with a number of different co-administered antigens 282,402,404,405 

particular, chitosan displays significant potential as an adjuvant for the promotion 

o f cellular immunity. The capacity of chitosan when combined with CpG to 

promote robust antigen-specific T h1 and T h 17 responses was clearly 

demonstrated by Mori and colleagues However, a great deal of mystery still 

surrounds the mechanism(s) by which this adjuvant enhances immunity There
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have been conflicting reports regarding the direct innate immune modulating 

properties described for chitosan. Chitosan has been proposed to induce 

cytotoxicity in macrophages, supress tumor growth and enhance non-specific host 

resistance to bacterial infections Furthermore, it has been shown to promote 

NO production in peritoneal macrophages Chitosan has also been proposed 

to promote CD14-dependent TNF-a secretion in human monocytes However, 

more recent reports have detailed the inability of highly purified preparations of 

chitosan to elicit the production of inflammatory cytokines Discrepancies such 

as these have highlighted the need to characterise chitosan preparations used in 

published studies in terms of their sources, methods of purification, size and purity. 

This is required so that definitive conclusions can be made regarding the 

adjuvanticity of chitosan This study employed the use of a commercially 

available ultrapure chitosan chloride salt, Protasan CL213, with an approximate 

MW of 269kDa and a DDA of 86%. In keeping with most published studies on 

chitin and chitosan^®®'*^ '̂*® ,̂ Protasan CL213 was derived from crustacean 

sources.

The objective of this research was to gain insight into the mechanism by which

chitosan regulates DC activation, in order to improve our understanding of how

this adjuvant promotes and directs adaptive immune responses. In chapter 3 of

this thesis, the ability of chitosan to promote DC maturation and the selective

production of type I IFNs and ISGs, but not proinflammatory cytokines in BMDCs

was demonstrated. Type I IFNs were found to be crucial for chitosan to promote

DC maturation. While the DC activating potential of chitosan has been described

389,463̂  the mechanism described here was distinct from that previously described

in the literature The lack of proinflammatory cytokine production elicited in

response to chitosan corroborates recent publications However, this is the first
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demonstration that chitosan can directly promote the induction of type I IFNs in 

DCs. This observation may provide a context for the recent demonstration that 

chitosan induced delayed activation of STAT1 and release of CXCL10 in a human 

macrophage cell line

The inflammasome activating potential of chitosan has been well documented by 

our group and others 351,380,399 mechansim by which chitosan mediates

NLRP3 activation has been characterised, with potassium efflux, ROS production 

and lysosomal destabilisation all shown to contribute to optimal inflammasome 

activation

The activation of type I IFN and inflammasome pathways by chitosan occurs by 

two distinct and independent mechansims. In the absence of signalling through 

the type I IFN receptor, chitosan was still capable of promoting the activation of the 

inflammasome. Furthermore neither NLRP3 nor the critical inflammasome 

adaptor protein ASC were required for the ability of chitosan to induce the 

secretion of type I IFN. The latter observaton also implied that chitosan-induced 

type I IFN responses were not mediated by inflammasome-mediated cell death 

pathways. Type I IFNs have been shown to regulate components of the non- 

canonical inflammasome pathway activated in response to gram negative bacteria, 

specifically the expression of caspase-11 The mechanism by which chitosan 

promoted inflammasome activation and more importantly type I IFN production 

was further extended to rule out the involvement of caspase-11 and hence the 

non-canonical inflammasome pathway involving this protein.

The optimal induction of Th i cell and CDS"" T cell immunity by vaccine adjuvants 

requires bystander type I IFN production as well as direct activation of antigen 

presenting cells by co-delivery of antigen and adjuvant Consequently,
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adjuvants that can facilitate the production of type I IFNs are particularly 

advantageous in this context. Indeed the induction of type I IFNs is a key feature 

of a number of adjuvants that promote cellular immunity currently under evaluation 

in preclinical and clinical trials, including poly(l:C), TLR7 and TLR8 ligands and 

CpG DNA With the identification of type I IFNs as critical mediators of 

chitosan’s adjuvanticity this thesis set out to define the signalling pathway(s) 

engaged by chitosan to mediate cytokine production. To date the formal 

identification of a receptor(s) mediating the recognition and phagocytosis of 

chitosan has eluded researchers. Links have been established between dectin-1, 

TLR2 and MR in mediating a variety of immune responses to the chitosan 

precursor, chitin Consequently, the possibility that the CLR dectin-1 was 

involved in mediating chitosan recognition and subsequent uptake was 

investigated. A definitive role for dectln-1 In mediating the uptake of chitosan was 

not identified in this work. However, dectin-1 was found to be necessary for 

optimal type I IFN induction in response to low concentrations of chitosan. In 

agreement with this, pharmacological inhibition of Syk, the tyrosine kinase 

recruited following engagement of dectin-1, compromised the induction of type I 

IFNs in response to chitosan in a dose-dependent manner. Recently, Syk and the 

transcription factor IRF5 were shown to mediate dectin-1-and dectin-2-dependent 

IFN-p production in response to p-glucans and the fungal pathogen C.albicans 

There are a number of distinctions between this proposed pathway and the 

induction of type I IFN by chitosan described here. Firstly, dectin-1, dectin-2 and 

Syk were not absolutely required for chitosan-induced type I IFN production 

regardless of the adjuvant dose. Even at low adjuvant concentrations, IFN-P was 

produced in sufficient quantities to engage the IFN feedback loop. Secondly, the 

P-glucans curdlan and zymosan induce sustained IFN-p expression in DCs in a

212



manner independent of the engagement of IFNAR This contrasts with type I 

IFN induction by chitosan which requires the IFN feedforward loop to amplify the 

response.

Continuing the search for receptors involved in the induction of type I IFNs in 

response to chitosan, the focus of this research shifted to intracellular sensors and 

signalling pathways that might mediate this response. An absoluate requirement 

for the cGAS-STING pathway in arbitrating type I IFN production in response to 

chitosan was demonstrated. Furthermore, chitosan exposure was proposed to 

induce mitochondrial stress, as supported by the generation of mitochondrial- 

specific ROS which was necessary for subsequent secretion of IFN-|3 and 

CXCL10. Mitochondrial DNA is a potent DAMP capable of promoting the 

activation of the NLRP3 inflammasome in addition to inducing type I IFN S'* 

Interestingly, this work implicated the release of DNA into the cytosol as an 

important event for the induction of type I IFN responses to chitosan. Based on 

these conclusions the following mechanism was proposed; chitosan promotes 

mitochondrial stress and the subsequent release of mitochondrial DNA, which is 

responsible for triggering the cGAS-STING pathway, mediating type I IFN 

production (Figure 5.1). Direct evidence of mitochondrial DNA engaging cGAS in 

response to chitosan treatment was not demonstrated in this work. Consequently, 

it could be argued that other sources of DNA may also be contributing to the 

activation of cGAS-STING pathway, the possibility of DNA from the phagosome or 

nucleus leaking into the cytosol cannot be completely ruled out.

The release of mitochondrial DNA in response to cellular stress leads to the 

activation of the cGAS-STING pathway in several contexts. During intrinsic 

apoptosis, the proapoptotic effectors BAK and BAX induce permeabilisation of the
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mitochondrial outer membrane, resulting in the release of mitochondrial DNA into 

the cytosol. Recently, it was demonstrated that in the absence of active caspases, 

this release of mitochondrial DNA triggers cGAS-STING-dependent type I IFN 

production Furthermore, in a distinct scenario, mitochondrial DNA stress

induced by herpesvirus infection triggers the cGAS-STING pathway to prime 

antiviral responses leading to the induction of an antiviral state Thus, the 

source of mitochondrial stress appears to influence the outcome of the 

inflammatory response, being immunologically silent in the case of apoptosis- 

induced mitochondrial DNA release or immunostimulatory in the context of viral 

infection.

This work did not address how chitosan induced mitochondrial damage. There are

a number of possible mechanisms by which this might occur. Chitosan may

induce a mitochondrial DNA stress response similar to that observed during

herpesvirus infection. Another possibility is that chitosan may inhibit components

of the autophagy pathway. Inhibition of autophagy leads to the accumulation of

dysfunctional mitochondria with elevated levels of ROS, the ROS associated with

these mitochondria was shown to enhance RLR-mediated type I IFN production

Autophagy has also been proposed to regulate NLRP3 activation by

preserving mitochondrial integrity, in its absence, mitochondrial DNA translocates

to the cytosol where it promotes inflammasome activation Furthermore, the

contribution of lysosomal rupture cannot be discounted; lysosomal destabilisation

has been shown to contribute to optimal NLRP3 activation by chitosan

Cathepsins and ROS released during this biological process have been shown to

impact mitochondrial membrane integrity, causing membrane permeabilisation and

subsequent initiation of apoptosis Finally a tentative link exists between

dectin-1 and the induction of mitochondrial stress. The results presented in this
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work suggest that this receptor was involved in mediating signalling events from 

the cell surface in response to chitosan rather than its uptake. Dectin-1 is known 

to trigger the production of ROS by a mechanism dependent on Syk In 

addition, mitochondria have been shown to re-localise to sites with high demand 

for ATP or where buffering of intracellular calcium flux is needed'^® ,̂ a prominent 

example is during T cell activation. Mitochondria localise to the plasma membrane 

in close proximity to the immunological synapse formed with APCs upon TCR 

activation, to regulate calcium signalling and orchestrate synapse formation and 

stability Interestingly, similar to TCR signalling events which elicit calcium flux 

in T cells following receptor ligation, engagement of dectin-1 induces calcium flux 

in DCs following stimulation with zymosan or (3-glucan by a mechanism involving 

Syk, as well as PLC-y2 and Src family kinases. This is likely a consequence of its 

cytoplasmic hem-ITAM which mediates signalling events and resembles classical 

ITAMs found in the signalling subunits of TCR and BCR complexes Based on 

these similarities, it is tempting to speculate that in response to chitosan 

stimulation, there is a similar translocation of the mitochondria to the plasma 

membrane where it may serve to regulate calcium signalling in response to dectin- 

1 ligation. The closer proximity between dectin-1 and the mitochondria may 

facilitate the enhanced generation of ROS and induction of mitochondrial damage 

as a consequence. Furthermore, the actin cytoskeleton is used for mitochondrial 

transport within the cell'*^°'*^\ and so might provide an alternative explanation for 

the compromised type I IFN responses observed in cells treated with cytochalasin 

D. Cytochalasin D inhibits actin polymerisation thereby disrupting actin-dependent 

cellular functions.

The specificity for dectin-1 and Syk was overridden at higher adjuvant

concentrations. It is highly likely that in addition to dectin-1, several other CLRs
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work in association with each other and contribute to chitosan sensing. This would 

explain why dectin-1 becomes dispensable for chitosan-induced type I IFN 

production at higher adjuvant concentrations. It is unclear why chitosan unlike 

other dectin-1 agonists does not induce the production of inflammatory cytokines. 

The capacity of chitosan to activate MAP kinases and the transcription factors AP- 

1, NFAT and NFkB was not addressed in this work. One possible explanation for 

the lack of inflammatory cytokine production observed in response to chitosan may 

be that the magnitude of ROS produced following chitosan treatment may not be 

sufficient to engage additional inflammatory pathways such as NFkB activation. 

Currently, the link between dectin-1 and cGAS-STING in chitosan-induced type I 

IFN production remains speculative, the resolution of which would be an 

interesting avenue to pursue in future work.

CDN encompassing those of bacterial (c-di-GMP, c-di-AMP and 3’3’-cGAMP) and

mammalian (2’3’-cGAMP) origin comprise an exciting new class of STING-

activating adjuvants that have demonstrated potential for use in mucosal vaccine

and cancer settings ^̂ 1,316 Parallels can be drawn between the

immunostimulatory effects elicited by CDNs and chitosan, in terms of their shared

ability to promote DC activation and induce type I IFN production in DC

populations While it was not definitively shown in this research, it is highly

probable that chitosan mediates the activation of STING via the production of non-

canonical 2’3’-cGAMP by cGAS. The mammalian CDN variant 2’3’-cGAMP offers

advantages over bacterial CDNs in that it is a much more potent activator of

STING and activates diverse variants of human STING unlike canonical 3’3-

cGAMP produced by bacteria ^10-313 indeed, 2’3’-cGAMP has been shown to

promote antigen-specific cellular and humoral immunity in mouse models

Recently the differential requirements for type I IFNs in mediating the adjuvant
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activity of cytosolic DNA and CDN were highlighted. While both these molecules 

activate the STING-TBK1-IRF3 signalling axis, mediating type I IFN production, 

only 2’3’-cGAMP generated during DNA sensing requires type I IFNs for its 

adjuvant activity Bacterial CDNs in contrast mediate their adjuvant effects via 

STING-NFKB-dependent induction of TNFa

An important issue that needs to be addressed in future experiments is whether 

the requirement for cGAS-STING in mediating chitosan’s adjuvanticity in vitro 

translates into an in vivo requirement. As previously mentioned, the ability of 

chitosan to promote cellular immunity in vivo against the candidate TB subunit 

vaccine antigen Hybrid 1 requires type I IFNs (Andres Mori, PhD thesis). Due to 

time constraints the role of STING in this adjuvant model could not be studied. 

However this will be an important experiment to conduct in the future.

A prominent safety concern in the introduction of new adjuvants is the possibility of 

an increased risk of autoimmune disease This is of particular concern in the 

case of type I IFNs, as these cytokines can cause numerous adverse side effects 

and the induction of autoimmune disease in certain contexts Based on

conclusions from studies of acute viral models and comparisons of acute and

persistent infections, the transient, but not sustained and/or excessive induction of 

these cytokines is required for the induction of protective immunity rather than 

adverse immune dysregulation Chronic type I IFN stimulation is detrimental to 

the generation of adaptive immune responses, type I IFNs trigger programmed cell 

death in activated T cells as well as inducing immunosuppressive pathways 

involving IL-10 and programmed death ligand 1 (PD-L1) Thus the goal of an 

adjuvant should be to trigger type I IFN production in a manner that is conductive

to the induction of protective immunity rather than autoimmunity or
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immunosuppression. Recently, the bacterial CDN, c-di-AMP was shown to 

selectively target human cDCs rather than pDC populations in vitro. This targeting 

of cDCs by c-di-AMP induces a limited type I IFN response and was surprising 

given the fact that pDCs are specialised in type I IFN production and usually 

produce type I IFN in much higher amounts than cDCs This has not yet been 

demonstrated for mammalian 2’3’cGAMP. It is likely that both 2’3’cGAMP and 

indeed chitosan act in a similar manner to bacterial c-di-AMP in that cDC 

populations are selectively targeted. A future aim would be to confirm this 

hypothesis by directly comparing the responses of murine cDCs and pDCs in vitro 

and then determining if this response translates into the human system.

Proposed mechanisms underlying the adjuvanticity of chitosan include antigen

protection, depot formation, enhanced antigen uptake and presentation as well as

direct modulation of immune responses Another plausible suggestion is that

chitosan-induced cell death may promote the release of DAMPs including DNA.

The observations presented here provide a novel mechanism by which chitosan

promotes innate immune activation. This research demonstrates that chitosan

engages the cGAS-STING pathway to induce type I IFNs, which in turn mediates

DC activation. This is the first demonstration of a cationic polymer engaging the

cGAS-STING DNA sensing pathway. Interestingly, this work also demonstrated a

requirement for dectin-1 in the optimal induction of type I IFN responses to

chitosan. While this thesis has clearly demonstrated a crucial role for type I IFNs

in promoting chitosan-induced DC activation, it is appreciated that there are likely

to be other mechanisms contributing to chitosan’s adjuvant activity such as

inflammasome activation, particularly in an in vivo setting. Indeed, work carried

out by Andres Mori (PhD thesis) demonstrated that NLRP3 in addition to type I

IFNs mediated an important role in the ability of chitosan to promote cellular
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immunity in vivo against the vaccine antigen Hybrid 1. Therefore, in vivo it is likely 

that type I IFNs and inflammasome activation have complementary roles in the 

ability of chitosan to promote cellular immunity.

Nucleic acid sensing is an important mechanism underlying the efficacy of 

chitosan as an adjuvant Chitosan may offer an advantage over other 

adjuvants that engage nucleic acid sensing PRRs, in that it displays the potential 

to act locally and selectively target cDC populations to activate cGAS-STING- 

dependent immunity. Consequently, the chances of inducing detrimental systemic 

inflammatory responses would be significantly reduced, and thus chitosan may 

serve as a safer alternative to other soluble agonists. In order to make definitive 

conclusions, this will need to be confirmed. Nonetheless, the results presented in 

this thesis indicate that chitosan displays the potential for use as a tool in rational 

vaccine design given its innate immune modulating properties via the cGAS- 

STING pathway. Furthermore, the findings presented here suggest that other 

polycationic adjuvants, a number of which are in clinical trials such as IC31 and 

CAF01, may also rely on the cGAS-STING pathway to mediate their adjuvant 

action. Investigating if other cationic adjuvants engage the cGAS-STING DNA 

sensing pathway would contribute to a greater understanding of the mechanisms 

governing adjuvanticity
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