
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



The Mechanism of Action 
of

Particulate Vaccine Adjuvants

Fiona A Sharp
B.A (Mod)

A Thesis Submitted to

TRINITY COLLEGE DUBLIN

For the Degree 
of

Doctor of Philosophy

Supervisor: Dr Ed C Lavelle

School of Biochemistry and Immunology 
Trinity College Dublin

2010



TRINITY COLLEGE

2 8 \m 2011

LIBRARY DUBLIN

s
(T



Declaration of Authorship

This thesis is the sole work of the author and has not been submitted in whole or in 
part to this or any other university for any other degree. The author gives permission 
for the library to lend or copy this work upon request.



Acknowledgements
Honestly, I am not sure where to begin or how to fully express my thanks to 
everyone that has helped me throughout my PhD, especially over the last few months 
putting together this thesis.

Firstly, I would like to thank Ed. You have been a brilliant supervisor and your 
support and guidance throughout has been invaluable. Thank you for giving me the 
opportunity to be a part of this lab from the beginning. 1 definitely would not have 
made it this far without your help, thank you.

To everyone in the Lavelle lab; Edel, Anne, Eimear, Jim, Graham, Andres and Ewa. 
1 couldn’t have spent the last four years with a nicer group of people, you guys rock!
1 also want to thank everyone for all of the help during the numerous isolation days 
that we have had, I never could have done those kind of experiments without all of 
our help! Thank you all for your support throughout and some great nights out. 1 
also want to thank you all for helping me through some very busy and stressful times 
and providing lots of laughs throughout. Darren, thanks for all of your hard work and 
help with the paper. 1 am sure that you will do great in your exams and hope that you 
have an amazing time in New York. You really are an amazing group of people and 
I will miss you guys alot!

1 would especially like to thank Jim and Edel for being my proof readers, 
appreciate it and am sure that it wasn’t the most exciting task in the world!

really

Anne, all I can say is YEAH! Cannot believe we’ve made it this far together, 
madness. You have become a close friend over the last few years, thanks for 
everything! Your next! 1 hope that you have a great time in the WHO.

Barry M, the FACs man. Thanks for all of your help and patience with me while 1 
attempted to master the art of flow cytometr)'. I’ll get it someday and I promise I’ll 
make you proud! I will miss our coffee breaks and quality time with the B man.

Cheryl, Karen and Anne, thanks for some great nights out and lots and lots of tea. 
You guys provided lots of laughs when they were badly needed. I am lucky to have 
met you guys. Aine, it was great living it up with you in Ranelagh, thanks for all of 
your good advice and lots of fun times in our swanky apartment!

Barrington, well buddy thanks for everything and listening to my rants too! I had an 
awesome time living with you and Cheryl in the STRAND. We said we’d stay 
buddies after college and you are definitely stuck with me now.

To Laura, Chloe and my OLS girlies (Aoife, Denise, Lora, Luisa and Sarah), thanks 
for all of your support and for putting up with me trying to explain exactly what it is 
I do. 1 am no longer a student!

To everyone on the bottom floor of the Biotech, past and present (Sarah, Fionnula, 
Helen, Stephen, Jean, Padraig, Kevin, Corinna, Padraic, Caroline, Keith, Aine, Ania, 
Karen, Neill M, Neill F, Cheryl, Michelle, Aileen, Conor, Anna). You were great 
neighbours, thanks for all of your help and lots of fun nights out.

I also want to thank the ladies in the departmental office, Mary Pat and Miriam, you 
are both always so helpful and never hesitate to help whenever there was a crisis! 
Thanks for everything!



Well Cheryl, what can I say. We’ve been friends for nine years during which we 
finished our degrees together (with the same marks, heehee!) and now we are about 
to finished our PhDs together too. I eannot express fully how amazing it has been to 
have gone through this with you. You have always been so supportive and have 
definitely gotten me through some challenging times over the last few years, thanks! 
I am so lucky to have you as my friend and I know that we will remain friends for a 
long time, thanks for everything! Congratulations to you too, 1 knew we could do it!

Finally, I would like to thank my family, Mary, David, Jennifer, David and Andrew. 
1 am happy to say that my rants about my thesis are finally over! Thank you for 
listening, I am sure they were the highlight of your day! You have all always 
supported me in everything 1 have set my mind to and without that support I would 
not be where I am today. These words are definitely enough to express my gratitude. 
Thanks.

IV



Abstract
Particulate vaccine adjuvants (PVA) have been used in vaccines both 

experimentally and clinically for almost a century. However, the mechanisms by 
which adjuvants, such as alum and poly lactide-co-glycolide (PLG) microparticles 
promote immune responses are not well understood. This project set out to 
investigate the mechanisms by which PVA promote immune responses and the 
relationship between specific PVA characteristics and the induction of innate and 
adaptive immunity. Firstly, the ability of PVA to activate immune cells in vitro was 
investigated. These studies revealed that neither alum, PLG nor polystyrene (PS) 
microparticles promoted the maturation of dendritic cells (DC). Furthermore, the 
particulates did not directly promote cytokine production by DC. In contrast, PVA 
synergised with TLR agonists to dramatically enhance the secretion of IL-ip, IL-18 
and IL-la. The enhancement in IL-ip secretion was dependent on particle uptake 
and potassium efflux. Furthermore, the increase in IL-ip secretion was dependent 
on caspase-1 activation via the NLRP3 inflammasome. PVA promoted 
inflammasome activation via a process dependent on lysosomal disruption and the 
lysosomal protease, cathepsin B. In addition, following injection the ability of PVA 
to promote the recruitment and activation of innate immune cells was dependent on 
NLRP3. Furthermore, PVA-mediated enhancement of antigen-specific IL-6 
secretion occurred in a NLRP3-dependent manner. In contrast, the ability of PVA to 
enhance antigen-specific humoral responses was NLRP3-independent.

While in vitro data suggested that PVA require the addition of a TLR agonist 
to enhance IL-ip secretion, injection of PVA in the absence of a TLR agonist was 
sufficient to promote the local production of IL-ip. This suggests that following 
injection, PVA can synergise with endogenous factors to promote IL-1 secretion. In 
agreement with this, PS microparticles synergised with HMGBl, a known 
endogenous danger signal, to enhance IL-ip and IL-la secretion by DC. 
Furthermore, all the PVA tested were toxic to DC and splenocytes in vitro and 
induced cell death at the injection site in vivo. Thus, PVA may promote the release 
of immunostimulatory endogenous danger signals from cells around the injection 
site, which could synergise with the particulates to promote IL-1 secretion. In 
support of this, the injection of supernatants from alum-treated splenocytes together 
with Ova enhanced antigen-specific cell-mediated immunity.

Having established the in vitro effects of PVA, studies were carried out to 
investigate the relationship between PVA composition and adjuvant properties. 
Injection of alum, PLG or PS microparticles principally enhanced antigen-specific 
Th2 responses. The most striking finding was that injection of PVA alone exerted 
modulatory effects on cytokine production within 3 h of injection. In particular, 
injection of alum or PLG primed splenocytes to secrete IL-10, IL-6 and IFN-y. 
Moreover, PLG enhanced expression of IL-21 mRNA in splenocytes 1 day after 
injection. These results indicate that there are shared responses to injection of 
particulates in terms of cytokine modulation. However, it was important to dissect 
the relationship between particle size and the type of adaptive immune response 
induced. The injection of PS nanoparticles promoted strong local inflammatory 
reactions and specifically enhanced the secretion of IL-17 and IFN-y. In contrast. 
Injection of larger PS particles induced a small discrete lesion with a low level of 
cellular infiltration and promoted Th2-associated cytokines. However, all PS 
particles, regardless of their size, enhanced the production of antigen-specific 
antibodies, suggesting that particle size is a key determinant of the type of cell- 
mediated immunity induced by particles but less important in dictating humoral 
immunity. Overall, these studies have revealed remarkable immunomodulatory 
effects of PVA and add to our understanding of how these materials induce and 
direct immune responses. These findings will be useful in the design and application 
of novel vaccine adjuvants.
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Chapter 1 

Introduction





1.1 Vaccines

The concept of vaccination dates back to the late 18* century, when Edward Jenner 

made the observation that milkmaids that had contracted cowpox were protected against 

smallpox. Subsequently he inoculated a small boy, James Phipps, with cowpox to test 

his theory. The procedure was termed ‘vaccination’ and this was the beginning of 

immunology as a science [1]. Jenner’s approach was successful and would eventually 

lead to the eradication of smallpox. The next major advance in vaccination was made 

by Louis Pasteur, who demonstrated that attenuated micro-organisms could induce 

long-lived protection against infection caused by the virulent or infectious form of the 

organism. Pasteur developed vaccines against chicken cholera in 1879 and human 

rabies in 1885 [2]. Vaccination was widely introduced during the 19* century and has 

greatly reduced the numbers of deaths due to infectious diseases. The traditional 

method of vaccine development was the use of live attenuated and inactivated viruses or 

bacteria. These types of vaccines have been effective against a number of diseases, 

including smallpox, rabies and measles. Safety issues and the advances made in 

molecular biology and immunology has led to a push towards subunit vaccines, using 

just isolated components from the microorganisms. The subunits used may be peptide 

or protein antigens, polysaccharides or DNA. Additionally, advances made in genomics 

and bioinformatics have greatly changed the way in which vaccines are developed. For 

example, a process known as ‘reverse vaccinology’ involves scanning of the genome 

sequences of infectious micro-organisms in order to identify potential vaccine targets 

[3]. This technique has led to the identification of vaccine candidates for Neisseria 

meningiditis serogroup B and is currently being applied to other Infectious agents, such 

as Yersinia pestis [3-4]. The increased safety profile associated with subunit vaccines 

comes with reduced immunogenicity, decreasing the efficacy of these vaccines. The 

lower immunogenicity is due the absence of microbe-associated molecular patterns 

(MAMP), such as LPS or flagellin, which are highly immunostimulatory. It is also 

thought that the particulate nature of the attenuated microorganism may present the 

MAMP to the immune system in a way which is more immunogenic [5].



Cells of the innate immune system have the ability to recognise these MAMP and 

trigger the induction of tailored pathogen-specific immune responses. There are 

currently two main theories on how our immune system distinguishes self from non

self; (1) Janeway’s self versus non-self model and (2) Matzinger’s danger theory [6-7].

1.2 Innate Immune recognition

The original model of how the immune system distinguishes self from non-self and the 

presence of invading microorganisms was proposed by Burnet. He hypothesised that 

lymphocytes possess a single receptor specific for a pathogen and that multiple copies 

of this receptor are expressed on their cell surface [8]. This idea was then extended to 

introduce the idea of a ‘stimulator cell’, now known as an antigen presenting cell 

(APC). The APC was thought to be required to provide a signal for T cell activation 

and that this signal was species-specific [9]. Almost 30 years later, Charles Janeway 

put forward the idea that APC could recognise MAMP through a set of germline 

encoded receptors, known as pattern recognition receptors (PRR) [6]. According to this 

model, APC that have not encountered pathogens are in an inactive state and once they 

come into contact with a pathogen they become activated and upregulate co-stimulatory 

molecules, which allows them to interact with naive T cells. These interactions between 

APC and T cells results in the generation of an antigen-specific immune response 

through the adaptive immune system.

The PRR proposed by Janeway equip the APC with the ability to distinguish “infectious 

non-self’ from “non-infectious self’ [6]. Although Janeway’s theory is widely accepted 

and experimentally supported, there are examples of immune activation in disease states 

which do not fit into this model, such as autoimmune diseases or graft rejection. In 

addition, this theory cannot explain how non pathogen-derived adjuvants, such as 

aluminium hydroxide (alum), stimulate the immune system.

In an attempt to explain these discrepancies, Polly Matzinger proposed that APC are 

aetivated by “danger” or “alarm” signals released from dying or damaged cells [7]. 

This ‘danger’ theory suggests that the immune system recognises non-self in the context 

of‘danger’ or damage. The identification of endogenous molecules, such as HMGBl,



uric acid, hyaluronic acid and heat shock proteins that can stimulate immune responses 

adds substance to this novel theory [10-12],

The common idea in both Janeway’s and Matzinger’s theories is the existence of a set 

of evolutionarily conserved receptors on cells of the innate immune system which 

allows them to quickly and efficiently sense the presence of invading pathogens and 

also damaged, injured or stressed cells.

1.3 Pathogen Recognition Receptors

PRR can be expressed on the cell surface, intracellularly or secreted. Recognition of a 

MAMP or danger signal triggers intracellular signalling cascades, which ultimately 

results in the expression of inflammatory effector molecules, such as cytokines, reactive 

oxygen species (ROS) and co-stimulatory molecules. During the acute phase of 

infection, the liver can secrete PRR, such as C-reactive protein and mannose-binding 

lectin, which recognise phosphorylcholine and terminal mannose residues, respectively 

[13-14]. Binding of these secreted PRR helps to ‘label’ antigens as foreign and allows 

their subsequent interaction with other molecules of the innate immune system. The 

surface expressed and intracellular PRR currently comprise of four main families: Toll

like receptors (TLR), RIG-1-like receptors (RLR), C-type lectin receptors (CLR) and 

the Nod-like receptors (NLR). CLR include Dectin-1, mannose receptor, DC-SIGN and 

Mincle [15] It is thought that the existence of multiple PRR with the ability to sense 

microorganisms or danger signals, or even both, guarantees the detection of danger, 

even when the signalling competency of a single PRR is compromised.

1.3.1 RLR

RLR can detect viral nucleic acids and activate members of the interferon response 

factors (IRF) family. Retinoic acid inducible gene 1 (RIG-1) and melanoma 

differentiation-associated gene 5 (MDA 5) can detect the presence of dsRNA, which is 

present during the replication stages of many viruses (Table 1.1) [16-17]. Both PRR 

contain a helicase domain, which is responsible for RNA binding. In addition, both 

molecules contain a caspase-activating recruitment domain (CARD) which allows them



to signal downstream via homotypic interactions with other CARD-containing proteins, 

such as IFN-P promoter stimulator 1 (IPS-1), resulting in the activation of IRF-3 and 

nuclear factor kappa B (NFkB) [18]. RIG-1 and MDA-5 are found as inactive 

monomers in resting cells and ligand binding induces a conformational change that 

exposes their CARD regions, allowing for oligomerisation and subsequent signalling 

[18], More recent studies have demonstrated that, activation of MDA-5 and RIG-1 

occurs in a length-dependent manner, with MDA-5 being specifically activated in 

response to longer poly(I:C) polymers [19]. This suggests that these dsRNA sensors 

may be able to distinguish between different types of RNA viruses. Database searches 

have also identified another helicase-containing protein, known as laboratory of 

genetics and physiology 2 (LGP2). Although LGP2 contains a helicase domain, it is 

lacking a CARD region and acts as a negative regulator of both MDA-5 and RIG-1 

[20].

Additional PRR necessary for the sensing of non-self DNA have also been identified. 

DNA-dependent activator of interferon regulatory factor (DAI) has been shown to bind 

dsDNA directly and induce type I IFN secretion via activation of TRAF family 

member-associated NFkB activator (TANK)-binding kinase 1 (TBK-1) and IRF3 [21]. 

The sensing of non-self DNA within the cytoplasm can also trigger activation of 

caspase-1 via inflammasome formation, induced by a DNA-sensing protein known as 

absent in melanoma 2 (AIM2). AIM2 has been shown to induce inflammasome 

activation in response to transfected DNA and vaccinia virus [22-23].

1.3.2 TLR

TLR were first discovered based on their homology with the Drosophilia protein Toll. 

The Drosophilia toll gene was initially discovered to be required for dorso-ventral 

patterning during embryonic development. However, it was later found that Toll 

induces the production of the antimicrobial protein drosomycin, suggesting a role in 

immune responses. Homologues of Toll have been identified in several species, 

ranging from plants to mammals. The first human toll-like receptor was reported in 

1994 [24]. However the physiological relevance of these proteins in mammals was not 

identified until 1998 when Poltorak et al showed that the mice susceptible to infection 

with Gram-negative bacteria possessed a mutation in their Tlr4 gene, suggesting that its



role is to sense the presence of pathogens through LPS [25]. Since their initial 

discovery, 13 mammalian TLR have been identified.

TLR are type I transmembrane proteins, which means that they have an extracellular N- 

terminal. The defining features of all TLR, however, is the presence of an intracellular 

Toll/IL-1 receptor (TIR) domain and an extracellular leucine-rich repeat (LRR) 

associated with pathogen sensing [18]. The leucine-rich repeat region consists of P- 

strands and a-helices, which run parallel to the same axis, producing a non-globular 

horseshoe-shaped molecule. More importantly, the LRR is associated with interactions 

between the receptor and its ligands [26]. The TIR domain is highly conserved and 

forms complexes with the TIR-containing adaptor molecules Myeloid differentiation 

factor 88 (MyD88), MyD88 adaptor-like protein (Mal/TIRAP), TIR domain-containing 

adaptor protein inducing interferon p (TRIP) and TRIF-related adaptor molecule 

(TRAM) [27]. In addition to these stimulatory adaptors, sterile-a and HEAT-Armadillo 

motifs (SARM) was identified as the first TIR-containing adaptor to have an inhibitory 

role [28]. MyD88 is utilised by all TLR except for TLR3, which signals through TRIP, 

while TLR4 has the ability to recruit either MyD88 or TRIP [29].

Multiple pathways can potentially be activated by TLR signalling, including NPkB, 

MAP-kinase (MAPK) and type 1 interferon (IFN) regulatory factors, ultimately 

inducing the translocation of transcription factors into the nucleus. These transcription 

factors regulate the expression of pro-inflammatory genes, including cytokines, 

chemokines, co-stimulatory molecules and anti-microbial peptides [18]. TLR can be 

broadly classified based on their cellular localisation. They can be found on the cell 

surface (TLRs 1,2,4,5,6) or intracellulary on the surface of endosomes (TLR 3,7,8,9) 

(Figure 1.1).

TLR3 recognises viral dsRNA and polyinosine-deoxycytidylic acid (poly I:C), which is 

a synthetic analogue of dsRNA [30]. TLR7 and 8 are highly conserved and both 

recognise the synthetic imidazoquinoline-like molecules imiquimod (R-837) and 

resiquimod (R848), which have anti-viral properties. In addition, TLR7 and TLR8 

agonists also include guanosine- or uridine-rich ssRNA from viruses, such as HIV [31- 

33]. Vertebrate DNA contains CpG motifs which occur infrequently and are highly 

methylated. In contrast to this, unmethylated CpG motifs can be found in bacteria.



protozoa and viruses and these motifs have the ability to specifically activate TLR9 

[34], However, recently it has been shown that TLR9-dependent recognition of non

self DNA occurs in a manner that is independent of the base sequence and that 

signalling can be induced by sensing of the sugar backbone of DNA [35]. Furthermore, 

malarial DNA, which is AT-rich, induces pro-inflammatory responses in a TLR9- 

dependent manner [36].

Gram negative bacteria have an outer membrane, which is primarily composed of 

lipopolysaccharide (LPS). It is the lipid-A region of LPS, which is recognised by cell 

surface-expressed TLR4. The sensing of LPS occurs through a complex formed 

between CD 14, MD2 and TLR4 on plasma membrane (Figure 1.1)[18]. There is no 

direct binding of LPS to TLR4, instead the LPS is delivered to the membrane bound 

TLR4-MD2 complex by CD14 recognition of LPS following LPS binding to LPS- 

binding protein (LBP) [10]. TLR2 is also expressed on the cell surface and has the 

ability to recognize MAMP from viruses, gram-negative and gram-positive bacteria and 

fungi [37]. This broad range of specificity seen with TLR2 is due to its ability to form a 

heterodimer with TLR6, TLRl or non-TLR proteins, including CD36, CD 14 and 

dectin-l. For example, the TLR2-TLR6 heterodimer recognises zymosan and diacyl- 

lipoproteins in conjunction with CD36, while TLR2-TLR1 binds to bacterial triacylated 

lipopeptides [18, 38-39]. TLR5 is highly expressed on the basolateral surface of 

intestinal epithelial cells, where it binds to a highly conserved region of flagellin, a 

protein component of bacterial flagella which is important for bacterial motility [40]. It 

has also been shown that TLR5 is not found on splenic DC, but is highly expressed on a 

subset of specialised lamina propia DC, suggesting a role for TLR5 in the regulation of 

innate and adaptive immune responses in the intestine [41].

In addition to their ability to sense pathogens, TLR have also been shown to have the 

ability to detect endogenous danger signals that can be released by necrotic, damaged or 

stressed cells. Both TLR2 and TLR4 have been implicated in the detection of danger 

signals, such as HMGBl, hyaluronic acid (HA), heat shock proteins and fatty acids [10, 

42-44].

The expression of TLR can be restricted to specific cell types and this can have a major 

impact on the effector mechanisms of those cells. A prime example of this, are 

plasmacytoid DC (pDC), which play a key role in the innate response to viruses. These



cells specifically express TLR9 and TLR7, which allows them to detect viral nucleic 

acids and produce high levels of type 1 interferons (IFN) [45],

Figure 1.1: Cellular distribution of TLR and their respective ligands. TLR are

pathogen recognition receptors of the innate immune system. They are expressed on the 

cell surface (TLR 1,2,4,5,6) and intracellularly on endosomal compartments (TLR 

3,7,8,9). Their localisation allows them to detect the presence of either extracellular or 

intracellular pathogens. For example, TLR 3,9 have the ability to detect viral nucleic 

acids while TLR5 specifically interacts with bacterial flagellin.



TLR Agonist

TLRl-
TLR2

Pam3CSK4,
Diacyl-lipopeptides (bacteria)

TLR2 Lipoteichioic acid, peptitoglycan, porins, 
zymosan, HCV core and NS3 proteins, measles 
virus, human CMV and HSV-1

TLR3 dsRNA, mRNA, poly (1:C) polymer

TLR4 LPS(bacteria),
Mannan(fungi),
Glycoinositolophospholipids(protozoa),
RSV fusion protein (virus)

TLR5 Flagellin

TLR6-
TLR2

Triacyl-lipopeptides (bacteria)

TLR7 ssRNA,
Imidazo-Quinolone-like molecules

TLR8 ssRNA,
Imidazo-Quinolone-like molecules

TLR9 CpG DNA(bacteria, protozoa, virus),CpG 
oligos, AT rich DNA (malarial)

TLRIO Unknown

TLR 11 Uropathogenic bacteria

RLR Agonist

RIG-1 dsRNA, short poly (LC) polymers,
5’ triphosphate RNA

MDA-5 dsRNA, longer poly (I:C) polymers, RNA mesh

Table 1.1: Natural and synthetic ligands of TLR and RLR.



1.3.3 NLR

Several new families of LRR-containing proteins have been identified since the 

completion of the human genome project and evidence is increasing for their role in 

pathogen sensing and host defence. An example of one such family is the 

CATERPILLER (CARD, transcription enhancer, R (purine) binding, pyrin, tots of 

LRRs) family, distinct from TER due to the absence of a TIR domain. These proteins 

are made up of three distinct regions (Figure 1.2); the C-terminal leucine-rich repeats 

(ERR), the central NACHT domain (domain present in neuronal apoptosis protein 

(NAIP) also referred to as the nuclear oliogmerisation domain (NOD), MHC class II 

transactivator (MHC II), HET-E and TPl) and the N-terminal domain, which can 

consist of a pyrin domain (PYD), a caspase recruitment domain (CARD) or a 

baculovirus inhibitor of apoptosis repeat (BIR) domain. The leucine-rich repeat is 

thought to play a similar role in ligand binding as it does in TER [46].

The NACHT or NOD region of the proteins contains seven distinct motifs, including an 

ATP/GTPase-specific P-loop and a Mg2^ binding site. It also contains a motif 

homologous to the NB-ARC domain in apoptosis protease activating factor 1 (APAF-1) 

which is involved in the binding of ATP and cytochrome-c-dependent oligomerisation, 

resulting in the activation of capase-9 [47]. Based on this, the NACHT/NOD domain is 

thought to be required for oligomerisation and activation of NER. The N-terminal 

domain is responsible for linking the receptor to downstream effector and signalling 

molecules. The NER proteins can be subdivided into several families based on the class 

of their N-terminal effector domain; NERA proteins containing an acidic N-terminal, 

NERB proteins contain a BIR domain, NERC proteins containing an N-terminal CARD 

domain and NERP proteins containing a pyrin domain [48]. In addition to the families 

with known N-terminal effector domains, a protein localised to the mitochondrial 

membrane has recently been identified as the newest NER. This protein has been 

designated NERXl due to the presence of an N-terminal domain. The N-terminal 

domain of NERXl has no known homology with currently identified protein domains 

[49-50].

The NERA family consists of the MHC class II transactivator protein, known as CIITA 

and there are three different forms of this protein found, with the only one containing a 

CARD specifically expressed in DC [51]. The CARD region in the protein is required



for regulation of transcriptional activity within DC, through homotypic interactions with 

other CARD containing proteins. Furthermore, CIITA has been shown to specifically 

promote the transcription of MHC class Il-associated genes [51]. Currently, CIITA is 

the only member of the NLRA family. However, further studies may identify similar 

proteins.

The NLRB subfamily includes NLR proteins with a BIR N-terminal domain, such as 

NAIP. The BIR regions are known to inhibit caspases, as shown by the ability of NAIP 

to abrogate the progression of apoptosis [52]. In contrast to its role as an inhibitor of 

caspases, NAIP5 has been shown to recognise intracellular flagellin from Legionella 

pneumophila and subsequently activates caspase-1 [53]. NAIP5 is thought to co

operate with NLRC4 in L. pneumophila induced caspase-1 activation, through its 

recognition of a specific portion of the C-terminal region of flagellin [54].

This NLRC subfamily is characterised by the presence of an N-terminal CARD domain 

which allows them to interact with other CARD-containing proteins via homotypic 

interactions. The NLRC subfamily includes the NOD proteins and ICE-protease 

activating factor or IPAF, now known as NLRC4 [48].
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NLRA NLRB NLRC NLRP NLRX

C-Terminus

N-Terminus

CIITA
NAIP

NODs NLRC4

11 T J
NALP/NLRP

I ) NACHT/NODS Q | Leucine Rich Repeat

Figure 1.2: Structure of the main NLR sub-families. NLR proteins are made up of 

three distinct regions; the C-terminal leucine rich repeats (LRR), the central NACHT. 

The N-terminal domain determines the effector function of the protein. The subfamilies 

of NLR are classified based on their N-terminal domain, which can consist of a pyrin 

domain (PYD), acidic domain, a caspase recruitment domain (CARD), a baculovirus 

inhibitor of apoptosis repeat (BIR) domain or a mitochondrial translocation signal (MT) 

(Adapted from [48]).

11



1.3.3.1 Nucleotide oligomerisation domain (NOD) proteins

NODI and NOD2 were discovered based on their homology with APAF-1, a regulator 

of apoptosis [55-56]. They both also contain a NACHT-associated domain (NAD), the 

function of which is currently unknown. The only structural difference between NOD 1 

and 2 is that, NOD2 contains two caspase recruitment domains in its N-terminus. Both 

NODI and NOD2 have been shown to induce activation of NFkB when over-expressed 

(Table 1.2) [57]. One of the major constituents of the cell wall of gram-negative and 

gram-positive bacteria is peptidoglycan (PGN). It consists of alternating N- 

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) units, cross-linked 

by short peptides. In gram-negative bacteria it forms part of a thin layer within the 

periplasmic space, while in gram-positive bacteria it makes up a large proportion of the 

cell wall. Bacterial remodelling of PGN results in the generation of shorter fragments, 

which when present in the cytosol can be detected by NODI and NOD2. iE-DAP (y- 

glutamyl-meso-DAP), is a dipeptide fragment that can be generated by the degradation 

of PGN or secreted by bacteria during replication and this was identified as the core 

region of PGN, which can be detected by NODI [58-59]. NOD2 also senses PGN, 

although it does this by recognition of muramyl dipeptide which is the minimal 

common motif found in PGN from gram-negative and gram-positive bacteria [59-60]. 

MDP-induced activation of NOD2 has also been shown to induce activation of caspase- 

1 and this has been reported to involve co-operation between other members of the NLR 

family, including NLRP3 andNLRPl [61-63].

It has been proposed that the NOD proteins are present in the cytoplasm in an inactive 

state and that conformational changes and oligomerisation are induced by ligand 

recognition. Once activated, the serine threonine kinase RIP-like interacting CLARP 

kinase (RICK also known as RIP2) is recruited, which subsequently targets the NFkB 

essential modulator (NEMO/IKKy) for degradation by the proteasome and ultimately 

leads to the translocation of NFkB into the nucleus [64-65]. In addition to NFkB, 

NODI and NOD2 activate the MAPK pathway, which also requires recruitment of 

RICK [66]. Triggering of both MAPK and NFkB pathways allows activation of the 

NODs to induce the secretion of pro-inflammatory cytokines, chemokines and anti

microbial peptides, such as a and (3 defensins [67].
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N0D2 has been associated with several autoimmune disorders. The uncontrolled 

signalling of NOD2 is linked to two disorders characterised by granulomatous 

inflammation in multiple organs and tissues, including the skin and eyes, known as Blau 

Syndrome and early onset sarcoidosis [68-69]. This over-activation of NOD2 is due to 

a missense mutation in the NOD domain of the protein, which is normally meant to 

control oligomerisation during the activation of NOD molecules. Mutations within or 

near the LRR region of NOD2 have been associated with an increased susceptibility to 

Crohn’s Disease, which is characterised by trans-mural inflammation of the intestine. 

The exact mechanisms by which NOD2 mutations contribute to the immunopathology 

observed in Crohn’s patients are still not clearly understood [70-71]. In addition to 

these abnormal responses, NODI and NOD2 have also been implicated in the adjuvant 

activities of complete Freunds adjuvant (CFA) and MDP, respectively [72-73].

1.3.3.2 NLRC4

NLRC4, otherwise known as ICE-protease activating factor (IPAF), CARD 12 or 

CLAN, contains a C-terminal LRR, a central NACHT domain and an N-terminal 

CARD. However, it is distinct from other NLR due to the absence of a NAD (NACHT- 

associated domain) [74-75].

NLR are present in the cytosol in an inactive state until ligand binding via the LRR 

region. It has been shown that the removal of the LRR from NLRC4 results in a 

constitutively active protein. Overexpression of NLRC4 can activate caspase-1 and 

NLRC4 can associate with other CARD-containing proteins such as procaspase-1, 

NLRPl, NOD2, BCL-10 and ASC/PYCARD [74-75]. NLRC4 induces processing of 

caspase-1 via the formation of a mulitprotein complex known as the inflammasome 

[76]. Activation of caspase-1 in an NLRC4-dependent manner by several bacteria has 

been reported, including Salmonella typhimurium and Legionella pneumophila [77-79]. 

In addition, studies have identified a single microbial molecule, flagellin, which is 

required in order to induce activation of NLRC4 [77-79]. Furthermore, activation of 

NLRC4 by the bacteria required an intact type III secretion system, normally used for 

the delivery of host cell modulating proteins into the cytosol, and NLRC4 activation 

could also be induced by cytosolic delivery of purified flagellin [77-78, 80-82]. NLRC4 

has also been shown to be the key activator of caspase-1 in response to Shigella
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jlexneri, which is a non-motile bacteria that lack flagellin, suggesting that NLRC4 can 

detect an as yet unidentified bacterial molecule (Table 1.2) [83],

NLR MAMP Microbial
Toxins

Bacteria and
Fungi

Viruses DAMP
Non-
Microbial

NLRPl MDP Lethal Factor 
{B.anthracis)

NLRP2 ? ? ? ? ?

NLRP3 LPS
Bacterial
RNA
MDP
R838/837

Nigericin
Maitotoxin
Listeriolysin
0 Aerolysin

S. aureus
L. monocytogenes 
C. albicans

Influenza
Sendai
Adenovirus

ATP
ROS
MSU
Alum
Silica
Asbestos
PLG-
microparticles
P-amyloid

NLRP4-
14

? ? ? ? ?

NLRC4 Cytosolic
flagellin

S. tymphimurium

S.flexneri

NAIP Cytosolic
flagellin

L.pneumophilia

NODI ieDAP

NOD2 MDP

Table 1.2 : Activators of the NLR family. LPS: lipopolysaccharide, ATP: adenine tri

phosphate, ROS: reactive oxygen species, MSU: monosodium urate crystals, MDP: 

muramly dipeptide, ieDAP: y-glutamyl-meso-DAP (Adapted from [84])
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1.3.3.3 NLRP

The NLRP subfamily is characterised by the presence of an N-terminal pyrin domain 

(PYD). It consists of 14 members and is one of the largest subfamilies of 

CATERPILLER proteins [85]. NLRP have been located to two main regions on the 

human chromosome (Chr 11 and 19), with the exception of NLRP 1 (Chr 17) and 

NLRP3 (Chr 1) [46]. Due to the recent discovery of these proteins there is a limited 

amount of information about their functions, with the majority of our current knowledge 

coming from studies involving NLRP 1 andNLRPS (Table 1.2).

NLRPl

The first NLRP protein was identified based on its homology with apoptosis protease 

activating factor 1 (APAF-1). Initially, it was reported that NLRPl could induce 

apoptosis through direct interaction with caspase-2 or -9 or indirectly through APAF-1 

[86-87]. In humans, NLRPl is the only one of the NLRP to contain a C-terminal 

extension, consisting of a CARD and a FUND (function to find) region. In contrast, 

murine NLRPl does not contain a FUND region or PYD region [67]. NLRPl has been 

shown to bind APAF-1 and activate caspase-1 when overexpressed [86]. Martinon F et 

al first proposed the idea that IL-ip processing occurs on a molecular platform in the 

cytosol and suggested that NLRPl formed an integral part of this molecular complex 

through its ability to activate caspase-1 and caspase-5 [76]. By using purified 

recombinant forms of NLRPl and caspase-1, Faustin et al showed for the first time that 

muramyl dipeptide (MDP) could interact with an NLR and activate NLRPl [61]. 

However, this is in contrast with other studies showing a requirement for both NLRP3 

and NOD2 in MD- induced IL-ip secretion. As a result, the role of NLRPl in the 

sensing of MDP remains controversial [63, 88]. Macrophages isolated from inbred 

mice have been found to be either resistant or susceptible to Bacillus anthracis lethal 

toxin, which causes rapid caspase-1-dependent apoptosis in these cells [89]. It has 

recently been reported that this difference can be associated with Nlrplb, one of the 

three paralogues found in the Nlrpl locus in mice [89]. Furthermore, it has been shown 

that the activation of caspase-1 by Bacillus anthracis may involve a complex of NLRP 1 

and NOD2 [62].
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NLRPl is associated with a skin disorder known as familial Vitiligo, which causes 

depigmentation of the skin due to the absence of melanocytes [90]. It has been 

suggested that aberrant activation of NLRPl enhances secretion of IL-ip and that this 

could potentially prime T cells to target melanocytes. An evolutionary link has 

previously been suggested between apoptosomes and inflammasomes, connecting the 

apoptotic and inflammatory pathways. This theory is further supported by the fact that 

macrophages deficient in the anti-apoptotic Bcl-2 exhibit increased caspase-1 activity 

and IL-ip secretion in response to stimulation with MDP, whereas the overexpression 

of Bcl-2 significantly reduced MDP-induced secretion of IL-lp [91]. Furthermore, 

these suppressive activities have been shown to be due to direct interaction between 

NLRPl and anti-apoptotic proteins Bcl-2 and Bcl-xl, suggesting the existence of cross 

talk between these two pathways [91].

NLRP3

NLRP3 is one of the most studied NLRP proteins. It was first identified as cryopyrin, 

the protein product of a gene segregated in family members suffering from Muckle- 

Wells (MWS) syndrome and familial cold autoinflammatory syndrome (FCAS). 

Several groups identified this gene around the same time, resulting in multiple names 

for both the gene and its protein product: CIAS-1, PYPAFl and NALP3 [85, 92-93]. 

The most commonly used name is NALP3 and this has more recently become NLRP3 

[48]. Dysregulation of NLRP3 has also been associated with neonatal onset 

multisystem inflammatory disease (NOMID) or chronic infantile neurological 

cutaneous and articular syndrome (CINCA) and taken together, NOMID/CfNCA, MWS 

and FCAS are collectively known as cryopyrin-associated periodic syndromes (CAPS) 

[94].

The mutations (Chr lq44) in NLRP3 result in a constitutively active form of the protein 

and they are clustered around the NACHT/NOD domain [95]. There are three splice 

variants of this protein in mice, one of which has no LRR domain [92]. NLRP3 has 

been reported to associate with apoptosis-associated speck-like protein containing a 

CARD (ASC), resulting in formation of the NLRP3 inflammasome and subsequent 

activation of caspase-1 [85, 96].
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A wide variety of NLRP3 activators have been identified, ranging from whole 

microorganisms and vaccine adjuvants to environmental irritants. Several pathogens 

have been demonstrated to activate the NLRP3 inflammasome, including the fungi 

Candida albicans and Saccharomyces cerevisiae and bacteria that produce pore

forming toxins, such as Listeria monocytogenes and Staphylococcus aureus [97-99]. In 

addition, a range of viruses, including Sendai virus, adenovirus and influenza virus can 

trigger activation of the NLRP3 inflammasome [99-100]. However, it is not only 

exogenous stimuli that can trigger activation of the NLRP3 inflammasome, as several 

endogenous molecules released by dying or stressed cells have been shown to promote 

IL-ip secretion via the NLRP3 inflammasome. These include uric acid, hyaluronon and 

extracellular ATP [99, 101-102]. A number of particulates have also been shown to 

activate the NLRP3 inflammasome, including silica, asbestos, cholesterol crystals and 

the vaccine adjuvants, alum and PLG microparticles [103-110]. It is worth noting, 

however, that these activators of the NLRP3 inflammasome required a ‘priming’ step, 

which involved pre-treatment of cells with a TLR agonist or DAMP. This is thought to 

be necessary to increase the intracellular levels of pro-IL-ip, as most cells do not 

constitutively express pro-IL-ip. However, it has also been suggested that this 

‘priming’ step enhances the expression of NLRP3 itself via NFkB [111]. However, it 

has recently been shown that the requirement may be dependent on the cell type and 

species, as monocytes isolated from PBMC can release active IL-ip in response to TLR 

ligation alone while human alveolar macrophages require a second stimulus, such as the 

addition of exogenous ATP [112].

In vivo, NLRP3 has been shown to be involved in protection against invading 

pathogens, progression of autoinflammation and the activity of particulate vaccine 

adjuvants. As previously discussed, constitutive activation of NLRP3 can result in the 

development of autoinflammatory disorders such as muckle wells and familial cold 

autoinflammatory syndrome [85, 92-93]. It has also been suggested that, NLRP3 may 

play a role in the immunopathology associated with type 2 diabetes. Zhou et al have 

demonstrated that high extracellular glucose triggers the secretion of IL-ip via the 

NLRP3 inflammasome [113]. Furthermore, the NLRP3-interacting protein TXNIP has 

been implicated as a mediator of pancreatic P-cell death [114-115]. It has recently been 

demonstrated that cholesterol crystals can activate the NLRP3 inflammasome and that 

their deposition and activation of NLRP3 contributes to the pathogenesis observed with
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atherosclerosis [110], NLRP3 activation has also been linked to the pathology 

associated with environmental irritants such as asbestos, silica, UVB irradiation and 

skin irritants, including trinitrophenylchloride, trinitrochlorobenzene and 

dinitrofluorobenzene [103-104, 116-117], Furthermore, a role for NLRP3 in the 

adjuvant activities of the most commonly used particulate vaccine adjuvant alum has 

also been suggested. Studies have shown that NLRP3 is necessary for the enhancement 

of both cell-mediated and humoral responses by alum [105, 107-108, 118], In contrast, 

however it has also been reported that the adjuvant properties of alum are not 

compromised in any way in NLRP3-deficient mice [118-119], Therefore, the role of 

NLRP3 in the activity of particulate vaccine adjuvants currently remains controversial. 

The broad range of pathogens, vaccine adjuvants and endogenous danger signals which 

activate the NLRP3 inflammasome highlight its importance in innate immunity.

1.4 The Inflammasome

Interleukin-ip (IL-ip) is a potent endogenous pyrogen which induces the expression of 

inflammatory genes encoding adhesion molecules, inducible nitric oxide synthase 

(iNOS) and other pro-inflammatory cytokines such as IL-6. It has the potential to affect 

almost every cell type in the body and does so by binding to its high affinity receptor, 

IL-lRl, which associates with the IL-lRl accessory protein (IL-lRAcP) once IL-P has 

bound, resulting in the activation of both the NFkB and MAPK pathways [120], Once it 

is released into the circulation, IL-ip is a strong inducer of inflammation and, as a 

result, its secretion must be tightly regulated. The effects of IL-ip dysregulation can be 

seen in the form of several autoimmune disorders, such as systemic juvenile arthritis 

and pyogenic arthritis where excess IL-ip plays a major role in the uncontrolled 

immune responses [121], IL-ip is transcribed as a biologically inert protein that is 

31kDa in size and lacks a signal peptide, so it is not automatically secreted; a small 

portion of it moves into lysosomes and the majority remains in the cytosol [122], In 

order to be secreted it must be converted into its active form (17kDa). The conversion 

of IL-ip into its active form is carried out by IL-1 converting enzyme (ICE) or caspase- 

1 which cleaves IL-ip after an aspartic acid residue at position 116 [123-124],
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Caspase-1 is part of a family of cysteine proteases which contain an N-terminal pro

domain and a CARD region and have roles in apoptosis and inflammation. The 

activation of caspase-1 must be tightly regulated in order to control the processing of 

IL-1(3. Therefore, caspase-1 is translated as a zymogen (45kDa) which must be 

converted into an enzymatically active heterodimer (plO and p20 chain) by cleavage at 

an aspartic acid residue. In mice it has been shown that another inflammatory caspase, 

caspase-11, is required for IL-ip processing, as mice deficient in caspase-11 or caspase- 

1 are unable to process IL-ip [125-126]. The exact mechanism of activation of the 

caspases remains unknown.

In 2002 Martinon et al proposed the existence of the Mnflammasome’, a multiprotein 

complex which helped to induce activation of caspases, resulting in the processing of 

IL-ip. Using a cell-free system they showed that a complex comprising of caspase-1, 

caspase-5, NLRPl and Pycard/ASC (apoptosis-associated speck-like protein containing 

a CARD) could activate both caspases and subsequently cleave IL-ip [76]. ASC was 

first identified in cells undergoing retinoic acid-induced apoptosis as a detergent- 

insoluble protein and has since been shown to be expressed in several cell types, 

including epithelial cells, leukocytes and peripheral blood lymphocytes. The bipartite 

structure of ASC, consisting of a CARD and a PYD, allows it to interact with NLRPs 

and caspases [127-128]. NLRPl, 2 and 3 have all been shown to interact with ASC [76, 

85, 129]. Since the discovery of the inflammasome, several have been identified 

including NLRPl, NLRPS and IPAF [61, 130]. In addition, a non-NLR protein known 

as AIM2 has recently been shown to form an inflammasome and activate caspase-1 [22- 

23].

Our knowledge of how the inflammasomes are activated and assembled has expanded 

greatly since their discovery. The current theories suggest that NLR, such as NLRPS, 

are present in an autorepressed state in the cytosol. In this state the NLR is in a 

conformation within which the NACHT/NOD and effector domains are concealed by 

the LRR domain, preventing any interaction with other proteins. In agreement with 

this, previous studies have shown that a truncated version of IPAF/NLRC4 lacking its 

LRR domain was found to be constitutively active [75]. The LRR are thought to be 

responsible for pathogen or danger signal sensing. It is proposed that once a ligand has 

bound to the LRR region, the protein undergoes a conformational change, making its 

protein interaction domains accessible. This allows the protein to oligomerise with
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other NLR as well as associate with downstream molecules containing either CARD or 

PYD domains such as caspases or ASC (Figure 1.3).

As an alternative to the idea that repressed NLRP proteins are activated by direct ligand 

binding, it has also been proposed that they are activated in response to endogenous 

danger signals, changes in the cytosolic ionic milieu or redox state. Several models 

have been proposed that may not be exclusive. Many of the studies into activation of 

inflammasomes have focused on the NLRP3 inflammasome.

The first model of NLRP3 activation involves extracellular ATP which activates the 

P2X7 ATP-gated ion channel triggering efflux and opening of the pannexin-1- 

mediated pore in the cell membrane [81]. The authors proposed that opening of this 

pore allows direct cytosolic access for agonists of NLRP3 [81]. In agreement with this. 

Petrelli et al have demonstrated that low intracellular potassium levels, trigger 

formation of the NLRP3 inflammasome [131]. The second model suggests that all 

activators of the NLRP3 inflammasome promote the enhancement of intracellular 

reactive oxygen species (ROS) [103-104, 132]. In support of this model it has been 

shown that scavenging of reactive oxygen species (ROS) by N-acetyl-cysteine (NAC) 

impairs ATP, MSU, silica, malarial hemazoin and Candida albicans-'mdxicQA. 

inflammasome activation [97, 103-104, 133]. Furthermore, an ROS-sensitive molecule 

found in the cytosol, thioredoxin-interacting-protein (TXNIP), has been implicated in 

the activation of NLRP3 [113]. Thirdly, several studies involving activation of the 

NLRP3 inflammasome by particulates have demonstrated that lysosomal disruption and 

release of lysosomal contents into the cytosol can be detected by NLRP3 [106]. 

Homung et al have shown a requirement for the lysosomal protease cathepsin-B, and 

demonstrated that acidification of lysosomes is necessary for activation of the NLRP3 

inflammasome in response to silica and alum [106]. Furthermore, inhibition of 

cathepsin B has been shown to abrogate the ability of PLG microparticles, amyloid-P 

and cholesterol crystals to activate the NLRP3 inflammasome [109-110, 134].

The mechanism of activation of other inflammasomes, such as NLRPl, NLRC4/IPAF 

and AIM2 are less well understood. The components of the NLRPl inflammasome 

differ from that of the NLRP3 inflammasome. The NLRPl protein consists of an extra 

domain which contains a CARD region, allowing it to interact directly with pro- 

caspase-1 and bypass the need for ASC. It has been demonstrated that activation of the
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NLRPlb inflammasome in macrophages does not require ASC [62]. However, in a 

similar manner to NLRP3, it has been reported that the NLRPl inflammasome requires 

efflux for activation [135-136], In contrast, activation of the NLRC4/IPAF 

inflammasome does not require efflux [131]. The AIM2 protein consists of a C- 

terminal HIN domain and an N-terminal PYD region, and in a similar manner to 

NLRP3 it requires ASC in order to recruit pro-caspase-1 [22-23]. However, formation 

of this inflammasome is not triggered by a central oligomerisation domain but by 

clustering of multiple AIM2 proteins, via its HIN domain, around the binding sites of its 

ligand, dsDNA [22-23].

Activation of the inflammasome is also regulated by other intracellular processes. 

Autophagy is a constitutively active process by which the cell sequesters, degrades and 

recycles the constituents of damaged proteins, organelles or pathogens within a double 

membrane compartment, known as an autophagosome [137]. In addition, autophagy 

can also be induced by various immunostimulatory stimuli, including IFN-y, TNF-a and 

TLR agonists [137]. Recently, it has been shown that blockade of proteins required for 

autophagy, Atgl6Ll and Atg7, enabled LPS-induced inflammasome activation, thus 

suggesting that autophagy negatively regulates activation of the inflammasome [138]. 

The exact mechanism of this regulation of the inflammasome by autophagy is currently 

unknown. However, it has been proposed that autophagosomes may target 

inflammasomes for degradation [139]. Furthermore, studies within our lab have shown 

that pro-IL-lp is sequestered in autophagosomes in LPS-treated macrophages (Harris J 

and Lavelle EC et al unpublished findings).
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Figure 1.3: Proposed mechanism of activation of the inflammasome. Current 

theories suggest that NLR proteins are present in an autorepressed state in the 

cytoplasm, in a conformation which conceals the NACHT/NOD and effector domains, 

preventing any interaction with other proteins. Once the NLRP protein is activated a 

conformational change is induced, exposing the PYD/CARD domains. This leads to 

recruitment of ASC and, subsequently, caspase-1 activation which then goes on to 

convert pro-lL-ip into active IL-ip and pro-1 L-18 into active IL-18 [140].
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1.4.1 Regulation of the Inflammasome

Several proteins involved in the regulation of inflammasome activation have been 

identified. For example, pseudo-lCE and ICEBERG are proteins which contain a single 

CARD domain allowing them to interact with caspase-1. It is thought that they can 

bind to caspase-1 and prevent its recruitment into the inflammasome [141]. Another 

protein, protease inhibitor-9 (PI-9), can impede caspase-1 activation by binding to its 

active site and may also prevent the recruitment of caspase-1, thus, negatively 

regulating formation of the inflammasome [142]. ASC2 or POP, which is homologous 

to ASC but lacks a CARD, has been proposed to inhibit ASC activity, presumably by 

preventing caspase-1 recruitment [143]. Orthologues of NLR proteins, known as R 

proteins, can be found in plants and these proteins are important for host protection 

against invading pathogens. These R proteins have been shown to associate with the 

ubiquitin ligase-associated protein SGTl and the chaperone protein heat shock protein 

90 (HSP90) [144]. In a similar manner, mammalian NLR have been shown to associate 

with SGTl and Hsp90 [145]. Furthermore, the activation of NLRP3, NODI and NOD2 

requires active heat-shock protein 90 (Hsp-90) and SGTl. These proteins are proposed 

to associate with the autorepressed form of NLR proteins and dissociate once a 

pathogen or danger signal is sensed, resulting in NLRP oligomerisation and subsequent 

inflammasome formation [145].

The ability to recognise and react to a wide variety of pathogen and danger-associated 

stimuli is one of the key attributes of the innate immune system. Not only do PRR alert 

the immune system to the presence of danger or invading pathogens, but their activation 

results in the induction and development of adaptive immune responses, which are 

central to generating immunological memory. A key link between the innate PRR and 

the adaptive response is provided by dendritic cells (DC).
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1.5 Dendritic Cells

The first observation of DC was made in the 1800s by Paul Langerhans, who identified 

what are now known as Langerhans cells in skin sections [146], However, it was not 

until 1973 that Steinman and Cohn discovered DC in the secondary lymphoid organs of 

mice, describing them as “cells that did not look like other white blood cells”. These 

cells were star-like and had the ability to continually extend and retract processes. They 

were subsequently named dendritic cells from the greek word Dendron, meaning ‘tree’, 

based on their unusual morphology [147]. Following on from their initial studies, 

Steinman and others later demonstrated the unique ability of DC to initiate immune 

responses. This was reflected in their superior ability to stimulate a primary mixed 

leukocyte reaction in comparison to other known APC, such as B-cells and 

macrophages [148-149]. Further studies demonstrated a difference between the 

requirements for priming naive T cells and previously activated T cells, as it was found 

that all APC could stimulate activated T cells, while only DC had the ability to activate 

naive Tcells [150]. These potent immunostimulators are a heterogeneous population of 

cells that can be further subdivided based on their localisation. For example, there are 

tissue-specific DC which reside in the gut and lungs, Langherans cells are found in the 

epidermis of the skin, while other DC are constantly circulating. DC subtypes also 

differ in their migratory pathways, immunological function and the types of stimuli 

required for their activation or generation.

DC can be broadly classified into three main groups; pre-DC, conventional DCs and 

inflammatory DC [151]. Pre-DC are cells which do not exhibit the classical 

morphology of DC or any DC-like functions but can develop into DCs with little or no 

division. Plasmacytoid DC are round, long-lived circulating pre-DC that can convert 

into DC which characteristically produce large amounts of type-1 interferons (IFNs) and 

are important for innate responses to viruses [45, 152].

Conventional DC (cDC) are cells which already have both DC form and function and 

can be further subdivided into two categories; migratory DC and lymphoid-tissue- 

resident DC. These cells are generally short-lived and are replaced by blood-borne 

precursors [153-154]. The migratory DC are found in peripheral tissues, where they 

sample antigens in the surrounding area, and travel to the T and B cell zones of 

secondary lymphoid organs. There, they present internalised antigens to lymph node T
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cells. A prime example of these cells are Langerhans cells [155]. These cells, express a 

high level of langerin (CD207), a type II lectin with mannose specificity, and can be 

found in the epidermis and epithelia of the intestines, digestive and reproductive tracts 

[156]. However, others have challenged the ability of LC to prime T cell responses, 

bringing into question the long-held idea of LC as the classical DC (refs in [146]. 

Lymphoid tissue-resident DC can be found in both the thymus and the spleen, where 

they sample self-antigen for presentation to resident T cells. Splenic cDC can be further 

subdivided based on their expression of CD8a. The CD8a^ and CD8a' cells differ in 

their immune functions and cytokine profiles [157-158]. For example, CD8a^ splenic 

cDC have the ability to present exogenous peptides in complex with MHC class I 

molecules, a phenomenon known as cross-priming [157]. CD8a' lymphoid resident 

cDC can be even further subdivided based on their expression of CD4, adding another 

layer of complexity to the classification of these cells [159]. In addition, further studies 

have identified the existence of specialised subsets of cDC within the lung, gut, lamina 

propia, and the draining lymph nodes of the skin which express the integrin, CD 103 

[160-163]. This expression of CD 103 by these specialised cDC has been suggested to 

be important for the recruitment of T cells in a tissue-specific manner during 

inflammation [161]. A more recent review has suggested that cDC should be 

subdivided based on their expression of CDl lb and takes into account the differential 

expression of CD4, CD8 and CD103 on cDC [146]. Taken together, all of these studies 

suggest that cDC can be subdivided based on their expression of CD4, CD8, CDl lb and 

CD 103, which is related to the effector functions of these cells, thus highlighting the 

heterogeneity of cDC subsets.

The state of the immune system in a healthy mammal in the absence of any infections or 

inflammatory stimuli is known as ‘steady state’. In contrast to pDC and cDC, 

inflammatory DC (iDC) are not found in the ‘steady state’ and are normally induced 

during inflammation or in response to infection. One such example is a subset of DC 

known as Tip DC, which appear in mice after Listeria monocytogenes infections and 

produce TNF-a and inducible nitric oxide synthase. These specialised DC were not 

required for adaptive antigen-specific responses, but were important for innate 

responses against the intracellular bacteria and the absence of these cells resulted in an 

inability to clear the infection [164]. Inflammatory DC have also been reported to be
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recruited to the site of injection after immunisation with alum-adjuvanted Ova in a uric 

acid-dependent manner [165],

Both myeloid and lymphoid progenitors can develop into DC [166-167]. The 

development of DC occurs in the bone marrow and starts from a single myeloid 

precursor (MP), which gives rise to a common monocyte, macrophage and DC 

precursor (MDP). The MDP can subsequently become either a monocyte, some 

populations of macrophage or a common dendritic cell precursor (CDP) [168], In 

addition, CDP can also arise from lymphoid-committed precursors. CDP have the 

potential to develop into both pDC and cDC, but no longer retain the ability to give rise 

to monocytes [153, 167, 169]. During cell differentiation, transcription factors play a 

determining role in deciding the fate of developing cells. Currently, the identity of all 

of the transcription factors necessary for DC development remain unknown, however 

several key players have been identified. For example, PU.l, a transcription factor 

which is required for the early stages of cell development within the myeloid lineage, 

also plays a key role in deciding the fate of MDP [170]. The presence of high levels of 

PU.l will drive an MDP towards the DC pathway and prevent it from becoming a 

monocyte or macrophage, by inhibiting the activities of the macrophage-inducing 

transcription factors c-Maf and MafB [171-172]. Once a cell has committed to the DC 

pathway, it has the potential to become either a pDC or a cDC. The development of 

pDC is fully completed in the bone marrow and depends on the presence of a basic 

helix-loop-helix transcription factor know as E2-2 [173]. In contrast, cDC development 

is completed outside the bone marrow within secondary lymphoid organs during which 

further cell divisions are partially instructed by signals from regulatory T cells (Tregs), 

the fms-related tyrosine kinase receptor, Flt3 and the lymphotoxin-P receptor [153-154, 

174].

1.5.1 Dendritic cell maturation

The idea that DC can exist in two different functional states was first proposed after 

studies showing that freshly isolated LC were more efficient at capturing and processing 

antigen, while cultured LC were potent immune stimulators [175-176]. Furthermore, it 

was shown by Austyn et al that DC could migrate from the blood to the spleen [177]. 

These studies led to the idea that DC existed in an ‘immature’ state in the periphery and
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once they have captured and processed antigen they become ‘mature’ DC, a process that 

is thought to occur while the DC migrates to secondary lymph organs. Immature 

dendritic cells are highly efficient at antigen uptake and processing but are unable to 

activate T cells. Immature DC can internalise antigen in several ways, including 

micropinocytosis, receptor-mediated endocytosis via C-type lectins, such as DEC-205 

or Fey receptors (CD64 and CD32), and phagocytosis [178]. Once antigen uptake has 

occurred, several changes are triggered within the DC which converts it into a potent 

APC.

The events leading to maturation involve several steps, such as the loss of endocytic 

receptors, upregulation of co-stimulatory molecules. Including CD40, CD80 and CD86 

as well as expression of peptide-containing MHC class II molecules. As a result of this 

process, mature DC express high levels of MHC molecules, CD80, CD86, CD40 and 

CD83 [179]. These molecules are necessary for T cell interaction, conferring on DC the 

ability to prime and subsequently activate T cells. DC maturation can be triggered by 

the sensing of MAMP, endogenous danger signals, local cytokines and also T-cell 

derived signals.

Several models have been proposed to describe DC maturation and also to explain how 

DC have the ability to induce several different effector responses specific to the 

activating signal received (Figure 1.4). The linear maturation model suggests that DC 

are either in an immature or mature state and that specific subsets of DC exist with the 

ability to prime each type of immune response required [180]. Others suggest that 

immature DC give rise to mature DC that initially produce high levels of IF-12- 

inducing Thl cells, and that further maturation converts the DC into a cell that no 

longer secretes IF-12 and subsequently generates Th2 cells [181].

An alternative to both of these models presents a more flexible scenario, where the same 

type of DC can mature with the ability to prime both Thl and Th2 cells [182-183]. All 

of the models to date are based on the idea that only mature DC are immunogenic and 

that tolerogenic DC, which can induce anergy, deletion or the development of 

regulatory T-cells, are in an immature state. However, in contrast to this, it has been 

shown that mature DC can be non-immunogenic and that tolerogenic DC can express 

high levels of co-stimulatory molecules and other markers of maturation [184-185]. 

Based on the confusion regarding whether maturity equals immunogenicity, it has been

27



proposed that DC should be described based on their phenotype, ontogeny and their 

effector functions, rather than simply the expression of particular surface markers [179],
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Figure 1.4: Models of DC maturation. Schematic representation of the models 

proposed to explain the maturation of DC. (a) Proposes the existence of specific DC 

subsets with the ability to prime Thl or Th2 responses, (b) Matured DC initially secrete 

large amounts of IL-12 with the ability to induce Thl type response, following further 

maturation the DC no longer produces lL-12 and as a result induces Th2 type responses, 

(c) DC exist in a more flexible state with the ability to induce both Thl and Th2 type 

responses, depending on the type of activation signals received (Figure from [179]).
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1.5.2 Antigen Presentation by Dendritic Cells

Antigens engulfed by DCs are processed and presented in complex with either MHC 

class I molecules, MHC class II molecules or CDl molecules, depending on the nature 

of the antigen and the route of uptake.

1.5.2.1 MHC class I Pathway: The activation of CD8^ cytotoxic T cells by DC 

requires the presentation of peptides in the context of MHC class I molecules. The 

MHC class I antigen presentation pathway can be found in almost all cell types, 

allowing the display of endogenous peptides on the cell surface. This is central to the 

development of immune responses against intracellular pathogens, such as viruses.

MHC class I molecules are made up of an a chain associated with a p2-microglobulin 

subunit. Folding of these molecules occurs in the endoplasmic reticulum (ER) and 

initially the a chain is joined to the chaperone protein calnexin, which is required for 

stable folding and assembly with the P2 microglobulin subunit [186]. Once the p2- 

microglobulin chain associates with the a chain, it forms a partly folded a:P2 

microglobulin complex, which then dissociates from calnexin. Subsequently, the partly 

folded molecules associate with a complex of proteins, containing calreticulin, Erp 57 

and tapasin, known as the MHC class I loading complex. MHC class I molecules 

acquire peptides during their assembly within the ER. This endogenous pathway 

involves degradation of cytosolic proteins, initiated by labelling proteins via ubiquitin 

conjugation. This targets proteins to the proteasome, which consists of a catalytic 

subunit, 20S core particle, and two regulatory subunits, 19S regulatory particles. The 

proteasome recognises ubiquitinated proteins and degrades them in a process that is 

regulated in an ATP-dependent manner [187-189].

The degraded proteins are then translocated to the ER via transporters associated with 

antigen processing (TAP) 1 and 2 [190-191]. Binding of peptides to TAPl-TAP-2 

induces a conformational change that stimulates ATP hydrolysis and provides the 

energy necessary for peptide transport [188, 192]. Studies have shown that peptide 

binding to the MHC class I molecules involves a process of initial binding, followed by 

peptide exchange and editing, in order to match the right peptides to the binding cleft 

[193]. It has been proposed that tapasin, a type I transmembrane glycoprotein, is 

responsible for peptide editing [194]. Erp57, a thiol oxidoreductase that forms a
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disulfide bond with tapasin, is thought to maintain the sulphide bonds within MHC 

molecules during peptide loading [195].

The peptides which have access to the MHC class 1 presentation pathway are mostly 

newly translated polypeptides, including defective ribosomal products that are rapidly 

degraded by the proteasome into peptides of 2-25 amino acids in length [196], In 

contrast to this, it has been proposed that newly synthesised polypeptides are protected 

from degradation immediately after translation and that the real source of the majority 

of peptides found on MHC class I molecules is actually pre-existing proteins [197],

As well as presenting peptides derived from endogenous sources, DC also have the 

ability to present exogenous peptides from the endocytic pathway to CD8^ T cells in the 

context of MHC class I molecules [198-199]. This phenomenon is known as ‘cross

priming’ or ‘cross-presentation’. Two of the main pathways involved in cross 

presentation are the TAP-dependent and the TAP-independent pathways. The TAP- 

independent pathway is thought to involve peptide exchange in recycling endosomes or 

on the cell surface and a specific role for cathepsin S has been demonstrated [200]. 

However, the TAP-dependent pathway is thought to dominate and involves the transfer 

of antigens from endosomes to the cytoplasm. Cell or particle-associated antigens are 

more efficient at inducing cross-presentation and a subset of CD8^ DC found in the 

spleen are specialised for this function [157, 201]. Furthermore, it has been shown that 

the mechanism of uptake of soluble antigens may determine the method of presentation 

[202]. Improved understanding of this pathway may allow for vaccine targeting of 

antigen directly to the MHC class I pathway, allowing for the generation of CD8^ T 

cells.
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Figure 1.6: MHC class I presentation pathway. The MHC class 1 antigen 

presentation pathway can be found in almost all cell types, allowing the display of 

endogenous peptides on the cell surface which is important during viral infections. This 

endogenous pathway involves degradation of cytosolic proteins, initiated by labelling 

proteins via ubiquitin conjugation. The targeted proteins are then transported to the 

proteasome where they are degraded and translocated to the ER via TAPI and 2 and 

subsequently loaded onto MHC class 1 molecules before transport to the cell surface for 

presentation (Figure from [186]).
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1.5.2.2 The MHC class II presentation pathway: This pathway is only found in 

professional APC such as DC, B cells and macrophages. It allows exogenous antigens, 

phagocytosed by APC, to be presented to CD4^ T cells, resulting in the generation of T 

helper cell responses. Exogenous antigens captured by DC are directed towards 

lysosome-related intracellular compartments containing MHC class II molecules, 

known as MIIC or MHC class 11-rich compartments [203-204]. While being 

transported to the MIICs, the phagocytosed proteins are degraded to peptides. This 

degradation is dependent on the fusion of the phagosome with lysosomes, which contain 

lytic enzymes, to form phagolysosomes, resulting in acidification and subsequent 

activation of enzymes necessary for antigen degradation, such as cathepsins [205]. The 

MHC class II molecules are heterodimers consisting of a and p chains that are 

assembled in the endoplasmic reticulum. During the assembly of these molecules, a 

type II transmembrane chaperone protein, known as the invariant chain (li), associates 

with the binding groove to prevent misfolding and promote stable assembly [206-207]. 

A series of proteolytic cleavage events eventually leaves a short peptide fragment, 

CLIP, which remains in the antigen-binding groove. Cathepsin S, a cysteine 

endoprotease, is responsible for cleaving the cytoplasmic domain of the li, which 

releases the MHC class II molecules from the endoplasmic retention signal [186]. The 

proteolytic degradation of li is controlled by the ratio between cathepsin S and its 

regulator cystatin C. During DC maturation, the levels of cathepsin S are increased, 

promoting the loading of antigenic peptides for subsequent presentation [208]. A 

protein known as H-2M (HLA-DM in humans) is also found in the MIICs, it helps to 

stabilise the empty MHC class II molecules and also catalyzes the removal of CLIP, 

while enhancing the binding of antigenic peptides.

In order for the MHC complex to be stable, it must be associated with a peptide, as 

empty MHC class II molecules are rapidly degraded. The available peptide pool comes 

from any protein that can gain access to the endosomal pathway and peptides are 

generated by the actions of endosomal proteases [186]. Once a stable complex has been 

formed between the peptide and the MHC molecules, the peptide:MHC II complex is 

transported to and expressed on the surface of the cell. Turnover rates and surface 

expression of MHC class II molecules on DC are regulated by ubiquitination of the 

cytoplasmic tails of the peptide-MHC complexes, therefore targeting them for 

degradation [209-210]. Lurthermore, it was also found that ubiquitination of MHC II
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molecules eeased in mature DC, allowing for the accumulation of MHC Ihpeptide 

complexes on the cell surface [210]. It has also been shown that TLR play an important 

role in the antigen presentation process, as signalling through TLR triggers efficient 

peptide loading of MHC II molecules and TLR-loaded antigens results in more potent 

activation of CD4^ T cells [211],

Autophagy, which is important to maintain cell homeostasis, is now also considered to 

be important for the delivery of antigens to MHC class II presentation pathways. 

Autophagy is considered to be a constitutively active process during which 

autophagosomes fuse with MIICs [212]. Also, targeting of proteins to autophagosomes 

is an efficient method of gaining access to the MHC II presentation pathway [212]. 

Therefore, through autophagy, endogenous or cytosolic antigens can be presented on 

MHC II molecules. The levels of autophagy within a cell can be upregulated by TLR 

signalling and eertain cytokines suggesting interplay between TLR signalling, 

autophagy and antigen presentation [205, 213-214].
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Figure 1.5: MHC class II presentation pathway. This antigen processing pathway 

allows exogenous antigens, phagocytosed by ARC, to be presented to CD4^ T cells. 

Exogenous antigens, captured by DC, are directed towards lysosome-related 

intracellular compartments containing MHC class II molecules, known as MlIC or 

MHC class 11-rich compartments. CLIP is a short peptide which remains in the antigen

binding groove, in order to maintain stability of the MHC II complex, until HLA-DM 

catalyzes peptide loading onto the MHC class 11 molecules (Figure from [186]).
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1.5.2.3 CDl presentation pathway: CDl proteins are a family of MHC-class-I-like 

glycoproteins that present lipids to T cells. They are made up of five isoforms, CDl a- 

e. The structure of the CDl molecules is similar to MHC class I molecules, consisting 

of one heavy chain with three globular domains that are non-covalently associated with 

a p2-microglobulin subunit [215], CDla, b and c all present lipids to CDl-restricted T 

cells found within the CD4^ and CD8^ aP-T cell pool [216], In contrast, only CDld 

molecules present lipids to natural killer T-cells (NKT) which express an invariant TCR 

a chain and are innate like in their activities. Activation of NKT cells by DC via CDl 

molecules results in upregulation of CD40L and IFN-y secretion by the iNKT cells, 

which in turn further activates the DC [217-218]. a-galactosylceramide (a-GalCer) is a 

known adjuvant and also the most commonly used activator of NKT cells [219]. It is a 

glycolipid which is presented by CD 1 d-expressing APC and activates NKT cells to 

secrete lL-1 and IFN-y [220]. Furthermore, it also has the potential to activate CD8^ T 

cells via its CDld presentation to NKT cells [221-222].

1.5.3 Dendritic cells link innate and adaptive immune systems: T cell priming

Mature DC are highly efficient at antigen presentation and express high levels of 

molecules required for interacting with T cells. DC have the ability to interact with and 

activate both CD4^and CD8^T cells through their expression of MHC class II and class 

I molecules, respectively. During antigen presentation, stable cell-cell junctions, known 

as immunological synapses (IS), are formed between DC and T cells [223]. These 

synapses involve interactions between, the MHC molecules expressed on the DCs and 

the T cell receptor (TCR), along with the CD4 or CD8 receptors on the T celt. In 

addition, co-stimulatory molecules, such as CD28 and LFA-1 can be found on the T cell 

surface and these interact with their cognate receptors expressed on activated DC. In 

order to fully activate naive T-cells, three signals must be provided (Figure 1.7), two of 

which can be found within the IS.

The pathogen-derived peptide:MHC complex, expressed on the surface of the activated 

DC, is recognised by the T-cell receptor (TCR). This interaction determines the antigen 

specificity of the response and constitutes for “signal one” [224]. In order to survive 

and proliferate, T cells require a co-stimulatory signal, the absence of which results in 

anergy and the induction of tolerance [224]. Co-stimulatory molecules, such as B7.1
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and B7.2 (also known as CD80 and CD86) are upregulated on mature DC and these 

molecules interact with CD28 on the surface of the T cell providing “signal 2”. Other 

cell adhesion molecules, such as LFA-1 and ICAM-1/3, also play important roles during 

the interaction of the MHC-TCR. The ap TCR is associated with the CD3 complex, 

due to the fact that on its own the aP heterodimer is signalling incompetent. The CD3 

complex consists of CD3y, 5 and e, proteins that span the plasma membrane. They 

contain specialised motifs for signalling, known as immunoreceptor tyrosine based 

activation motifs (ITAM), on their intracellular domains. These cell surface molecules 

are also associated with a zeta chain or which contains three ITAM on its intracellular 

domain and plays an important role in intracellular signalling after activation of the 

TCR. Ligation of the TCR results in activation of a complex intracellular signalling 

cascade, which begins with phosphorylation of these ITAM. This cascade ultimately 

results in the activation of transcription factors, such as NFAT, AP-1 and NFkB 

increasing the transcription of interleukin-2 (IL-2).

Cytokines can be secreted by the activated DC, but also by other innate cells, such as 

granulocytes or cells in the surrounding tissue, and these can determine the fate of the 

naive T cell. The cytokines provide “signal 3” and the balance of these can have a 

strong impact on the type of immune response generated [182]. The cytokines secreted 

are determined by the type of pathogen-derived molecules or endogenous danger signals 

sensed by the DC. For example, IL-12 is a well known Thl polarising cytokine. Other 

Thl-polarising factors include membrane bound factors, such as ICAM-1 and delta-like 

Notch ligands [225-228]. In contrast, stimulation of DC in vitro and in vivo with the 

egg stage of Schistosoma mansoni results in the development of Th2 T cells [229-231]. 

It is not just the presence of one key cytokine that decides the fate of a naive T cell, it is 

the balance of all cytokines present in the local micro-environment at the time of 

activation.

The T cell must receive all three signals in order to become fully activated. For 

example, failure to provide signal 2 and 3 in the presence of signal 1 can inactivate T 

cells by inducing anergy, cell death, or alternatively, the induction of tolerance by 

diversion into a regulatory fate [232]. In addition to the requirement for all three signals 

in order to fully activate naive T cells, it has been proposed that in order to induce 

optimal responses, all three signals must be reeeived from the same DC that has been 

directly activated by the MAMP or danger signal [232].
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Figure 1.7: Activation and polarisation of T cells requires the integration of three 

signals. Signal one is derived from ligation of the TCR by the MHC-peptide complex 

and generates the antigen specificity of the immune response. Co-stimulatory 

molecules, such as CD28 and its ligands CD80/CD86, provide the second signal which 

is necessary for survival and proliferation of the T cell. The third signal is received 

from cytokines, the balance of which is central to the type of response that is developed. 

The type of cytokines will depend on the activation stimulus received by the DC, such 

as MAMP and endogenous danger signals (Figure from [224]).

37



1.6 The Adaptive Immune Response

The innate immune system is the first line of defence and has the ability to sense the 

presence of invading pathogens or dying or stressed cells via an array of PRR. DC act 

as the link between the innate and adaptive immune responses. The main cells of the 

adaptive immune response are the T cells and B cells. Studies carried out by Cooper 

and Good suggested that there were two subsets of lymphocytes in the bursa of 

Fabricius of chickens, one of which was necessary for antibody production (B cells) and 

another which required an intact thymus for their development (T cells) [233-234]. The 

adaptive immune response executes two major types of responses, cell-mediated 

immunity and humoral immunity. Activation of T cells, generates cell-mediated 

responses, while B cells develop into antibody-producing cells, resulting in humoral 

immune responses

1.6.1 T cells

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

immune system. They are defined based on their development in the thymus and the 

presence of a heterodimeric receptor, known as the T cell receptor (TCR), expressed on 

their cell surface in association with CD3 molecules. T cells have several effector 

functions, including the provision of help to B cells to produce antibodies, activation of 

macrophages and killing of cells infected with intracellular pathogens, such as viruses. 

T cells can be subdivided based on their co-receptor expression and their effector 

functions. Helper T cells (Th) express CD4 on their cell surface, which acts as a co

receptor for MHC class II molecules. These cells provide help for B cells and activate 

macrophages to kill intracellular bacteria. Cytotoxic T cells (CTL) express CDS on 

their surface, which is the co-receptor for MHC class I molecules and these cells kill 

virally-infected cells. Each T cell expresses a TCR that is generated by somatic gene 

segment re-arrangement. Most of the T cells generated possess a TCR made up of a and 

P chains, so-called aP T cells. However, there is also a small subset of T cells which 

express a y6 TCR and are CD4'^CD8'; these cells are thought to play a role in 

immunoregulation. Once the gene re-arrangement is complete, the aP T cells undergo 

selection based on their recognition of self-MHC molecules and their non-
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responsiveness to self antigens. Mature T cells then enter the periphery via the 

bloodstream and are carried to the spleen and lymph nodes, where they can encounter 

APC [235], Naive CD4^ T cells have the potential to develop into one of several 

identified effector lineages, including Thl, Th2, Thl7, regulatory T-cells and follicular 

T-helper cells (Tfh), during their initial interaction with antigen presented on MHC 

class II molecules on the surface of DC (Figure 1.8).
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Figure 1.8: The fates of CD4^ T cells. CD4^ T cells have the potential to differentiate 

into different effector subsets. Thl cells are induced via IL-12 and lL-18 and uniquely 

express the transcription factor T-bet. Th2 cells develop in the presence of cytokines, 

including IL-33, IL-25 and IL-4, which upregulates transcription factor GATA-3. Thl 7 

cells are generated with a combination of IL-6, TGF-p and lL-21 and are associated 

with ROR-yt expression. Exposure to lL-10 and TGF-p results in a tolerogenic 

phenotype and the generation of regulatory T-cells associated with the transcription 

factor, Foxp3. IL-21 induces development of follicular helper T cells (TfTi).
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1.6.1.1 Thl

In 1986 it was formally shown that murine CD4^ T cells could be subdivided into Th 1 

and Th2 subsets based on their cytokine profile [236]. However, the existence of these 

sub-populations was not shown in humans until the 1990s, using samples from patients 

with allergic or infectious diseases [237], T cells were isolated from immunised mice 

that secreted, IFN-y, IL-2, IL-3 and GM-CSF and promoted the production of IgG2a 

antibodies by B cells in response to antigen or Con A. These were designated Th helper 

1 (Thl) cells [236]. Thl cells are generally associated with intracellular pathogen 

infections, such as Mycobacterium tuberculosis, autoimmune disorders and the 

development of Thl cells is promoted by IL-12, the main source of which are DC and 

macrophages. The induction of IL-12 secretion by DC is induced by TLR stimulation. 

NK cells have been shown to act as an early source of IFN-y, which can further enhance 

the level of DC-produced IL-12, promoting the development of Thl cells [238]. IL-12R 

ligation on the surface of T cells results in the activation of STAT-4 and T-bet (T-box 

expressed in T cells), subsequently activating the transcription factors NFkB and 

nuclear factor of activated T cells (NFAT), resulting in an increase in the expression 

levels of IFN-y and a decrease in IL-4 production [239]. More recently, it has been 

shown that T-bet and STAT4 also co-operate in the transcription of Thl-specific genes 

[240]. Runx 3 is a member of the runt domain transcription factors which function 

mainly in cell-specific lineage decisions. One of the transcriptional targets of T-bet is 

the Runx3 gene. Together Runx3 and T-bet bind to the silencer region within the 114 

gene and thereby repress transcription. In addition, this complex of T-bet and Runx3 

also bind to the Ifny promoter, which enhances a positive feedback loop through the 

secretion of IFN-y [241-242]. A role for IRF-1 (interferon response factor-1) in Thl 

cell differentiation has been shown through its ability to regulate the expression of the 

IL-12Rpi subunit and the p40 and p35 subunits of IL-12, thereby enhancing both the 

secretion of IL-12 and responsiveness of T cells to IL-12 [243].

While many of the earlier studies into Thl differentiation highlighted the key role 

played by IL-12, it is also important to note that Thl responses in vivo to certain 

antigens can occur in an IL-12-independent manner. For example, mice with a targeted 

disruption of the IL-12 p40 subunit generated a strong Thl type response, characterised 

by high levels of IFN-y and the absence of IL-4, when infected with mouse hepatitis 

virus (MHV) [244]. Another study demonstrated that when mice defective in IL-12
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were immunised with Toxoplasma gondii tachyzoites, a significant number of Thl cells 

were detected [245]. Based on these and other studies, it has been suggested that the 

role of IL-12 is not as the primary inducer of Thl responses, but as an enhancer of 

effector cells already committed to Thl differentiation [246-247],

The Notch proteins are a family of four (Notch 1-4) heterodimeric cell surface 

receptors, all of which have been shown to be expressed on CD4^ T cells [248]. The 

ligands for these receptors can be divided into two families, the Delta-like ligands 

(DLL) and the Jagged proteins [246]. Binding of ligands to the Notch receptors results 

in cleavage of the intracellular domain of the Notch protein and their subsequent 

translocation into the nucleus, where they associate with the DNA-binding factor 

recombination-signal-binding protein for immunoglobulin kJ region (RBPJ) and the co

activator Mastermind-like 1 (MAML-1) [249]. Stimulation of APC with known Thl- 

driving stimuli, such as CpG and LPS, has been correlated with enhanced expression of 

DLL proteins [227-228]. In addition. Notch signalling may directly activate Tbx21, 

which is the gene that encodes T-bet [250-251]. A regulatory role for ICAM-1 and 

LFA-1 in the Thl/Th2 fate decision has also been proposed [226]. Once Thl cells are 

fully differentiated they secrete their signature cytokine IFN-y, as well as IL-2 and TNF- 

a. The effector functions of IFN-y include activation of macrophages and induction of 

IgG2a antibodies by B cells, which are characteristic of a type 1 response.

1.6.1.2 Th2

The second subset of cells identified by Mossman et al secreted IL-3, IL-4, lL-5 and 

enhanced B cell production of IgE and IgGl [236]. These cells were given the name T 

helper 2 cells (Th2). Th2 cells are generally associated with protection against 

extracellular pathogens, such as Schistosoma mansoni and allergic reactions. IL-4 is the 

signature cytokine of Th2 cells and it is essential for their development from naive 

precursors. However, the source of IL-4 is still debated [252]. Furthermore, Th2 cells 

have been shown to develop in the absence of IL-4 [253]. In support of this, it has been 

shown in vivo that the absolute numbers of Th2 cells generated after helminth infection 

in STAT6-deficient mice (STAT6 is an essential part of the IL-4R signalling pathway) 

were comparable to those in wild type mice [254]. In a similar manner to IL-12, it has 

been proposed that IL-4 is necessary for the enhancement of Th2 responses but is not
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the primary inducer of Th2 differentiation [246]. A role for IL-25 (also known as IL- 

17E) in Th2 cell development has also been proposed, as it can enhance IL-4, IL-5 and 

IL-13 secretion by signalling through IL-17RB [255-258], Similar to IFN-y, IL-4 acts 

in an autocrine manner to promote Th2 cell development and has an inhibitory effect on 

the development of Thl cells.

Another cytokine associated with type 2 immune responses is IL-33 (IL-lFl 1), which is 

a member of the IL-1 family of cytokines. IL-33 has been shown to associate with the 

orphan receptor ST2 and has the ability to promote IL-5 and IL-13 secretion by Th2 

polarised cells in vitro. Also, immunisation with purified IL-33 induces secretion of 

Th2-associated cytokines and eosinophilia [259]. Thymic Stromal Lymphopoeitin 

(TSLP), which is secreted by stromal cells, was originally shown to act as a B cell 

growth factor. It is expressed at high levels in the lungs of mice sensitised and 

challenged with Ova. These mice develop a Th2-type response and lung eosinophilia, 

both of which have been found to be reduced in TSLP-R knock-out mice, suggesting a 

role for TSLP in the development of Th2 responses [260].

The binding of IL-4 to its receptor results in the activation of the transcription factor 

STAT-6, which subsequently induces the expression of GATA-3 and c-Maf, ultimately 

resulting in the upregulation of IL-4 and IL-5 and downregulation of IFN-y [261-262]. 

GATA-3 is a zinc finger protein which was originally found to bind to the TCR a gene 

enhancer, however, it is now known as the master regulator of Th2 cell differentiation. 

It is thought to mainly influence Th2 cytokine expression by reorganising the Th2 locus, 

rather than promoting proliferation of the cells [263-264]. Furthermore, GATA-3 

inhibits Thl cell differentiation by preventing upregulation of the 1L-12R p chain, 

rendering the cells unresponsive to IL-12 and sensitive to the presence of IL-4 [263]. 

Other transcription factors proposed to play a role in Th2 differentiation include NFAT- 

1, JunB and IRF-4, all of which have been shown to enhance 114 gene transcription 

[265-266]. More recently, Dec2, a helix-loop-helix transcription factor, has been 

implicated in Th2 cell differentiation, as Dec2-deficient mice show reduced Th2 

responses following intraperitoneal Injection with Schistosoma mansoni eggs [267]. 

APC which have been stimulated by Th2 driving factors, such as Schistosoma mansoni 

egg antigen (SEA), upregulate their expression of Jagged proteins [231]. Furthermore, 

Notch signalling has been shown to be sufficient to drive the differentiation of Th2 cells 

in the absence of STAT6, in a GATA3-dependent manner. Signalling through Notch
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has been implicated as a requirement of Th2 differentiation, upstream of GATA-3, 

further enhancing lL-4 transcription [268-269],

1.6.1.3 Thl7

The recent discovery of an IL-17-producing subset of CD4^ T cells has provoked a 

rethink of the traditional Thl/Th2 paradigm. Langrish et al first reported the existence 

of a set of IL-17-secreting CD4^T cells driven by IL-23. The cells secreted lL-17, IL-6 

and TNF-a and were shown to be responsible for pathogenicity in experimental allergic 

encephalomyelitis (EAE), an inflammatory disease of the central nervous system often 

used as the animal model for multiple sclerosis in humans [270], These cells have since 

been termed T-helper IL-17 cells or Thl7 cells. IL-17, also known as IL-17A, is the 

founding member of the IL-17 family of cytokines, which include IL-17A-F, and has 

been shown to be involved in enhancing the production of chemokines and matrix 

proteins to recruit neutrophils [271].

After the initial discovery of Thl7 cells, little was known about the signalling pathways 

involved in their development. As a result the idea that these cells were a separate T 

cell lineage was controversial and it was suggested that they had diverged from the Thl 

lineage at some point during their development. The divergence theory was supported 

by the fact that T-bet-deficient mice were resistant to EAE, an autoinflammatory disease 

associated with IL-17 [272]. In addition, it was also found that the IL-23R was not 

expressed on naive T cells, despite previous reports that IL-23 was the initial driving 

factor for the differentiation of IL-17-producing T cells [273-274]. In contrast, a series 

of experiments by Park et al provided new evidence, which supported the idea that IL- 

17 producing T cells were, in fact, a distinct lineage of T helper cells. They 

demonstrated that a higher number of IL-17-producing T cells could be isolated from T- 

bet deficient mice [275]. Work by Harrington et al added further support to the Thl7 

lineage theory by showing that IFN-y inhibited the secretion of IL-17 from naive T-cells 

but that fully differentiated IL-17-producing cells were unaffected by the presence of 

IL-4 or IFN-y [276]. Moreover, further studies have identified ROR-yt as the master 

transcription factor required for the development of Thl7 cells [277]. A role for STAT3 

in Thl7 development has also been demonstrated [278-279]. Key cytokines involved in 

the development of Thl7 cells, including IL-6 and IL-23, induce STAT3 activation

43



which subsequently binds to the 1117 locus [280]. In addition to RORyt, a role for IRF4 

has also been proposed in the differentiation of Thl7 cells based on the reduced levels 

of RORyt expression in the absence of IRF4 [281].

The identity of the key cytokines involved in the differentiation of Thl7 cells is 

somewhat controversial, but knowledge of this area is expanding rapidly. TGF-P, IL- 

6, IL-lp and IL-23 are all thought to be essential for the development of Thl7 cells in 

humans [282-283]. In mice, TGF-(3, IL-21 and IL-6 are thought to be involved in the 

initiation of Thl7 cell differentiation [284-286]. It was reported that IL-6 and TGF-P 

induced the production of IL-17 from naive T cells activated with anti-CD3 and anti- 

CD28, and Thl7 cells were absent or diminished in all tissues of TGF-P-deficient mice 

[285-286]. Furthermore, it was demonstrated that mice expressing a dominant negative 

form of the TGF-P receptor were resistant to EAE and were deficient in Thl7 cells 

[284]. Several studies have indicated a role for lL-6 in inflammation, IL-6-deficient 

mice are resistant to actively induced EAE and Thl7 cells are absent in the lamina 

propria of mice lacking in IL-6 or RORyt [277, 287]. Thus, it was suggested that TGF- 

P and IL-6 acted collectively to induce the differentiation of murine Thl7 cells. 

Recently, it has been shown that, TGF-P promotes the differentiation of Thl7 cells by 

inhibiting the development of Thl and Th2 cells in both mice and humans [288-289]. 

TNFa and IL-1 have been implicated in increasing the differentiation of Thl7 cells in 

the presence of IL-6 and TGF-P [286]. The role for IL-1 was further supported by the 

fact that, induction of Thl7 cells is abrogated in IL-lRl knock-out mice and 

complemented by the fact that these mice have a lower incidence of EAE than wild 

type mice [290]. Furthermore, it has also been shown that IL-1 and IL-23 activated y5 

T cells promote the secretion of lL-17 by CD4^ T cells [291]. In addition, a more reeent 

study has shown that IL-1 signalling in T cells regulates the expression of RORyt and 

IRF4 [292]. Models of autoimmune disorders in mice deficient in ICOS and IL-23 have 

shown that these two factors are necessary for IL-17 production [293-294]. It is now 

thought that both IL-1 and IL-23 play important roles in the maintenance of Thl 7 cells 

and the development of memory Thl 7 cells.
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IL-17 has been implicated in barrier functions by inducing growth, differentiation and 

integrity of epithelial surfaces and Thl7 cells exist constitutively in the intestinal lamina 

propia [295]. A protective role for Thl7 cells has been reported during infection with 

the extracellular bacteria Klebsiella pneumoniae [296-297]. Furthermore, IL-17 reduces 

Thl-mediated parasite-induced myocarditis during infection with Trypansoma cruzi 

[298]. It has also been demonstrated that, effective protection against Staphylococcus 

aureus and Candida albicans requires IFN-y and IL-17 [299]. In contrast, activation of 

Thl 7 cells has been shown to prevent the generation of protective Thl responses against 

Candida albicans and Aspergillus fumigates [300]. Therefore, the role of Thl 7 cells in 

certain infections, such as Candida albicans infections, remains controversial.

1.6.1.4 Regulatory T cells

The idea that thymic-derived cells had the ability to both activate and suppress the 

development of immune responses was first proposed in the 1970s [301]. However, it 

was not until 25 years later that thymic-derived cells with the ability to induce tolerance 

were identified. Sakaguchi et al were the first to describe a set of naturally occurring 

CD4^ T cells that could prevent the development of autoimmunity by inhibiting the 

expansion of self-reactive lymphocytes. They showed that the depletion of a population 

of CD4^ CD25^ cells, which constitute 5-10% of CD4^ T cells in mice, resulted in the 

spontaneous development of auto-inflammation. Furthermore, this auto-inflammation 

could be reversed by reconstitution of the CD4^ CD25^ cells [302]. In agreement, 

others have also reported aberrant T cell responses, characterised by excessive Thl and 

Th2 cytokines resulting in autoimmunity, in mice deficient in these ‘regulatory’ T cells 

[303-304]. The existence of a set of T cells, now known as regulatory T cells (Tregs), 

with suppressive activity is currently widely accepted. Regulatory T cells can be 

broadly subdivided into two subsets, natural Tregs (nTregs) and inducible Tregs 

(iTregs) [305-306].

The CD4^ CD25^ T cells described by Sakaguchi et al are representative of natural T 

regulatory cells. These cells develop in the thymus and play a role in controlling self

reactive T cells in the periphery. It has recently been shown that TGF-P is required for 

their development in the thymus, as mice lacking TGF-PRI have lower levels of 

naturally occurring CD4^CD25^Foxp3^ thymocytes [307]. Natural Tregs can be
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defined by their constitutive expression of Foxp3 and CD25 (IL-2Ra chain). However, 

both Foxp3 (intracellular) and CD25 (surface) are expressed by activated T cells, 

making it difficult to isolate regulatory T cells from other effector lineages [308].

Inducible Tregs (iTregs) develop in the periphery following TCR stimulation in the 

presence of high levels of TGF-P and the absence of any other pro-inflammatory 

cytokines, resulting in subsequent induction of Foxp3 expression [309-311]. These 

converted Foxp3^CD25^CD4^ cells were found to be unresponsive to TCR stimulation 

and displayed suppressive functions when co-cultured with other T cells [309]. The 

induction of Foxp3 by TGF-P requires the involvement of additional transcription 

factors, including STAT3 and NFAT [306, 312]. In addition to Foxp3^ converted 

Tregs, the inducible Tregs, also Include Trl cells which secrete IL-10 and T-helper 3 

cells induced during oral tolerance which secrete TGF-p, both of which are Foxp3' 

[313]. Trl cells can develop in several ways; naive T-cells can convert to a regulatory 

phenotype following an encounter with an immature DC, they can be induced by 

specific pathogens as a method of evasion or alternatively can be generated by repeated 

exposure to antigen in the presence of IL-10, conditions which are associated with 

chronic infections [314].

Foxp3, a member of the forkhead/winged helix family of transcriptional regulators, is 

currently the main transcription factor associated with the regulatory phenotype. It was 

discovered as the gene mutated in scurfy mice, which spontaneously develop 

autoimmunity and severe inflammation [315]. Subsequently, it was shown that the 

immune dysregulation observed in scurfy mice was due to a deficiency in Tregs and not 

due to an intrinsic fault in CD4^CD25' T cells [316-317]. Furthermore, ectopic 

expression or retroviral gene transfer of Foxp3 was sufficient to convert CD4^CD25' T 

cells to a regulatory phenotype [316-317].

In addition to Foxp3, several other transcription factors have been implicated in the 

development and maintenance of both natural and Inducible Treg cells. One of the 

members of the runt domain transcription factors, Runxl, has been suggested to be 

necessary for the maintenance of Foxp3 expression in both natural and inducible Treg 

cells (ref as unpublished data in [318]). An unlikely co-factor necessary for the 

differentiation of Treg cells has recently been identified. Several groups have found 

that the presence of retinoic acid (RA), a metabolite of vitamin A, was necessary for the
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differentiation of Tregs induced by a specialised subset of DC isolated from the gut- 

associated lymphoid tissue (GALT) [319-321].

The exact methods of suppression employed by Tregs to prevent activation of effector 

lineages or control self-reactive CD4^ T cells are unclear. However, certain central 

molecules involved in the effector function of Tregs have been identified, including 

CTL-associated protein 4 (CTLA-4), found to be constitutively expressed at high levels 

by CD4^CD25^ T cells in normal mice. In addition to CTLA-4, the cytokines, IL-10 

and TGF-P have been suggested to play a role in the suppressive functions of Tregs 

[322-323]. Recently, a multi-step process of suppression was proposed by Sakaguchi et 

al [324]. The first step requires cell-cell contact between Tregs and APC during which 

Tregs form aggregates around DC more efficiently than effector T cells, via an LFA-1- 

dependent and CTLA-4-independent mechanism. Therefore, preventing access of 

responder T cells to MHC class II presented antigen on the surface of APC. The second 

step involves the down-regulation of co-stimulatory molecules on the surface of DC, 

including CD80 and CD86, which occurs in a CTLA-4-dependent manner [324]. 

Sakaguchi et al, propose that this multi-step method may represent the core method of 

suppression and that it may function in unison with additional mechanisms of 

suppression that have been identified, such as the ability of Tregs to lyse cells through 

their expression of perforin or granzyme [233, 324].

Currently, Foxp3 is the most definitive marker of nTregs. However, it is still difficult to 

distinguish between converted Foxp3^ iTregs and nTregs. Foxp3 is also upregulated in 

activated T cells [308]. In addition, T cells with regulatory functions, such as Trl and 

Th3 cells do not express Foxp3. The lack of a definitive marker for regulatory T cells 

prevents them from being fully identified as a distinct T cell lineage rather than just a 

transient set of cells that have diverged from other T cell lineages.
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1.6.1.5 Tfh

The idea that B cells required help from T cells in order to secrete significant levels of 

high affinity antigen-specific antibodies was first shown in the 1960s [325], It was 

initially thought that this important role was played by Th2 cells, due to their ability to 

secrete large amounts of IL-4, which is known for its ability to drive class switch 

recombination and B cell proliferation [326], However, it was not until the beginning 

of this century that a subset of CD4^ T helper cells that specialises in B cell help was 

identified. These cells were isolated from human blood and tonsillar tissue and were 

characterised by their high level of CXCR5 (the receptor for the chemokine CXCL13) 

expression. CXCL13 is specifically secreted by follicular stromal cells, thus attracting 

these cells to follicular regions of lymph nodes [327-328]. Furthermore, co-culture of 

these CXCR5^ CD4^ T cells with B cells induced activation and subsequent production 

of antibodies by B cells [327-328]. Based on their ability to provide B cell help and 

their anatomical localisation these CXCRS^ CD4^ T cells were termed follicular helper 

T cells (Tfh) [327-328]. Recent studies have characterised Tfh cells in more detail and 

have shown that they express high levels of BCL6, programmed cell death-1 (PD-1), 

Inducible co-stimulator (ICOS) and lL-21 [329]. While no unique transcription factor 

has been identified for this novel subset of Th cells, studies have shown that the high 

level of BCL6 expressed in these cells is a unique feature which cannot be seen in any 

of the other Th cell subsets [330-331]. In addition to this, it has been shown that forced 

overexpression of BCL6 in CD4^ T cells represses the differentiation of Thl and Thl7 

cells. This effect is due to the binding of BCL6 to the promoters of Thl and Thl7 

transcription factors, Tbet and RORyt respectively, thus suppressing their transcription 

[330-331]. Taken together, these studies suggest that BCL6 may act as the master 

regulator in the Tfh differentiation pathway.

It was initially thought that Tfh cells were unable to secrete significant levels of 

cytokines. However, recent studies have shown that Tfh cells have the ability to secrete 

high levels of IL-21, as well as IL-4 and IL-17 [329, 332-334]. IL-21 is thought to play 
a key role in the development of Tfh cells, as immunisation of IL-2r^' mice with a T 

cell-dependent antigen results in a reduced frequency of CXCR5^ €04"^ T cells, in 

comparison to wild type mice [335]. Adding further complexity to the differentiation of 

Th subsets, a study by Tsuji et al showed that Foxp-3^ CD4^ cells were preferentially
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converted into Tfh cells associated with a down-regulation of Foxp-3 and increased 

expression of IL-21, PD-1 and CXCR5 [336]. Furthermore, the increased expression of 

PD-1, IL-21 and CXCR5 in Tfh cells observed occurred in a B cell-dependent manner 

via CD40 interaction, suggesting a role for B cells in the differentiation of Tfh cells 

[336]. It has also been proposed that Tfh cells are preferentially generated from CD4^ T 

cells that express a TCR with high affinity for the antigen [337-338].

The main functions of Tfh cells is providing ‘help’ to B cells within follicles of 

secondary lymphoid organs, which is necessary for the progression and development of 

the humoral immune response. Their ability to produce large amounts of IL-21 is key 

to this activity, as IL-21 is a potent driver of B cell proliferation, isotype switching and 

differentiation into plasmablasts through its enhancement of BLIMP-1 [339]. However, 

if these cells are not tightly regulated they can contribute to the development of 

autoimmune diseases such as Systemic lupus erythematosus (SLE) where high levels of 

CXCR5^ CD4^ T cells expressing increased levels of PD-1 and ICOS can be found in 

the blood of patients [340]. A better understanding of the functions and differentiation 

of Tfh cells would potentially lead to the development of therapies for autoimmune 

disorders involving autoantibody formation and also aid the design of new vaccine 

adjuvants with the potential to promote Tfh development.

1.6.1.6 Plasticity among T helper subsets

The original experiments by Mosmann et al identified the existence of a division of 

labour among CD4^ T cells. They isolated stable mouse clones from immunised mice 

that produced a mutually exclusive set of cytokines which they deemed Thl and Th2 

cells. In addition, these cells were grown in vitro during which they were able to 

maintain expression of a unique cytokine profile [236]. Later studies confirmed the 

stability of these founding lineages by demonstrating that naive cells polarised towards 

a Thl or Th2 phenotype could not be forced to change their cytokine profile even in the 

presence of new polarising cytokines [341]. The identification of master transcriptional 

regulators unique to specific subsets of Th cells helped to solidify the idea that each Th 

subset represents a distinct terminally differentiated lineage characterised by the 

expression of a unique master transcriptional regulator coupled with a distinct cytokine 

profile.
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More recently however, the lineage model has been challenged. Several groups have 

reported the existence of Foxp3^IL-17^CD4^ T cells which have been shown to have 

suppressive activities [342-343]. In addition, a set of Foxp3^RORYt^CD4'^ T cells have 

been isolated from the lamina propria of the small intestine and this dual expression of 

transcription factors has been mimicked in vitro using TGF-P [343]. Based on these 

studies it has been proposed that these Foxp3^RORYt^CD4^ T cells have the ability to 

differentiate into either Tregs or Thl7 cells and that this decision is determined by the 

presence of pro-inflammatory cytokines such as IL-6, IL-21 and IL-23. Furthermore, 

others have shown that Foxp3^CD4^ T cells can be converted into IL-17-producing 

RORyt^ T cells upon co-culture with DC in an IL-23 dependent manner [344].

The differentiation of helper T cells into specific effector cells is intricately coupled to 

epigenetic changes in chromatin structure, histone and DNA modifications and the 

expression of small non-coding RNA [318, 345]. A recent study by Wei et al used 

genome-wide analysis to track methylation states of histones within T helper subsets in 

order to identify areas of DNA which were in either in a permissive or inactive state 

[345]. Interestingly, they found that in some T cell subsets certain genes are in what 

they called a bivalent state, meaning that they could be either transcribed or left in an 

inactive state depending on signals received from the local microenvironment. In 

agreement with previous findings by Krawczyk et al they have shown that the genes 

encoding Gata3 and Tbet were shown to have bivalent marks in Th2 and Thl cells 

respectively, further highlighting the idea of interconversion between subsets in certain 

inflammatory conditions [345-346]. Treg cells were found to contain bivalent marks in 

several genes including Tbx2I, Gata3 and Roryt, consistent with studies demonstrating 

the ability of Tregs to be converted to other effector Th subsets [344-345]. Taken 

together, all of these studies suggest the existence of plasticity among CD4^ T helper 

cells which has previously been undemonstrated and unappreciated.
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1.6.2 B cells

The existence of a set of antibody-producing cells had been predicted since the 

discovery of serum gammaglobulins [347]. B cells can be defined as, a subset of cells 

that express clonally diverse cell surface immunoglobulin (Ig) receptors recognizing 

specific antigenic epitopes [348],

There are five main classes of antibodies, IgM, IgD, IgG, IgA and IgE, all of which 

have specific roles in the humoral response. Antibodies are made up of a light chain 

associated with a heavy chain, each of which consists of constant and variable regions. 

It is the constant region of the heavy chain which determines the isotype or class of the 

antibody and subsequently their effector functions, by interacting with other molecules 

and cells of the immune system via Fc receptors. The variable region of the heavy and 

light chains form the antigen-binding region or Fab of the antibody and it is the 

variability among these regions that add to the diversity of antibody specificity. The 

type of cytokines secreted by T cells can direct the type of antibodies produced by 

triggering class switch recombination within B cells in the germinal centre. For 

example IL-4 has been shown to induce increased expression of activation-induced 

cytidine deaminase (AID), an enzyme necessary for the heavy chain switch [349].

Antibodies have several functions within the immune system. They can bind to the 

surface of a microorganism, preventing cell invasion as well as binding to substances 

secreted by microorganisms such as toxins in a process known as neutralisation. 

Secondly, antibodies can coat the surface of an organism in a process known as 

opsonisation which promotes uptake by Fc receptors on phagocytic cells, which 

recognise the constant portion of the antibodies. Thirdly, antibodies can activate the 

complement system, resulting in the lysis of micro-organisms through pore-forming 

complement proteins. Antibodies are the main effector proteins of the humoral immune 

response and are important in defence against extracellular micro-organisms.

The surface receptor of the B cell is known as the B cell receptor (BCR) and consists of 

a membrane bound immunoglobulin M (IgM) associated with invariant Iga and IgP 

chains. The invariant Iga and Igp chains contain a single ITAM on their intracellular 

domains, which is necessary for signalling. Similar to T cells, B cells express a co

receptor composed of CD19, CD21 and CD81 [350]. Furthermore, the CD21/CD19 

components of the co-receptor have been shown to be important for B cell survival
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[350]. Recognition of the specific antigen epitope by the BCR triggers a complex 

intracellular signalling cascade, which begins with phosphorylation of the ITAM and 

ultimately leads to the transcription of specific genes necessary for antibody production.

B cells develop from haematopoietic stem cells within the foetal liver and adult bone 

marrow [351]. Immature B cells can be characterised by their short half lives, their 

expression of membrane bound IgM and their tendency to undergo apoptosis following 

BCR ligation [352-353]. Maturation occurs in the periphery and is accompanied by 

upregulation of membrane-bound IgD and the ability to proliferate in response to 

antigen stimulation [354-355]. Once immature B cells leave the bone marrow and enter 

the periphery their maturation involves several stages during which they ‘home’ or 

migrate to specific anatomical sites and develop into one of three subsets (Figure 1.9); 

B1 cells, marginal zone B cells or follicular B cells [354-355].
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Figure 1.9: B cell subsets Immature B cells exit the bone marrow and migrate to 

specific areas within the periphery. These immature cells then undergo several changes 

within the periphery to become one of three mature B cell subsets: 1. B1 B cells (Bl) 

found in the peritoneal and pleural cavities. 2. Marginal zone B cells (MZ) found in the 

marginal sinus of the spleen. 3. Follicular B cells (FB) which are located within the B 

cell zones of secondary lymphoid organs. (Adapted from [355])
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B1 cells seed the peritoneal and pleural cavities [355]. These cells were first discovered 

in 1983 and have the ability to produce natural antibodies in the absence of T cell help 

[356-357], T cell-independent activation of B cells occurs in response to antigens 

which display multiple identical epitopes in a polyvalent array on their surface, such as 

polysaccharides, glycolipids or a common microbial motif As a result, these antigens 

have the ability to cross-link the BCR and induce antibody production in the absence of 

co-stimulatory signals, such as CD40L [358], B1 cells can be further subdivided based 

on their responsiveness to antigens; Bla cells provide innate protection against bacterial 

infections and Bib cells mediate long term adaptive antibody responses against T cell- 

independent antigens, such as polysaccharides [359],

Marginal zone B cells are innate-like cells that reside in the marginal sinus of the spleen 

[355]. These cells have the ability to mediate T cell-independent responses to blood- 

borne pathogens, during which they can potentially differentiate into short-lived plasma 

cells [360]. They are also thought to play a role in T cell-dependent responses to 

protein antigens by delivering antigen to follicular B cells, which reside within the B 

cell zones of the spleen, and subsequently inducing adaptive antibody responses [355, 

361-362]. Alternatively, it has been suggested that marginal zone B cells could 

potentially be directly activated by T cells, based on their high expression levels of co

stimulatory molecules, such as CD80 and CD86 [361-362].

Mature B cells that circulate through the B cell zones of secondary lymphoid organs, 

including Peyers Patches, lymph nodes and the spleen form a subset of B cells known as 

follicular B cells [355]. Follicular B cells have also been reported to occupy distinct 

regions of the bone marrow [363]. When activated by antigen stimulation of the BCR, 

follicular B cells migrate towards the T cell zones within secondary lymphoid organs, 

where they interact with complementary antigen-activated T cells [364-365]. Once 

activated, follicular B cells proliferate and subsequently branch down one of two paths. 

The first results in the differentiation of follicular B cells into short lived plasma cells, 

which are non-dividing, terminally differentiated B cells that produce large amounts of 

antigen-specifie antibodies [353, 366]. Alternatively, certain activated B cells return to 

the B cell follicle, where they form the germinal center [366].
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Germinal centre formation is a key characteristic of T cell-dependent antibody 

responses. The germinal centre consist of T cells, B cells, macrophages, specialised 

germinal centre DC and organizational cells, known as follicular DC [367-368]. 

Within the germinal centre activated follicular B cells undergo several key processes, 

which are central to the development of the adaptive humoral response. Firstly, B cells 

undergo a process known as somatic hypermutation (SHM), which involves the addition 

of nucleotides into the variable region of the Ig heavy chain, after which they are tested 

for their ability to bind antigen by resident follicular DC [369]. It is this testing of BCR 

affinity for antigen through interaction with follicular DC which plays a pivotal role in 

driving affinity maturation, which is defined as an increase in the average affinity of the 

BCR for the antigen increases over time [351, 367, 369]. In addition, B cells undergo 

class switch recombination, which results in a change in the constant region of the 

heavy chain. The result of this is a change in the antibody isotype secreted by the B 

cells. In order to trigger germinal centre formation, T cell help is necessary and 

evidence suggests that CD40 ligation on follicular B cells is a key signal involved in the 

generation and maintenance of germinal centres [370-371].

Plasma cells are non-responsive to T cell signals and, therefore, are unable to switch 

antibody classes and do not undergo affinity maturation. Their development is 

associated with the presence of IL-21 and subsequent induction of the transcription 

factors Xbpl (X-box binding protein-1) and B-lymphocyte induced maturation protein 1 

(Blimp-1) [339, 353, 372]. T follicular helper (Tfh) cells are thought to be the source of 

this IL-21 and these have been shown to induce plasma cell differentiation in vitro [339, 

373]. After antigen exposure, plasma cells are retained in the bone marrow, along with 

memory T and B cells. These long-lived plasma cells act as a source of antibody 

production, which are central to immunity, as these antibodies can provide immediate 

protection [374-375]. Plasma cell differentiation is a key step in the development of the 

humoral response, as it generates cells that can produce high levels of antigen-specific 

antibodies and also a source of continuous protection, even after the primary response 

has subsided.

Understanding the activation and effector functions of specific cells of the adaptive 

immune response is key to the development of vaccines. The innate immune system is 

the link to the adaptive immune response and the addition of adjuvants to vaccine
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preparations can help to boost the innate system, ultimately resulting in more efficient 

activation of the adaptive immune system and protection.

1.7 Adjuvants

The development of vaccines has progressed significantly since the days of Jenner and 

Pasteur. Due to increased safety concerns and advances in molecular biology and 

immunology, we have moved away from the use of whole organism based vaccines and 

towards recombinant subunit vaccines. These subunit vaccines generally have an 

improved safety profile but the price paid for this is reduced immunogenicity. In order 

to enhance the efficacy of subunit vaccines, substances known as adjuvants are added to 

the vaccine preparations. Adjuvants were originally defined as "substances used in 

combination with a specific antigen that produce more immunity than the antigen 

alone” [376]. The adjuvant property of several compounds was first demonstrated by 

Gaston Ramon in the 1920s in the Pasteur Institute. Gaston Ramon tested a diverse 

range of substances, including tapioca, inorganic salts, oil and pyogenic bacteria with 

diphtheria toxoid. He demonstrated that they all had the ability to enhance antibody 

responses towards the toxin [376]. Following on from Ramon’s observations, 

Alexander Glenny later showed that the combination of diphtheria toxoid and 

aluminium potassium sulphate or ‘potash alum’ resulted in enhanced antibody 

responses compared with the toxoid alone [377]. Today aluminium compounds remain 

the most widely used adjuvants.

The use of adjuvants can have several positive effects on the efficacy of vaccines, 

including increased stimulation of cell-mediated immunity, which is important for viral 

infections and the promotion of mucosal immunity, which may help the development of 

oral vaccines. In addition, adjuvants can reduce the amount of antigen necessary to 

induce protective responses and enable the use of combination vaccines by preventing 

antigen competition. Furthermore, they can increase the efficacy of vaccines in 

newborns with under-developed immune systems or in elderly and immune- 

compromised individuals. In all cases, safety is a prime concern with regards the use of 

adjuvants. Local reactions such as pain, inflammation and necrosis have been reported 

but these symptoms are often short-lived and self-limiting. The ideal adjuvant should
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satisfy a number of criteria; it should be safe and well tolerated, biodegradable, promote 

long-lasting protective immune responses and remain stable before administration 

[378], In addition, adjuvants should be well defined both chemically and physically, 

allowing for reproducibility from a manufacturing point of view as well as quality 

control. Current adjuvants may be broadly classified into immunostimulatory adjuvants, 

which are generally non-particulate in nature, and particulate adjuvants, based on the 

identification of a specific receptor, their ability to interact directly with the immune 

system and the physico-chemical nature of the substance. However, particulate vaccine 

adjuvants have also been shown to have immunostimulatory properties, therefore there 

may be some overlap between the two groups.

1.7.1 Immunostimulatory adjuvants (non-particulate)

1.7.1.1 Pathogen-derived adjuvants

Pathogen derived adjuvants stimulate the innate immune system via PRR, including 

TLR and NLR. Activation of these innate pathogen recognition receptors leads to the 

initiation of intracellular signalling pathways, which upregulate pro-inflammatory 

genes, such as cytokines and co-stimulatory molecules. Several species of bacteria have 

been used as sources of adjuvants, including Mycobacterium spp., Bordetella pertussis 

and Neisseria meningitidis. Asselineau and Lederer extracted four fractions from 

Mycobacteria with adjuvant activity and from one of these fractions they isolated 

trehalose dimycolate (TDM) [379]. TDM has been shown to stimulate both humoral 

and cellular immune responses [380]. More recently, it has been shown that TDM is 

recognised by the FcyR-associated C-type lectin receptor, Mincle. Furthermore, mice 

deficient in Mincle were unresponsive to a TDM-adjuvanted tuberculosis subunit 

vaccine [381]. TDM in combination with monophosphoryl lipid A (MPL), a derivative 

of LPS, in a metabolizable oil, referred to as the Ribi adjuvant system, is a highly potent 

immunostimulator but only used experimentally to date [379]. The minimal pathogen- 

derived component of complete Freunds adjuvant (CFA), which is a combination of an 

oil emulsion and heat-inactivated Mycobacterium, required for its adjuvanticity was 

identified as N-acetyl muramyl-L-alanyl-D-isoglutamine or MDP. NOD2 recognises 

MDP, resulting in the activation of NFkB and innate immune responses [60]. MDP, in 

combination with Leishmania antigens, can induce both cellular and humoral immune
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responses and has recently been licensed for use in a veterinary vaccine against 

Leishmaniasis [382],

Mycobacterial DNA has previously been shown to have adjuvant activity and this was 

attributed to the presence of a high percentage of unmethylated CpG motifs, which are 

not present in vertebrates [383]. Unmethylated CpG oligonucleotides exert their 

adjuvant activities through stimulation of TLR9, which is expressed in B cells and 

plasmacytoid DC. CpG are strong inducers of Thl immunity and CTL responses and 

induce protection against infectious disease, allergy and cancer in mice and primate 

models [384-385]. CpG has been tested clinically in a range of vaccines, including 

malaria. Hepatitis C and various cancers [386]. The CpG 7909 adjuvant, 24mer B-class 

CpG oligodeoxynucleotide, has been shown to enhance and sustain immune responses 

against HBV infection and boost immunity to influenza in pre-exposed subjects [387]. 

Additional synthetic TLR9 agonists are currently being tested in clinical trials [386]. 

However, CpG has been shown to promote the production of anti-neutrophil circulating 

antibodies (ANCA) by PBMC in vitro [388]. Furthermore, these ANCA have been 

associated with Wegner’s Granulomatosis, a life threatening disease associated with 

vasculitis of unknown aetiology. This raises concerns for use of CpG as an adjuvant. 

However, studies in human subjects to date have shown that CpG are relatively safe and 

well tolerated.

1.7.1.2 LPS-derived adjuvants

LPS is a component of the cell wall of gram-negative bacteria and signals via TLR4 

[389]. The adjuvant activity of LPS was first discovered in the 1950s and it can 

potentiate both humoral and cell-mediated immunity [390]. LPS is highly pyrogenic 

and its toxicity makes it unsafe for human use. The lipid A region of LPS is responsible 

for its adjuvanticity and toxicity. Derivatives of lipid A have been isolated in an 

attempt to identify a subunit which retains its adjuvant activity, but shows reduced 

toxicity. It has been shown that these lipid derivatives are only biologically active in 

aggregate form; therefore, manipulation of the structure of these derivatives may 

influence their biological activity [391].
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The most promising derivative is monophosphoryl lipid A (MPL), obtained from the 

hydrolysis of lipid A from the LPS of Salmonella Minnesota, under low-acidic 

conditions [386]. Due to its adjuvant activities and attractive safety profile, MPL has 
been successfully combined with alum in a Hepatitis B vaccine (Fendrix*^), which has 

been approved for use in Europe [392]. It was the first TLR ligand approved for use in 

humans as a vaccine adjuvant.

There are a number of different formulations of MPL presently being tested in clinical 

trials for vaccines against Leishmania and allergy [386]. Alternative formulations of 

MPL have been produced in order to enhance its solubility and efficacy, including 

MPL-AF, where MPL is mixed with an aqueous solution and MPL-SE, which includes, 

MPL mixed with squalene oil, excipients (inactive substances used as carriers for the 

active ingredients) and water to produce a stable oil-in-water emulsion. MPL-SE is an 

excellent inducer of Thl responses and is currently being used in clinical trials to treat 

and prevent Leishmania [386]. Further studies have led to the development of 

additional TLR4 agonists including aminoalkyl glucosamide phosphates (AGP) and 

glucopyranosyl lipid A (GLA) [386, 393]. AGP were developed as synthetic TLR4 

agonists based on the structure of MPL and have been shown to induce cytokine 

production from human peripheral blood mononuclear cells (PBMC) and activate B 

cells and NK cells in vitro. Furthermore, they have shown strong potential as candidate 

adjuvants for the development of mucosal vaccines [393].

In addition to CpG and MPL, other TLR agonists currently being tested as adjuvants 

include the small molecule nucleoside analogues imiquimod and resiquimod, which 

activate TLR7 and TLR7/8 respectively [394]. These are thought to enhance immune 

responses via stimulation of TLR7, resulting in secretion of pro-inflammatory cytokines 

and activation of APC. Both imiquimod and resiquimod are currently being tested in 

clinical trials for melanoma, HIV and HCV vaccines [386].
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1.7.1.3 QS21

Saponins are a heterogeneous group of sterol glycosides and tripemoid glycosides 

distributed throughout the bark, stem, roots and flowers of many plant species. Humans 

have used saponins for many applications for hundreds of years. For example, saponins 

were used in Africa to kill snails infected with Schistosomiasis [395]. The adjuvant 

property of saponins was first demonstrated in the early 1920s by Gaston Ramon and in 

the 1950s Espinet, who included saponins in a veterinary vaccine against foot and 

mouth disease [376, 396]. The adjuvant-active fraction of saponins from the bark of a 

tree {Quilaja saponaria Molina) found in South America, was identified by Daalsgard 

and named ‘Quil A’ [397]. Further analysis of Quil A showed that it was a 

heterogeneous mixture of saponins, making it unsuitable for human use. In 1991, 

Kensil et al isolated 22 fractions from Quil A using reverse phase-HPLC. One of the 

isolated fractions, known as QS21, has proven to be the most promising as a vaccine 

adjuvant, due to its strong immunostimulatory activity and reduced toxicity [398].

Studies involving QS21 suggest that, it acts as an immunostimulatory adjuvant, 

although no specific receptor for it has been identified [399]. Murine studies using 

QS21 as an adjuvant, have shown that it has the ability to induce the Thl-associated 

antibody isotype, IgG2a, and potent CTL activity. This gives QS21 an advantage over a 

number of other adjuvants, which lack the ability to induce strong cell-mediated 

immunity [400]. QS21 also has the ability to induce mucosal immunity following 

intranasal immunisation [401]. The mechanism of action of Quil A is currently not well 

understood. However, it has recently been shown that Quil A can activate the NLRP3 

inflammasome, suggesting that this NLR protein may act as a sensor for Quil A [108]. 

With its strong adjuvant activity, low toxicity and ability to induce cell-mediated 

responses, QS21 has significant potential for use in human vaccines. There are 

currently several clinical trial in progress. These are using either QS21 alone or in 

combination with carriers (MF59) or other immunostimulatory molecules for vaccines 

against influenza, HBV, HIV and malaria. In addition, QS21 is also being tested in 

therapeutic vaccines for several cancers, including colon, melanoma and B cell 

lymphomas [386]. Thousands of subjects have received QS21 and only minor side 

effects have been registered, such as pain around the injection site.
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1.7.1.4 Other Immunostimulatory adjuvants

Cholera toxin (CT) from Vibrio cholerae and heat-labile enterotoxin (LT) from 

enterotoxigenic strains of E.coli have both been shown to be powerful adjuvants. LT 

and CT belong to the AB class of bacterial toxins, the B subunit of which binds to the 

GM-1 receptor. The GM-1 receptor is found on the surface of a wide range of cells 

including, intestinal epithelial cells, DC, macrophages, T and B cells. Both LT and CT 

have been shown to be potent inducers of CTL responses [402]. Moreover, LT and CT 

have the ability to enhance immune responses via several routes of administration 

including, intra-peritoneal, subcutaneous, intravenous and intradermal [403-405]. In 

addition, they also promote strong mucosal responses when delivered orally [406-409]. 

However, the toxicity of these enterotoxins has caused some issues for their use in 

humans. CT can cause diarrhoea when delivered orally, even in small doses [410]. 

Furthermore, an LT-adjuvanted influenza vaccine caused Bell’s Palsy in several vaccine 

candidates when delivered intranasally [411]. It was then demonstrated that intranasal 

delivery of CT resulted in binding of the toxin to the olfactory nerve [412]. The toxin 

was shown to travel to the olfactory bulb via retrograde transport, a mechanism which 

was later demonstrated to be GM-1-dependent [412-413].

In order to overcome these toxic effects several mutants and recombinant forms of these 

enterotoxins have been developed which retain their adjuvant effects but show reduced 

reactogenicity. These include LTK63, LTR72 and CTA-IDD. LTK63 and LTR72 

contain mutations in the enzymatic A subunit and have been shown to retain their 

adjuvanticity with reduced toxicity [414-416]. Furthermore, LTK63 has been used in a 

clinical trial for an intranasal influenza vaccine, with no serious adverse events reported 

[417]. In addition, a recombinant version of CT has been developed known as CTA- 

IDD. It is composed of the A subunit of the CT toxin and protein A from S.aureus. 

Studies have demonstrated that CTA-IDD does not enter the olfactory nerve suggesting 

that CTA-IDD could potentially used intranasally [413]. Clinical trials using CTB and 

killed enterotoxigenic E.coli (ETEC) or inactivated Vibrio cholerae as an oral vaccine 

against diarrhoeal disease have showed promise [418-422].
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1.7.2 Particulate adjuvants 

I.7.2.1 Emulsions

The use of emulsions in vaccines to boost immune responses can be traced back to work 

by LeMoignic Pinoy in 1916, who used the first oil emulsion, water and vaseline, with 

inactivated Salmonella typhimurium [423], Less than ten years later, Ramon 

demonstrated that starch oil increased antibody responses to diphtheria toxoid [424], In 

the 1930s, Freund developed paraffin-oil-based emulsions with or without heat-killed 

Mycobacteria, producing Freund’s complete and incomplete adjuvants respectively 

[425], Freund’s adjuvant is an example of a water-in-oil emulsion (W/0) which is 

made up of antigen-containing water droplets in a continuous oil phase. Oil-in-water 

emulsions (0/W) are composed of antigen in a water phase with oil droplets in the 

solution and double emulsions can be produced with water droplets trapped within 

larger oil droplets dispersed in a water phase (W/O/W) [426],

Herbert showed that oil-in-water emulsions have the ability to retain an antigen at the 

site of injection, allowing prolonged exposure to the immune system [427], 0/W

emulsions have shown the best safety profile, while W/O emulsions have proven too 

toxic for human use, even though they are more efficient at enhancing immune 

responses [426]. Syntax adjuvant formulation or SAF, is an 0/W adjuvant developed in 

the 1980s as a possible replacement for Freund’s adjuvant. SAF contains the 

biodegradable oil squalene, but was too toxic for clinical use due to the presence of 

muramyl dipeptide and induced severe local reactogenicity in a human HIV trial [386, 

428]. The toxic nature of SAF led to the development of a safer emulsion adjuvant 

known as MF59, a micro fluidised 0/W emulsion comprising squalene oil with Tween 

80 and Span 85 as surfactants but with no additional immunostimulators [429]. MF59 

is thought to exert its adjuvant effects by acting as a depot and subsequently directing 

the production of chemokines by monocytes, macrophages and granulocytes [430]. In 

addition, studies have demonstrated that in mice subcutaneous immunisation of MF59 

promoted the differentiation of monocytes into inflammatory DC, enhanced antigen 

uptake and recruitment of cells to the injection site [430]. MF59 has been shown to be a 

potent adjuvant with an acceptable safety profile. A large number of subjects have been 

immunised with MF59 and the adjuvant was well tolerated and was safe in newborns 

and the elderly. FLUAD™ is an MF59-adjuvanted influenza vaccine currently licensed
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for use in the elderly by 12 European health authorities and in some non-EU countries 

with at least 25 million doses administered to date [431].

The Montanides are a series of W/0 emulsions which are currently being developed for 

use as vaccine adjuvants in response to safety concerns with lEA [432-433]. Montanide 

ISA 51 and ISA 720 are both biodegradable emulsions which use mannide-mono-oleate 

as an emulsifier. They are currently being tested in clinical trials for vaccines against 

malaria and cancer [378]. However, during initial clinical trials, these adjuvants have 

induced unacceptable local reactions and have been unexpectedly reactogenic, thus 

preventing their progression [434]. In contrast, others have reported that Montanide 

ISA 51 caused no adverse effects when administered in combination with KLH and 

melanoma antigens. Furthermore, all of the patients which received Monatnide- 

adjuvanted KLH produced antigen-specific antibodies and KLH-reactive CD4^ T cells 

that produced IFN-y, TNF-a and IL-2 [435]. Therefore, the use of Monatanides as 

adjuvants and their safety profiles requires further investigation.

1.7.2.2 ISCOMs

In 1971 Immune-stimulating complexes or ISCOMs were first visualised by electron 

microscopy in a preparation of virus particles treated with saponin [436]. However, it 

was not until 1984 that Morein et al first described the formation of these saponin- 

containing complexes with viral membrane proteins [437]. Negative stain transmission 

electron microscopy shows these well defined particles as spherical, cage-like structures 

of approximately 40 nm in diameter [438]. Their formation occurs spontaneously upon 

mixing cholesterol, Quillaja saponaria saponins and phospholipids. It is the interaction 

of the cholesterol and saponins that form the matrix of these particles and phospholipids 

are added to produce a less tightly compressed particle allowing for the insertion of 

amphiphatic molecules [439-440].

ISCOMs are manufactured by and registered to Isotec AB who has also developed 

ISCOMATRIX™, which consists of cholesterol, phospholipids and saponins but lacks 

the viral membrane proteins, allowing for the insertion of antigens into the particles 

[441]. ISCOM-based vaccines have been shown to induce both antibody and Thl- 

polarised cell-mediated responses and are particularly potent in the induction of
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cytotoxic T cells [438], Watson et al demonstrated that the trafficking of ISCOMs from 

the site of injection to the spleen and the local draining lymph nodes was faster than 

protein alone [442],

However, the exact mode of action of ISCOMs remains largely unknown. Several 

theories have been suggested to explain their adjuvant activities: a) Delivery of the 

antigen directly to APC. b) Delivery of the antigen into the cytosol of the cell, allowing 

access to the MHC class I pathway, which is required for the induction of CD8^ T cells, 

c) Induction of cytokine production by APC; for example ISCOMs have been shown to 

induce IL-6 and IL-1 production in macrophages [395]. It has also been found that IL- 

12 and IFN-y are key to the adjuvant activity of ISCOMs [443]. In addition, one of the 

components of ISCOMs (Quil A) has been shown to activate the NLRP3 

inflammasome, suggesting that NLRP3 may be important for the adjuvant activities of 

ISCOMs in vivo [108].

However, to date, no vaccine containing ISCOMs or ISCOMATRIX has been licensed 

for human use. Despite this, in clinical trials, over 1000 people have been injected intra

muscularly with ISCOM-based vaccines and it was reported that they were safe and 

generally well-tolerated and side effects were found to be self-limiting [438]. Several 

ISCOM-based vaccine formulations are currently in development, including viral 

proteins from influenza and purified recombinant proteins, such as human papiloma 

virus 16 (HPV) E6E7 fusion protein and NY-ESO-1, an antigen expressed in a wide 

variety of cancers [444-445].

1.7.2.3 Mineral Salts

Aluminium-containing adjuvants have been contributing to the efficacy of vaccines for 

almost a century. The adjuvant properties of these compounds were first discovered by 

Glenny in the 1920s. A precipitate of diphtheria toxoid and aluminium potassium 

sulphate (potash alum) was produced and the precipitated vaccine induced greater 

protective immunity than the toxoid alone [377]. Several other aluminium salts have 

been shown to possess adjuvant properties, including; aluminium potassium phosphate 

(Adju-phos), aluminium hydroxide (Alhydrogel or alum) and a combination of 

aluminium hydroxide and magnesium hydroxide (Imject Alum). The most commonly
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used aluminium salt adjuvants are Adju-phos and Alum due to the ease of 

manufacturing and reproducibility. Although it is not completely correct, Adju-phos 

and Aldydrogel are often commonly referred to as alum. Aluminium-containing 

adjuvants are the most successful adjuvants based on the fact that, they are licensed for 

use in multiple vaccines, including Diptheria-Pertussis-Tetanus, Diptheria-Tetanus, 

Diptheria-Tetanus combined with Hepatitis B Vaccine, Haemophilus influenzae B or 

inactivated polio virus and HPV [446].

Despite decades of use, the exact mechanism of action of these compounds has 

remained elusive. However, recent discoveries have shed light on this area. During 

Glenny’s original experiments it was noticed that none of the toxoid remained in the 

supernatant and this led to the idea that the antigen must be completely adsorbed by the 

adjuvant, in order to increase the immune responses [377]. Based on these observations 

it was suggested that particulate vaccine adjuvants worked by forming an antigen 

‘depot’ at the site of injection, thereby prolonging the amount of time that cells of the 

immune system have to ‘sample’ and interact with the antigen. This ‘depot’ effect 

theory is so widely accepted that the regulatory requirements by the WHO state that the 

antigen must be adsorbed by the aluminium-containing adjuvant [447]. In contrast to 

the depot theory, several studies have shown that the degree of antigen adsorption onto 

the adjuvant has no effect on its immunopotentiating properties [448]. In addition, 

antigen-aluminium salt nodules can be removed from the injection site with no 

subsequent effect on antibody titres [449]. Furthermore, biodistribution studies have 

shown that the majority of the antigen is rapidly cleared from the injection site within 

hours of immunisation [450].

Several studies have now demonstrated that alum mediates immunostimulatory effects. 

For example, injection of alum alone promotes the accumulation of IL-4-secreting Grl^ 

cells in the spleen [451-453]. Subsequent studies identified these Grl^ cells as 

eosinophils [451-453]. These cells were shown to induce MHC class Il-mediated 

signalling in splenic B cells, as measured by mobilisation of intracellular Ca . 

Furthermore, this activation of B cells by these IL-4^ eosinophils was shown to be 

important for early (d5 or d6) alum-induced IgM responses to co-injected antigens [451, 

453]. The enhancement of antigen-specific IgGl by alum was found to be independent 

of these cells while antigen-specific IgG2c titres were found to be increased when Grl^ 

cells were depleted [451-453]. Thereby, suggesting that these Grl^ IL-4-secreting cells
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play some role in the inhibition of Thl responses following immunisation with alum 

[451-453]. Others have reported that, injection of alum is sufficient to increase the local 

production of pro-inflammatory mediators, including IL-ip, CC-chemokine ligand 2 

(CCL-2), CCL-11 or eotaxin and IL-5, as well as the recruitment of neutrophils and 

inflammatory monocytes [165, 430, 452]. The bias observed with alum-adjuvanted 

vaccines towards Th2 type responses also supports the idea that these adjuvants exert 

specific effects on the immune system. The mechanism of this Th2 bias is still 

unknown. However, previous studies have shown that the ability of aluminium- 

containing adjuvants to drive potent Th2 responses is independent of IL-4 and IL-6 

[454-456].

The mechanism by which alum exerts its adjuvant activities is currently unknown. 

However, roles for uric acid and the NLR protein NLRP3 have recently been proposed. 

It was demonstrated that alum injection results in the local release of uric acid, 

subsequently promoting the recruitment of inflammatory monocytes to the injection site 

[165]. These inflammatory DC were found to play a key role in the activation of CD4^ 

T cells, suggesting that alum-mediated uric acid release is central to the promotion of 

cell-mediated responses by alum [165]. Several studies have demonstrated the ability of 

alum to activate the NLRP3 inflammasome resulting in enhanced secretion of IL-ip 

[105, 107-108, 457-458]. In vivo studies have shown that NLRP3-deficient mice show 

a reduction in recruitment of neutrophils, eosinophils and monocytes into the injection 

site and a decrease in the secretion of antigen-specific IL-5 in local lymph nodes 

following immunisation with alum-adjuvanted Ova [105, 107-108, 457-458]. These 

studies suggest that in addition to uric acid, NLRP3 activation by alum may be a key 

step in the promotion of cell-mediated responses.

One of the main attributes associated with alum as an adjuvant is its ability to strongly 

enhance humoral immunity. Previous findings have demonstrated that alum-enhanced 

antibody responses occur independently of TLR [459-460]. To date the only molecule 

implicated in the enhancement of antibody responses by alum has been NLRP3. 

However, this is surrounded with some controversy. Two groups have reported that 

NLRP3-deficient mice produce significantly less antigen-specific IgGl and IgE with no 

effects on levels of IgG2 [105, 107]. In contrast to these findings, others have 

demonstrated that NLRP3- and caspase-1-deficient mice produce levels of antigen- 

specific IgG, IgGl, IgG2 and IgE that are comparable to wild type mice [118-119].
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Overall, the requirement of NLRP3 for alum-mediated humoral immunity remains 

controversial. Unfortunately, the role of uric acid in alum-mediated humoral immunity 

has not been directly investigated. Although these recent findings have greatly 

increased our understanding of the mechanism of action of aluminium based adjuvants, 

they have also raised more questions, which currently remain unanswered. For example, 

it is not completely clear how aluminium salts activate the inflammasome or whether its 

activation is necessary for the enhanced antibody production by aluminium salts and 

why aluminium salt adjuvants bias the immune response towards the development of 

Th2 type responses.

Despite their acceptable safety profile, aluminium-containing adjuvants are poor 

inducers of cell-mediated immunity making them unsuitable for use in vaccines against 

diseases such as tuberculosis, malaria and HIV, which require long lasting antibody 

responses along with potent cell-mediated immunity, based on CD4^ and CD8^ T cell 

responses [386].

1.7.2.4 Biodegradable microparticles

Biodegradable, particularly poly (lactide-co-glycolide) (PLG) microparticles, have been 

used for decades in sutures, for drug delivery and controlled release vaccine delivery 

systems [461]. The adjuvant activity of PLG microparticles was first demonstrated in 

the early 1990s [462-463].

Microparticles can be formulated from a range of different polymers. However, PLG 

microparticles are the prime candidates for development as vaccine adjuvants [464]. 

PLG are biodegradable in vivo, undergoing non-enzymatic hydrolysis of the ester bonds 

to produce lactic and glycolic acids. The half life of PLG is dependent on the molecular 

weight of the polymer and the lactic to glycolic acid ratio and it can range from days to 

weeks and possibly years. The optimal size range for vaccination is likely to depend on 

the application but it has been proposed that microparticles of 1-3 pm are optimal in 

some settings [461]. Antigens can be encapsulated within PLG using a technique 

known as microencapsulation. During this process, antigens can be exposed to various 

potentially damaging conditions such as low pH, high shear and organic solvents [465- 

466]. This and the susceptibility of encapsulated antigen to acid-mediated hydrolysis.
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encouraged scientists to develop alternative means of associating antigens with 

microparticles [467-468]. O’Hagan et al described the preparation of charged 

microparticles, using SDS to produce anionic PLG, which were easier to adsorb 

proteins onto [469]. Factors such as, protein charge and hydrophobicity, affect antigen 

adsorption and the optimal adsorption conditions are protein-specific [470]. Cationic 

particles were developed by the same group and these have been optimised for the 

delivery of DNA vaccines [471].

The exact mode of action of PLG is unclear; although, uptake by macrophages and DC 

seems to play an important role in their adjuvanticity [463, 472]. Microparticles 

facilitate multimeric presentation of antigens on their surface which is required for 

optimal B cell activation [473]. In addition to promoting strong antibody responses, 

studies in rodents indicate that PLG also effectively promote cell-mediated immunity 

[474-475]. Others have also shown that while PLG do not aetivate DC, they do enhance 

antigen presentation [476]. More recent studies have shown that, PLG can activate the 

NLRP3 inflammasome and enhance IL-1 secretion by DC in vitro [109]. Cationic PLG 

have been tested in nonhuman primates as a delivery system for a Hepatitis C vaccine 

and induced seroconversion in all animals tested [470]. In addition, cationic PLG have 

been evaluated in a phase I clinical trial with a candidate HIV vaccine which was 

recently completed. However, the results have not yet been published [477].

1.7.2.5 Other particulate vaccine adjuvants

Virus like particles (VLP) and virosomes consist of self-assembling viral envelope 

proteins. They form particles ranging from 20-100 nm in size [478]. Both act, 

essentially, as non-infective viruses, retaining the ability to penetrate cells in a similar 

manner to infective viral particles. However, they do not contain any viral nucleic acids 

and therefore lack the ability to replicate and infect [479].

VLP can be generated using yeast, baculovirus, mammalian or even plant expression 

systems. More importantly, VLP and virosomes have the ability to stimulate both cell- 

mediated and humoral immunity [480-482]. Currently, there are several vaccines on the 

market which have taken advantage of the VLP/virosome technology. Virosome-based 

vaccines include Epaxal^'^, which is a vaccine for hepatitis A that has been registered
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for use in several European countries [483]. The first VLP vaccine to be marketed 

expressed Hepatitis B surface antigens PreSl and PreS2. More recently, a vaccine 

against Human Papiloma Virus (HPV), marketed as Gardasil*^, is a VLP-based vaccine, 

composed of LI (major capsid protein) from several HPV serotype, including HPV 

types 6, 11, 16 and 18 [484-486]. Gardasil has been shown to reduce HPV infection by 

90% and HPV types 16 and 18 have been implicated in almost 70% of cervical cancers 

[484, 487]. In addition to these marketed vaccines, VLP are currently being evaluated 

in pre-clinical studies for vaccines against influenza, hepatitis C and Ebola virus [481].

Liposomes were developed in 1965 by Alec Bangham, who extracted lipids from egg 

yolk and found that when they were submerged into an aqueous solution they 

spontaneously re-arranged as double layered bubbles approximately the same size as a 

cell [488]. These ‘bubbles’, were defined as liposomes, which are particulate structures 

composed of either natural or synthetic phospholipids. The biomedical applications of 

liposomes include drug delivery and vaccines and they are also used as red blood cell 

substitutes for hemorrhagic injuries when blood is not available. Allison and 

Gregoriadis were the first to show that encapsulation of an antigen into a liposome led 

to increased antibody responses [489]. ‘Conventional liposomes’ consist of a mixture 

of phospholipids and have been shown to be rapidly cleared by phagocytic cells of the 

reticulo-endothelial system and by macrophages [490]. This discovery prompted the 

development of ‘stealth-like’ liposomes, which contain a small proportion of sterically 

stabilising phospholipids, and sometimes cholesterol, to further boost membrane 

stability and rigidity [491]. The increased stability of these ‘stealth-like’ liposomes, 

allows them to persist as long as 2 days in the blood stream after injection [491]. 

Physicochemical properties, such as charge and fluidity of liposomes have been 

reported to have an effect on their immunogenicity. Targeting of antigens to specific 

cells of the immune system by liposomes has been shown for, example, anionic 

liposomes compromised of phosphatidylcholine, cholesterol and phosphatidylglycerol 

or phosphatidylserine have been reported to interact specifically with human and murine 

DC [492]. ‘Immunoliposomes’ allow for more specific targeting to cells, as they 

contain a cell-specific receptor-targeting monoclonal antibody incorporated into their 

membrane [492].
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In 1992 Alving et al immunised a group of thirty healthy males with a liposome- 

encapsulated recombinant protein (R32NSl8i) containing epitopes from Plasmodium 

falciparum [493]. The liposomes used also contained the MPL and were adsorbed to 

alum. Overall, the vaccine was found to increase R32-specific antibody production and 

no serious adverse events were reported [493]. Despite these positive early results, 

there are currently no marketed liposome-based vaccines. However several are 

currently under investigation. A liposome-based vaccine containing MPL known as 

Stimuvax*^ has been developed for the treatment of non-small cell lung cancer [494]. 

This vaccine has moved on to Phase III trials and Stimovax"^ has also been tested for the 

treatment of breast cancers and multiple myelomas. However, one of the patients 

involved in the multiple myeloma trial developed encephalitis resulting in the FDA 

putting all trials involving Stimuvax*^ on hold for the foreseeable future [495-496].

In addition to these lipid-based systems, particulate delivery systems may also be 

generated from proteins and these are known as proteosomes. Proteosomes are 

nanoparticles composed of the outer membrane proteins from bacteria. The most 

commonly used proteins are, the outer membrane proteins (OMP) from Neisseria 

meningitides [483]. These particles are hydrophobic in nature and both apolar and 

amphiphilic antigens may be incorporated into this delivery system [497]. Proteosomes 

composed of OMP from Neisseria meningitides are 80-100 nm in size and have TLR2 

adjuvant activity, due to the presence of high levels of the protein Porin B [498-500]. In 

addition, proteosomes can be complexed with LPS, which converts the particle into a 

TLR4 agonist, to produce an adjuvant known as Protollin™ [501-503]. It has been 

reported that proteosomes and Protollin^”^ promote the secretion of chemokines from 

TLR-transfected HEK cells and that enhanced uptake of proteosomes by M cells within 

Peyers Patches is TLR2-dependent [498]. These delivery systems have proven to be 

safe for intra-nasal delivery and have been shown to promote the development of high 

titres of serum antibodies and in nasal secretions when proteosomes were formulated 

with influenza A-Hl/Nl proteins [497, 504].
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1.7.2.6 Combination Vaccine Adjuvants

Increased understanding of the activation of the innate immune system and the 

relationship between innate and adaptive immunity has allowed for engineering of the 

next generation of adjuvants. These encompass a combination of immunostimulatory 

and particulate vaccine adjuvants. This new found knowledge will allow for the 

development of more sophisticated and tailored adjuvants. The next generation of 

adjuvants will need to have attributes that are lacking in currently used adjuvants. This 

is necessary in order to aid the development of vaccines to target diseases for which 

there are currently no vaccines available, including HIV and malaria. These attributes 

will include: the ability to promote the development of more heterologous antibodies, 

thus allowing for increased cross reactivity among different strains of the same 

microorganism, the induction of more effective T cell responses for killing of pathogens 

and the induction of more potent functional antibody responses to allow for pathogen 

killing or neutralisation [378]. In addition the future adjuvants will be expected to allow 

for more practical applications, such as a reduction in antigen dose.

A prime example of the next generation of adjuvants, are the adjuvant systems (AS) 

developed by GSK. The AS, include ASOl, AS02, AS03 and AS04. ASOl is a 

liposomal formulation containing MPL. It has been shown to produce strong cell- 

mediated responses and is currently being tested in GSKs malaria vaccine candidate 

[505]. Another combination vaccine adjuvant, known as AS02, is currently being 

investigated. It is a combination of MPL and QS21 in an O/W emulsion and has been 

shown to induce both strong humoral and cell-mediated responses [386]. In addition, 

the GSK RTS/S malaria vaccine combined with AS02 has been shown to provide 65% 

protection against first time infections in infants. However, earlier trials in children (1-4 

yrs) were only effective in 35 % of candidates [506]. GSKs HlNl vaccine, 

Pandemrix™’ is adjuvanted with AS03, which is composed of a-tocopherol, a synthetic 

form of vitamin E, in an O/W based emulsion [507]. AS04 is composed of the TLR4 

agonist MPL and the particulate vaccine adjuvant, alum. A recent study has shown that 

this combination of MPL and alum induces the local secretion of cytokines, which in 

turn enhances the uptake of antigen by and activation of DC [508]. AS04 is one of the 

first new generation vaccines to be approved for use in a vaccine against HPV 

(Cervarix) by the FDA [509]. Cervarix contains two types of VLP, HPV 16 and 18 

[510]. Adding further complexity to the design of adjuvants, GSK have also developed
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AS 15 which consists of, ASOl (Liposomal based MPL) and CpG. AS 15 is currently 

being tested as an adjuvant for therapeutic cancer vaccines [511]. These new adjuvant 

systems have been proven to have a high safety profile with over 68,000 people 

receiving AS04 and an estimated 29 million people in Europe receiving the AS03 

adjuvanted GSK flu vaccine [512].

In addition to GSK, others have also reported the successful use of combination 

adjuvant systems. For example, PLG-encapsulated CpG has been shown to promote a 

four-fold enhancement in antibody titres in comparison to soluble CpG [513]. Another 

study reported enhanced mucosal antigen-specific IgA responses when the Group B 

streptococcus antigen (GBS) was co-encapsulated with CpG in PLG [514]. 

Furthermore, the adjuvant was shown to enhance immune responses via several routes 

of immunisation, including oral, vaginal, nasal, intra-muscular and intraperitoneally 

[514].

lC3l'^ is a two component adjuvant system developed by Intercell. It consists of KLK, 

an antimicrobial peptide, and a TLR9-activating oligodeoxynucleotide, ODNla. 

Studies have demonstrated that 1C31 promotes the formation of a depot at the injection 

site via KLK. In addition, 1C31 has been shown to activate APC and strongly enhance 

both humoral and cell-mediated responses, with a bias towards Thl type responses 

[515-517]. Furthermore, 1C31 has been shown to enhance immune responses to several 

influenza antigens in aged mice, suggesting that it may a prime candidate for use in flu 

vaccines for the elderly [517]. This novel adjuvant is currently being tested in vaccines 

against tuberculosis and influenza. Reports so far suggest that 1C31 is well tolerated in 

subjects, with no serious adverse events observed [518].

Vaccine development has progressed from the use of whole microorganisms to specific 

proteins or the subunits of the pathogen. This has provided increased safety profiles but 

the cost for this was immunogenicity. In the case of vaccine adjuvants, the challenge is 

to increase their immunogenicity as well as maintaining a high safety profile. Advances 

in molecular and immunological techniques give us the ability to fully understand how 

particulate vaccine adjuvants work. Given the high safety profile that particulate 

adjuvants, such as alum and PLG display, gaining a better understanding of how these 

adjuvants activate the immune system could be the key to development of future 

adjuvants and subsequently better vaccines.
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Hypothesis: Previous studies have demonstrated that particulates, such as uric acid, 

have the ability to enhance the secretion of IL-1 by immune cells. Therefore, particulate 

vaccine adjuvants (PVA) may also promote the secretion of IL-1 subsequently 

promoting innate and adaptive responses. In addition, it has been reported that PVA, 

such as alum, cause local necrosis when injected subcutaneously. Therefore, PVA may 

also promote the release of endogenous danger signals with pro-inflammatory activities.

Aims:

Determine the ability of particulate vaccine adjuvants to activate immune cells, 

specifically analyse the ability of PVA to promote IL-1 secretion

Investigate the relationship between particle characteristics and the adjuvant 

properties of particulates

Examine the toxicity of particulate vaccine adjuvants and establish the 

consequences of particle-induced toxicity on the immune response
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Chapter 2

Materials and Methods





2.1 Materials

2.1.1 Tissue culture reagents

Ammonium Chloride Red Blood Cell Lysis Solution

0.77 g Ammonium Chloride (NH4CL) dissolved in 100 ml dH20 and filter sterilized.

Cell Culture Medium

Roswell Park Memorial Institute (RPM1)-1640 medium (Biosera) was supplemented 

with 8% (v/v) heat inactivated (56 C for 30 min) foetal calf serum (PCS, Biosera), 100 

mM L-Glutamine (Gibco) and 100 pg/ml penicillin streptomycin (Gibco). Complete 

RPMI (cRPMI) was used to culture all cells in vitro.

X-vivo (Lonza) medium was used for in vivo studies. It is formulated with L-glutamine 

and gentamicin and is serum free.

2.1.2 Buffers and Solutions for ELISA

PBS lOX (5L)

400 g NaCL 

58 g Na2HP04 

10gKH2PO4 

lOgKCl

Made up in 5 L of dH20 and brought up to pH 7.2
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Wash Buffer

PBS 0.05% (v/v) Tween 20 

1 L lOx PBS pH 7.0 

5 ml Tween 20 

Made up to 10 L with dH20

Reagent Diluent

BD Pharmingen ELISA kits (IL-6, IL-5, IL-4, IFN-y): PBS 

R & D Systems Duoset ELISA kits (IL-Ip, IL-Ia, IL-I7, IL-10, TNF-a):

1% (w/v) Bovine serum albumin (BSA) in IX PBS 

MBL (IL-18): Assay diluents provided with kit

Block Solution

BD Pharmingen kits: 10% (w/v) Marvel in PBS (except lL-6: 3% (w/v) BSA) 

R & D Duosets: 1% (w/v) Bovine serum albumin (BSA) in IX PBS

Phosphate Citrate Buffer

10.19 g anhydrous citric acid 

36.9gNa2HP04.12H20

Made up to IL with dH20 and brought up to pH 5.5

Stop Solution (IM H2SO4)

26.74 ml I8MH2SO4 

473.26 ml dH20
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Carbonate Buffer

4.2 g NaHCOj 

1.78gNa2C03

Made up to 500 ml with water and brought up to pH 9.5

Table 2.1: Antibodies used in cytokine ELISAs

Antibody Supplier Sample dilution

IL-la R&D Systems 1/2 in 1% (w/v) BSA/PBS

IL-ip R&D Systems 1/2 in 1% (w/v) BSA/PBS

IL-4 Pharmingen 1/2 in PBS

IL-5 Pharmingen 1/2 in PBS

IL-6 Pharmingen 1/2 in PBS

IL-10 R&D Systems 1/2 in 1% (w/v) BSA/PBS

IL-12p40 Pharmingen 1/2 in PBS

IL-12p70 R&D Systems 1/2 in 1% (w/v) BSA/PBS

IL-17 R&D Systems 1/2 in 1% (w/v) BSA/PBS

IL-18 MBL Ltd 1/5 in kit diluent

TNF-a R&D Systems 1/2 in 1% (w/v) BSA/PBS

IFN-y Pharmingen 1/200 in PBS

All supernatants were diluted as outlined above for cytokine analysis.

Note:

(1) All supernatants from re-stimulated were diluted 1/2 for in vivo studies.

(2) All antibodies come in a purified (coating) and biotinylated (detection) form (see 
2.2.4 for use
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Table 2.2: Antibodies used in antibody ELISAs

Antibody Supplier Starting sample
dilution

Blocking buffer

Total IgG Sigma 1/100 10% (w/v) Marvel/PBS

IgG, BD Pharmingen 1/100 10% (w/v) Marvel/PBS

IgG2a BD Pharmingen 1/100 10% (w/v) Marvel/PBS

IgG2b BD Pharmingen 1/100 10%(w/v) Marvel/PBS

IgG3 BD Pharmingen 1/100 10%(w/v) Marvel/PBS

IgE BD Pharmingen 1/10 10% (v/v) FCS/PBS

All serum samples were diluted in PBS (2.1.5.1)
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2.1.3 Buffers and Solutions for Flow Cytometry

FACS Buffer

2% (v/v) Fetal calf serum (FCS; Biosera)

0.1% (w/v) Sodium azide 

Made up in IX PBS.

Table 2.3: Fluorochrome labelled antibodies for flow cytometry

Antibody specificity Fluorescent label Supplier Dilutions

CD80 FITC BD-Pharmingen 1/400

CD86 PE BD-Pharmlngen 1/1000

CD40 FITC BD-Pharmingen 1/400

MHC II PE BD-Pharmingen 1/1333

CDllc Apc BD-Pharmingen 1/2666

Ly6C EITC BD-Pharmingen 1/2000

Ly6G PE BD-Pharmingen 1/2000

CDS FITC BD-Pharmingen 1/2000

CD19 PerCP-Cy5.5 BD-Pharmingen 1/2000

F4/80 PerCP-Cy5.5 BD-Pharmingen 1/2000
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2,1.4 Buffers and solutions used in Western Blotting

1.5 M Tris-HCI pH 8.8

18.15 g Tris base 

75 ml dH20

Made up to 100ml with water and brought to pH 8.8.

0.5 M Tris-HCI pH 6.8

6 g Tris base 

60 ml dHjO

Made up to 100 ml with water and brought to pH 6.8.

5X Running Buffer

15 g Tris Base 

72 g Glycine 

5 gSDS

Made up to 1L with dH20 and brought to pH 8.3

Transfer Buffer

0.19 g Tris Base 

4.32 g Glycine 

240 ml dH20 

60 ml MeOH 

0.15 gSDS 

Brought to pH 8.3
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SDS-PAGE Sample Buffer

62.5 mM Tris pH 6.8

2% (w/v) sodium dodecyl sulphate (SDS)

10% (v/v) Glycerol

0.1 % (w/v) Bromophenol blue

50 mM DL-Dithiothreitol (DTT)

Table 2.4: Components of stacking and resolving gels 

For 4 gels:

Stacking Gel 5% (v/v) Resolving Gel 15% (v/v)
dHzO 2.7 ml 6.6 ml
30% Bis-acrylamide Mix 0.67 ml 8.0 ml
IM Tris pH 6.8 0.5 ml
1.5M Tris pH 8.8 5 ml
10% (w/v) Amonium
persulphate (APS)

40 pi 200 pi

10% (w/v) SDS 40 pi 200 pi
TEMED 4 pi 8 pi

Table 2.5: Primary antibodies for western blot analysis

Antibody Supplier Dilution

IL-lp National Institute for 
Biological Standards 
and Control (NIBSC)

1/200

3% (w/v) Marvel/PBST

Caspase-1 (plO) Santa Cruz 1/400

3% (w/v) Marvel/PBST

P-Actin Sigma 1/5000

5% (w/v) Marvel/PBST
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Table 2.6: Secondary antibodies for western blot analysis

Antibody Supplier Dilution

Anti-mouse IgG, peroxidase 
conjugate

Sigma l/IOOO

5% (w/v) Marvel/PBST

Anti-sheep IgG, peroxidase 
conjugate

Sigma 1/1000

3% (w/v) Marvel/PBST

Anti-rabbit IgG, peroxidase 
conjugate

Sigma 1/1500

3% (w/v) Marvel/PBST

Table 2.7: Pathogen recognition receptor (PRR) agonists used in vitro

Ligand Receptor Supplier Concentration
Range

LPS TLR-4 Alexis
Biochemicals

50 pg/ml-100 ng/ml

CpG TLR-9 Sigma Genesis 4-50 pg/ml

Poly I:C TLR-3 Sigma 50 pg/ml

Pam3CSK4 TLR-2 Invivogen 50 ng/ml
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Table 2.8: List of inhibitors used in vitro

Inhibitor Target Supplier Concentration
Range

YVAD-FMK Caspase-1 Bachem 40 pM

Uricase Degrades uric acid BioChemika,
Sigma

0.1 - lOU/ml

N-acetyl cysteine (NAC) Scavenges free
radicals

Sigma 5 - 50 mM

Diphenyliodonium (DPI) NADPH oxidase

iNOS

Sigma 5- lOpM

Cytochalasin B Actin
polymerisation

Sigma 2.5- lOpM

Bafilomycin ATPase system Sigma 250 nM

CA-074-Me Cathepsin B Sigma 10 pM

ZVAD-FMK Caspases Bachem 40 pM

Table 2.9: Particulate vaccine adjuvants

Adjuvant Source

Alum (Alhydrogel) Brenntag Biosector, Frederikssund, 
Denmark

Polystyrene Microparticles Microspheres-Nanospheres, Cold Spring, 
NY, USA

Polylactide-co-glycolide (PLG) 
Microparticles

Novartis Vaccines, Emeryville, USA

82



2.2 Methods 

2.2.1 Animals

Female C57BL/6 mice were obtained from Harlan Olac (Bicester, U.K.) and were used 

at 8-16 wk of age. NLRP3' ' breeding pairs were provided by Prof Jurg Tschopp (Dept 

of Biochemistry, University of Lausanne, Switzerland) and bred in the TCD 

Bioresources Unit. IL-IRL' mice were bred in the Bioresources unit in TCD. 

HeN/HeJ mice were obtained from Harlan and bred in the TCD Bioresources Unit. 

Animals were maintained according to the regulations of the European Union and the 

Irish Department of Health.

2.2.2 Cell culture
o

Cells were cultured at 37 C with an atmosphere maintained at 95% humidity and 5% 

CO2.

2.2.2.1 Cell Counts

Cell viability was determined by trypan blue exelusion. A 10 pi volume of the cell 

suspension was then loaded into a Hycor Glasstic slide with grids (Hycor) and the 

number of viable cells was counted using a light microscope. The number of cells per 

ml was determined using the following formula: number of cells/ml = cell number x 10“* 

X dilution factor.
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2.2.2.2 Murine Bone Marrow-Derived Dendritic Cell Culture

Bone marrow-derived dendritic cells (BMDC) were generated from mice using a 

method similar to that described by Lutz et al [519]. Mice were euthanized and their 

femurs and tibiae removed and dissected from the surrounding muscle tissue. The bone 

marrow was flushed out with complete RPMI medium using a 27G needle. The cell 

aggregates were broken up using a 19G needle and the cell suspension was pelleted by

centrifugation (1200 rpm/225 g for 5 min at 4 C). The pellet was resuspended in 1 ml
0

of ammonium chloride (0.88%) lysis solution (heated to 37 C) for 2 min, to lyse red 

blood cells.

The cells were then washed in complete RPMI, pelleted by centrifugation (225 g for 

5min at 4 C) and resuspended in 10 ml of complete RPMI. Cell viability was assessed 

by the trypan blue exclusion method (2.2.2.1).

Immature BMDC were seeded at 4.0xI0^cells/ml in 30 ml of complete RPMI 

supplemented with 40 ng/ml of GM-CSF in the form of supernatant from the GM-CSF 

expressing J558 cell line (Generously provided by Nathalie Winter, Institut Pasteur, 

Paris). After 3 days of incubation, 30 ml of fresh medium containing 40 ng/ml GM- 

CSF was added to the flasks. On day 6, the flasks were removed from the incubator and 

cell culture supernatant removed to eliminate non-adherent cells (e.g. granulocytes) 

from the culture. 30 ml of sterile pre-heated (37 C) PBS was added to each flask and 

cells were removed by continuous pipetting before the PBS was added to 50 ml tubes 

containing 10 ml of complete RPMI. 30 ml of sterile pre-heated (37 C) EDTA (0.02%; 

Sigma) was added to each flask and then flasks were placed in the incubator for 10 min. 

Meanwhile, the cells removed by the PBS step were pelleted by centrifugation (1200 

rpm/225 g for 5 min at 4°C) and resuspended in complete RPMI. After 10 min, the 

EDTA flasks were removed from the incubator, cells were removed by continuous 

pipetting, added to 10 ml of complete RPMI and pelleted by centrifugation (225 g for 5 

min at 4°C) followed by resuspension in complete RPMI. Cells removed using PBS and 

EDTA were pooled and cell viability was assessed by the trypan blue method (2.2.2.1). 

Cells were then seeded at 4.2x10^ cells/ml in complete RPMI supplemented with 40 

ng/ml of GM-CSF. After a further 3 days of incubation, 30 ml of complete RPMI 

containing 40 ng/ml of GM-CSF was added to each flask. Two days later, the loosely
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adherent cells were harvested by gentle pipetting. Cell viability was assessed and cells 

were plated in complete RPMI containing 20 ng/ml of GM-CSF.

1,1.23 Culture of J558 Cell line

The mouse gene for granulocyte-monocyte colony stimulating factor (GM-CSF) was 

cloned into mammalian expression vector and transfected into the plasmacytoma line 

X63-AgS. Subsequently, these cells secrete large amounts of GMCSF into their growth 

medium, the levels of which can be quantified and used to grow BMDC.

Cells were retrieved from frozen stock (liquid nitrogen) and grown in complete RPMI
o

medium containing G418 (Geneticin Img/ml, Gibco) for two passages at 37 C m a 5% 

CO2 incubator. After the second passage, cells were washed in complete RPMI medium 

and re-seeded (1x10^ cells/ml) without G418. For the first culture without G418 the 

cells were grown up to ‘medium’ density and then re-seeded at lower concentrations 

(2.5x10^ cells/ml) for future passages. The supernatant was collected at each passage 

until passage number 9. The concentration of GM-CSF was quantified by ELISA 

(R&D systems, 2.2.5).

2.2.3 Flow cytometry

2.2.3.1 Determination of surface marker expression on cells

BMDC and spleen cell surface marker expression was analysed by flow cytometry 

using a FACS Caliber™ flow cytometer (Cyan ADP, Dako, Colorado). The flow 

cytometry was calibrated using Autocomp software in conjunction with commercially 

available fluorescent beads (Calibrate Beads,Dako, Colorado) BMDCs or spleen cells 

(0.5x10^ cells/ml) were harvested in 200 pi of FACS buffer (2% (v/v) FCS, 0.1% (v/v) 

NaNa, in PBS) and then incubated with Fc-receptor block (1 pi per 10^ cells, BD 

Pharmingen) for 10 min. Cells were then incubated for 30 min on ice in the dark with 

fluorochrome labelled antibodies (Table 2.1.3, BD Pharmingen). After 30 min, cells 

were washed in 2 ml of FACS buffer (2% FCS (v/v),0.1% (v/v) NaNj, in PBS), re

suspended in 200 pi of FACS buffer and analyzed for immunoflouresence. Samples
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were acquired using summit software (Dako, Colorado) and data was analysed using 

Flowjo^'^ software (Treestar, Oregan). 10,000 cells were analysed per sample, unless 

otherwise stated.

2.2.3.2 Analysis of adjuvant-mediated cell death

Adjuvant-mediated cell death was assessed by the addition of propidium iodide directly 

to FACS tubes (final concentration 1 pg/ml), immediately prior to the acquisition of 

samples on the flow cytometer (Cyan ADP, Dako, Colorado). Non viable cells take up 

the propidium iodide and its fluorescence is detected the FL3 channel.

2.2.3.3 Acridine orange staining

Incorporation of acridine orange was measured using flow cytometry. Cells were 

incubated with acridine orange (1 pg/ml; Sigma) for 15 min and washed. After 

removing all excess stain, cells were treated with particulate adjuvants. After 3 h, cells 

were harvested and re-suspended in 200 pi of FACS buffer. Acridine orange fluoresces 

green in its monomeric state and binds to cytosolic and nucleic DNA and RNA. It also 

becomes concentrated in acidic vesicles, due to its cationic nature, where it forms 

dimers and emits red fluorescence (650-680 nm, FL3). The amount of red fluorescence 

directly correlates with the amount of acidic vesicles within the cells.

2.2.4 TLR Agonist and Inhibitor Assays

Murine BMDC (generated as described in section 2.2.2.2) were plated at 6.25x10^ 

cells/ml in 96 well round bottomed plates (Greiner BioOne). In general cells were 

stimulated with particles alone for 1 h before the addition of TLR agonists or TLR 

agonists alone and then left for 24 h before the supernatants were collected and analysed 

for cytokines by ELISA (2.2.5).
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In more specific experiments either the particles or the TLR agonist was added to the 

cells for 6 or 24 hr prior to addition of the second stimulus or alternatively both stimuli 

(particle and TLR agonist) were added to the cells simultaneously.

For inhibitor assays, the cells were first incubated with inhibitors for 30 min or 1 h 

before addition of the particles. The exception to this was uricase which was incubated 

with particles overnight at 37 C before being added to the dendritic cells prior to particle 

and TLR agonist stimulation.

2.2.5 Measurement of Cytokine Production

Determination of IL-12p70, IL-la, IL-ip, TNF-a, IL-17, IL-10 and IL-18

Concentrations of the cytokines IL-10, IL-12p70, IL-la, II-ip, TNF-a and IL-17 were 

measured using commercially available ELISA kits (R&D Systems; IL-18 from MBL). 

High binding 96 well plates (Greiner Bio-one) were coated overnight with 40 pl/well of 

rat anti-mouse IL-10 (2 pg/ml), IL-12p70 (4 pg/ml), TNF-a (0.8 pg/ml), IL-la (2 

pg/ml), IL-ip (4 pg/ml) or IL-17 (2 pg/ml). The IL-18 ELISA kit included capture 

antibody pre-coated plates. After washing, non-specific binding sites were blocked 

with 100 pl/well of blocking solution (1% (w/v) BSA in PBS) for 2 h at room 

temperature.

Plates were washed and then 40 pi of test supernatant (diluted as per table 2.1) or 

serially diluted IL-10 (0-2000 pg/ml), IL-12p70 (0-1500 pg/ml), TNF-a (0-2000 pg/ml),

IL-la (0-1000 pg/ml), IL-ip (0-1000 pg/ml), IL-17 (0-1000 pg/ml) or IL-18 (0-1000
0

pg/ml) standard in 1% BSA/PBS were added to plates and incubated overnight at 4 C.

Plates were then washed and 40 pl/well of biotinylated goat anti-mouse IL-10 (500 

ng/ml), IL-12p70 (400 ng.ml), TNF-a (150 ng/ml), IL-la (50 ng/ml), IL-ip (400 

ng/ml), IL-17 (200 ng/ml) or IL-18 (100 ng/ml) in 1% (w/v) BSA/PBS was added for 2 

h at room temperature. After this incubation, plates were washed and IL-10, IL-12p70, 

IL-la, IL-ip, TNF-a, IL-17 and IL-18 were detected by incubating plates in the dark for 

30 min with 40 pl/well of horseradish-peroxidase (HRP)-conjugated streptavidin (1:200 

in 1% (w/v) BSA/PBS). Finally plates were washed and 40 pi of Ortho-
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Phenylenediamine (OPD) substrate in phosphate citrate buffer (0.4 mg/ml) was added 

per well. The enzyme reaction was quenched by the addition of 25 pi per well of IM 

H2SO4, The OD values were determined by measuring absorbance at 492 nm using a 

microtitre plate reader (Versamax, Molecular Devices). Cytokine concentrations for 

test samples were evaluated using a standard curve prepared using recombinant mouse 

IL-10, IL-12p70, IL-la, IL-ip, TNF-a, IL-17 and IL-18 of known concentrations.

Determination of IL-6, IL-12p40, IL-4, IL-5 and IFN-y

Concentrations of the cytokines IL-4, IL-5, IL-12p40, IFN-y and IL-6 were measured 

using assays developed using commercially available antibodies (BD Pharmingen). 

High binding 96 well plates (Greiner Bio-one) were coated overnight with 40 pl/well of 

rat anti-mouse IL-4 (1 pg/ml), IL-5 (1 pg/ml), IL-I2p40 (2 pg/ml), IFN-y (1 pg/ml) or 

IL-6 (1 pg/ml) capture antibody in PBS. After washing, non-specific binding sites were 

blocked with 100 pl/well of blocking solution,[5% (w/v) dried milk (marvel)/PBS 

except IL-6 (3% (w/v) BSA/PBS)], for 2 h at room temperature. Plates were washed 

and then 40 pl/well of test supernatant (diluted as per table 2.1) or serially diluted IL-4 

(0-2000 pg/ml), IL-5 (0-2500 pg/ml), IL-12p40 (0-2000 pg/ml), IFN-y (10 ng/ml) or IL- 

6 standard (0-5000 pg/ml) diluted in PBS were added to plates and incubated overnight 

at 4°C.

Plates were then washed and 40 pl/well of biotinylated goat anti-mouse IL-4 (1 pg/ml), 

IL-5 (1 pg/ml), IL-12p40 (2 pg/ml), IFN-y (1 pg/ml) or IL-6 (2 pg/ml) in PBS was 

added for 1 h at room temperature. After this incubation, plates were washed and IL-4, 

IL-5, IL-12p40, IFN-y or IL-6 was detected by incubating plates in the dark for 30 min 

with 40 pl/well of horseradish-peroxidase (HRP)-conjugated streptavidin (Sigma, 

1:750). Finally, plates were washed and 40 pi per well of Ortho-Phenylenediamine 

(OPD) substrate in phosphate citrate buffer (0.4 mg/ml) was added. The enzyme 

reaction was quenched by the addition of 25 pi per well of IM H2SO4. The OD values 

were determined by measuring absorbance at 492 nm using a microtitre plate reader 

(Versamax, Molecular Devices). Cytokine concentrations for test samples were 

evaluated using a standard curve prepared using recombinant mouse IL-4, IL-5, IL- 

12p40, IFN-y or IL-6 of known concentrations.
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Determination of granulocyte-monocyte colony stimulating factor (GM-CSF)

The concentration of GM-CSF in the J558 cell line supernatant was measured using a 

commercially available ELISA kit (R&D systems) (Table 2.1.1). High-binding ELISA 

plates (Greiner Bio-one) were coated overnight at 4 C with 50pl/ well of rat anti-mouse 

GM-CSF capture antibody (2 pg/ml) in PBS. After washing, non-specific binding sites 

were blocked by adding 100 pl/well of blocking solution (1% (w/v) BSA in PBS) and 

incubating the plates for 2 h at room temperature. Plates were washed and 50 pi of test 

supernatant (neat or at various concentrations in 1% (w/v) BSA/PBS) or serially diluted 

GM-CSF standard (0-2000 pg/ml) in 1% (w/v) BSA/PBS solution were added and 

plates were incubated overnight at 4 C. After washing, plates were incubated with 50 

pl/well of biotinylated goat anti-mouse GM-CSF (50 ng/ml), in 1% BSA/PBS for 2 h at 

room temperature.

Plates were washed and GM-CSF was detected by incubating plates in the dark for 30 

min with 50 pl/well of horse-radish peroxidise (HRP) conjugated streptavidin (1 in 200 

in 1% (w/v) BSA/PBS) followed by washing and the addition of 50 pl/well of OPD 

substrate in phosphate citrate buffer (0.4 mg/ml). The colour reaction was allowed to 

develop for approximately 10 min after which time 25 pl/well of 1 M H2SO4 was added 

to stop the enzymatic reaction. The OD values were determined by measuring 

absorbance at 492 nm using a microtitre plate reader and cytokine concentrations of test 

samples were evaluated using a standard curve prepared using recombinant mouse GM- 

CSF of known concentrations.

2.2.6 Western Blot Analysis

2.2.6.1 Preparation of whole cell lysates

BMDC were plated in 24 well plates (0.5x10^ cells/ml), in a volume of 500 pi per well. 

After appropriate stimulation, supernatants were removed and cells were lysed with 100 

pi of IX sample buffer (2.1.5). Samples were then heated to 95°C for 5 min.
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2.2.6.2 SDS Polyacrylamide Gel Electrophersis (SDS-PAGE)

Gels were poured as described in materials section (table 2.4). Once set, 10 pi of each 

sample was loaded per well in addition, 5 pi of a protein molecular weight marker 

(Biorad Dual Colour 5-75kDa). After samples were loaded, gels were run at 120 V for 

90 min.

2.2.6.3 Transfer of proteins to nitrocellulose membrane

The transfer of proteins to the nitrocellulose membrane was carried out using a semi-dry 

transfer system. Gels were removed from the glass plates, kept moist with transfer 

buffer (2.1.4) and placed onto the nitrocellulose membrane between sheets of moist 

(transfer buffer) filter paper. Care was taken to ensure there were no air bubbles in the 

system and the proteins were transferred for 1 h at 300 mA.

2.2.6.4 Immunodetection of proteins

All steps during the detection stage of western blotting were carried out on a rocker. 

Membranes were blocked using blocking buffer (3-5% (w/v) dried milk, marvel, in 

PBS) optimised for the specific antibody in question for 1 h at room temperature. Blots 

were then washed in PBS-tween, six times for 5 min. After washing, the membranes
o

were incubated with the primary antibody overnight at 4 C. Membranes were washed in 

PBS-tween as previously described and then incubated with the secondary antibody for 

1 h at room temperature. Blots were then washed and developed by chemiluminesence 

as per manufacturer’s instructions (Amerhsam ECL).

2.2.7 Preparation of nanoparticles and microparticles

PEG nanoparticles were prepared by the solvent displacement method (This was carried 

out by Padma Malyala, Manomohan Singh and Derek T O’Hagan in Novartis, 

Cambridge, MA, USA) [470] [469]. An organic phase with PEG dissolved in acetone 

was added drop wise to pure, distilled water under magnetic stirring and the acetone 

was allowed to evaporate overnight. There was no surfactant present in the aqueous
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phase. Particles were sterile filtered through a Pall (East Hills, NY) Acrodisc 0.2 pm 

Supor Membrane syringe filter.

Microparticles with 0.05% Dioctyl Sodium Sulfosuccinate (DSS), of size ~1 pm were 

prepared as previously described using a double emulsion solvent evaporation method 

[470] [469]. Anionic microparticles were prepared by homogenizing 10ml of 6% w/v 

polymer solution in Methylene Chloride with 2.5 ml of phosphate-buffered saline (PBS) 

using a 10-mm probe (Ultra-Turrax T25 IKA-Labortechnik, Germany) with a water ; oil 

ratio of 1:4. After homogenizing for two minutes, the water-in-oil emulsion formed was 

then added to 50ml of distilled water containing Dioctylsulfosuccinate surfactant, and 

the mixture was homogenized at very high speed with a 20-mm probe (ES-15 Omni 

International, Jarrenton, VA) for 5 minutes in an ice bath. This procedure resulted in 

the formation of water-in-oil-in-water emulsion that was then stirred at 1000 rpm for 12 

hours at room temperature; the Methylene Chloride was allowed to evaporate.

Microparticles with 0.05% Dioctyl Sodium Sulfosuccinate (DSS), of size ~30 pm were 

prepared as described above using a double emulsion solvent evaporation method. 

Anionic microparticles were prepared by homogenizing 4 ml of 15% (w/v) polymer 

solution in Methylene Chloride with 1 ml of phosphate-buffered saline (PBS) using a 

10-mm probe (Ultra-Turrax T25 IKA-Labortechnik, Germany) with a water : oil ratio of 

1:4. After homogenizing for one minute, the water-in-oil emulsion formed was then 

added to 30 ml of distilled water containing Dioctylsulfosuccinate surfactant and Poly 

Vinyl Alcohol (10 % (w/ v) ), and the mixture was homogenized at high speed with a 

20-mm probe (ES-15 Omni International, Jarrenton, VA) for 5 min. This procedure 

resulted in the formation of awater-in-oil-in-water emulsion that was then stirred at 

1000 rpm for 12 h at room temperature; the Methylene Chloride was allowed to 

evaporate. The resulting suspension was washed thrice to remove PVA and the PEG 

microparticles reconstituted to the original volume.
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2.2.7.1 Lyophilisation

Excipients, comprising of Mannitol and Sucrose, were added to the particle suspensions 

immediately prior to Lyophilisation. The concentrations of Mannitol and Sucrose were 

4.5 % and 1.5 % of the reconstitution volume respectively. The suspensions were placed 

in glass vials and frozen at -80°C for two hours. Lyophilization was carried out in a 

Labconco Freeze Dry System, Freezone 4.5 (Kansas City, MO) operating at -49 C and 

vacuum less than 133x10'^ mBar for approximately 24 h. All samples were 

reconstituted with distilled water. The osmolarity for all formulations was in the range 

270-330 mOsm/mL.

2.1.1.1 Particle Characterisation

The size distribution was determined with a Zetasizer 3000HSA (Malvern Instruments, 

UK) for the nanoparticles. Microparticles were sized with a Horiba LA-930 (Irvine, 

CA). This instrument is based on static light scattering to determine particle size, while 

the Zetasizer used dynamic light scattering to detect the smaller particles.

2.2.8 Confocai Microscopy

The confocai microscopy section of this project was carried out with help from Dr. 

James Harris (Adjuvant Research Group, TCD).

BMDC (0.5x10*" cells/ml) were added plated into 24 well tissue culture plates onto 19 

mm coverslips (Marenfeld, Germany) and left overnight at 37 C. The cells were then 

treated with fluorescent polystyrene microparticles (0.6 mg/ml; Corpuscular) of 420 nm, 

1 pm, 10 pm and 32 pm in size. Each sample was set up in duplicate. After 1 hr the 

supernatants were removed and cells were fixed in 2% (v/v) paraformaldehyde (in PBS) 

for 20 min at room temperature. Samples were then washed 3 times in PBS. One set of 

samples was permeablised by incubation in 0.1% (v/v) Triton-XlOO (Sigma) in PBS for 

10 min at room temperature. Both sets of samples were then blocked in 1% (w/v) BSA 

and 1% (v/v) goat serum in PBS for 20 min at room temperature. After blocking, 

samples were stained with Alexa-Fluor 594-conjugated wheat germ agglutinin (10 

pg/ml) for 30 min and then washed 5 times in PBS.
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Once stained coverslips were removed from wells and dipped in dH20 and exeess dH20 

was removed before mounting onto a glass slide with one drop of mounting medium 

(Dako, Colorado).

2.2.9 Removal of LPS from Ova

Commercially available Ova is contaminated with LPS. Therefore, LPS from the Ova 

(Sigma) used for in vivo studies was removed to ensure that the Ova was endotoxin free. 

The Detoxi-Gel™ endotoxin removing kit (Thermo scientifie) was used aecording to 

manufacturer’s protocol as outlined below. The Detoxi-Gel™ resin column was 

regenerated by washing with resin-bed volumes of 1% sodium deoxycholate five times 

followed by 5 washes with pyrogen free H2O (Baxters) to remove the detergent. Post

regeneration, the Ova solution was added to the columns. The first 900 pi of fluid to 

run through the columns was discarded as this represents the column bed volume whieh 

does not contain any Ova. The sample was run through three columns sequentially 

three times.

Onee the sample has been collected the column was washed through with pyrogen free 

H2O (Baxter) and the first 900 pi of this is also eollected as this is the eolumn bed 

volume left from the sample run through. Once the entire sample was collected it was 

tested for protein concentration (BCA assay) in order to quantify the amount of Ova that 

passed through the column. In addition, the level of LPS following the detoxification 

process was analysed using an endotoxin detection kit (Lonza).

2.2.10 In vivo studies
2.2.10.1 Role of NLRP3 in the adjuvant properties of particles

(i) Female C57BL/6 (6-8 weeks old, Harlan, UK) and NLRP3'^' mice (bred in the 

Bioresources unit TCD) were injected subeutaneously in the left flank or intra- 

peritoneally with, PBS, LPS-free Ova (50 pg/mouse) or PLG-microparticles (4 mg; 

Novartis) with Ova. Mice were immunised on day 0 and subsequently boosted on day 

14 of the experiment in an identical manner. Blood samples were collected prior to the 

boost immunisation.
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After 21 days mice were sacrificed, spleens, inguinal lymph nodes, mesenteric lymph 

nodes and medistinal lymph nodes were removed and blood samples were collected. 

Isolated single cell suspensions (spleens 2x10^ cells/ml, peritoneal cells 1x10^ cells/ml, 

lymph node cells 1x10^ cells/ml) were re-stimulated in vitro with either medium alone, 

LPS-free Ova (0.02-1 mg/ml). After 3 days, supernatants were collected and 

subsequently analysed for a range of cytokines by ELISA (2.2.5).

Blood samples were centrifuged (30,680 g for 5 min at 4 C) and serum was collected. 

The serum collected was subsequently analysed for antigen-specific antibodies by 

ELISA (2.2.11).

The skin surrounding the subcutaneous injection site was removed and preserved (10% 

Formalin; Sigma) for histological analysis (2.2.11).

(ii) C57BL/6 mice and NLRP3'^' mice (bred in Bioresources unit TCD) were injected 

intra-peritoneally with PBS or PLG microparticles (4 mg/ mouse). Mice were sacrificed 

18 h after immunisation. Cells were collected from the peritoneal cavity by injecting 10 

ml of ice cold PBS (Biosera) into the peritoneum using a 23G needle. The peritoneal 

fluid was agitated using a vortex and removed using a 23G needle. Cell subtypes and 

activation states were analysed by flow cytometry (2.2.3, table 2.3).

2.2.10.2 Comparison of the Efficacy of Particulate Vaccine Adjuvants

C57BL/6 mice were injected subcutaneously with alum (2.5 mg), PLG (2.5 mg) or PS 

(2.5 mg) in the right and left flank. Each particulate adjuvant was co-administered with 

keyhole limpet hemocyanin, KLH (5 pg/mouse; Calbiochem). Control groups were 

immunised with either PBS alone or KLH alone. Mice were immunised on day 0 and 

sacrificed after 7 days. Spleens and inguinal lymph nodes were removed and blood 

samples were collected. Isolated single cell suspensions (spleens 2x10^ cells/ml, lymph 

node cells 1x10^ cells/ml) were stimulated with either medium alone, KLH (2 pg/ml, 10 

pg/ml and 50 pg/ml) or a combination of proliferative stimuli as follows; anti-CD3 (1 

pg/ml) or anti-CD3 (1 pg/ml) with PMA (250 ng/ml).
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The right and left injection sites were both removed. The left injection site was 

homogenised in 500 mM NaCl/50 mM Hepes, pH 7.4, containing 0.1% (v/v) Triton X- 

100, protease inhibitor cocktail (contains serine/cysteine/acid protease inhibitors and 

aminopeptidases. Sigma) and 0.02% (v/v) NaN3. The homogenates were then sonicated 

(pulsed three times for 10 sec) and centrifuged at 6000 g for 20 min at 4 C. 

Supernatants were collected and analysed for cytokines by ELISA (2.2.5). The right 

injection site was preserved (10% v/v formalin; Sigma) and analysed by histology 

(2.2.12).

Blood samples were centrifuged (30,680 g for 5 min at 4°C) and serum was collected. 

Subsequently, serum antigen-specific antibody concentrations were analysed by ELISA 

(2.2.11).

2.2.10.3 Kinetics of immune responses to injection with alum

Wild type and IL-IRT^'C57BL/6 mice (bred in Bioresources unit TCD) were injected 

with alum (3mg/mouse) subcutaneously in their right flank. Mice were sacrificed at 3 

h, 1, 3, 5 and 7 days post immunisation. Injection sites were removed and preserved 

(10% v/v Formalin;Sigma) for histological analysis (2.2.12). Spleens were removed, 

cells were isolated and stimulated (2x10^ cells/ml) with either anti-CD3 (1 pg/ml) alone 

or in combination with PM A (0.2 ng/ml, 2 ng/ml, 20 ng/ml) or EPS (10 ng/ml, 100 

ng/ml, 1000 ng/ml). After 3 days, supernatants were removed and analysed for 

cytokines by ELISA (2.2.5).

2.2.10.4 Kinetic study of PLG microparticles

C57BL/6 mice were injected subcutaneously with PLG (4 mg; Novartis) in the left 

flank. Mice were sacrificed at 3 h, 1, 3, 5, 7 and 14 days post immunisation. Spleens, 

inguinal lymph nodes, mesenteric lymph nodes and medistinal lymph nodes were 

removed.

Isolated single cell suspensions (spleens 2x10^ cells/ml, peritoneal cells 1x10^ cells/ml, 

lymph node cells 1x10^ cells/ml) were stimulated in vitro with either medium alone or a
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combination of proliferative stimuli as follows; anti-CD3 (0.05 pg/ml), anti-CD3 (0.5 

pg/ml) or anti-CD3 (1 pg/ml) with PMA (250 ng/ml). A second set of single spleen cell 

suspensions were stimulated with either medium alone or ultrapure LPS (10, 100, 1000 

pg/ml; Alexis Biochemicals). After 3 days, supernatants were removed and analysed 

for cytokines by ELISA (2.2.5).

2.2.10.5 Effect of particle size on the efficacy of PVA

C57BL/6 mice were injected, either subcutaneously in the left flank or intra- 

peritoneally, with 4 mg of PS particles of varying size; 50 nm, 200 nm, 430 nm, 1 pm, 

10 pm and 30 pm. Each particulate was co-administered with EPS-free Ova (50 

pg/mouse). Control groups was immunised with either PBS or ova alone. Mice were 

immunised on day 0 and subsequently boosted on day 14 (right flank for subcutaneous 

study) in a similar manner as described above. Blood samples were collected prior to 

the boost immunisation.

After 21 days mice were sacrificed, the peritoneal cavity cells and blood samples were 

collected and spleens, medistinal, mesenteric and inguinal lymph nodes were removed. 

Cells were collected from the peritoneal cavity by injecting the peritoneum with 10 ml 

of ice cold PBS (Biosera) using a 23 G needle. Isolated single cell suspensions (spleens 

2x10^ cells/ml, peritoneal cells/lymph nodes 1x10* cells/ml) were stimulated in vitro 

with either medium alone, EPS-free Ova (20, 100 or 500 pg/ml), anti-CD3 (1 pg/ml) 

alone or anti-CD3 (1 pg/ml) with PMA (250 ng/ml). After 3 days, supernatants were 

removed and analysed for cytokines by ELISA (2.2.5).

Blood samples were centrifuged (30,680 g for 5 min at 4 C) and serum was collected 

and subsequently analysed for antigen-specific antibodies by ELISA (2.2.12).

The skin surrounding the subcutaneous injection sites (day 0 and day 14) were removed 

and preserved (10% Formalin; Sigma) for histological analysis (2.2.11).

96



2.2.11: Histology

The histology and immunohistochemistry work in this project was carried out in 

collaboration with; Prof Brian Sheehan and Alexandra Whelan in University College 

Dublin (School of Argiculture, Food Science and Veterinary Medicine UCD, Belfield, 

Dublin 4, Ireland; alum kinetics study), Dr. Sean Coyle (School of Argiculture, Food 

Science and Veterinary Medicine UCD, Belfield, Dublin 4, Ireland Particle size study). 

The experimental set up and section isolation was carried out in Trinity while the 

embedding, sectioning and staining was carried out in UCD under supervision.

For both in vivo studies the injection site was removed and preserved in 10% formalin 

(Sigma) for further histological examination. Preserved injection sites were then 

trimmed into the appropriate size and shape and placed in embedding cassettes. The 

cassettes hold the sample in place, they contain holes to allow for the penetration of 

chemicals used during the embedding process.

The cassettes were then paraffin embedded using the following protocol:

1. 70% v/v Ethanol, two changes, 1 hr each

2. 80% v/v Ethanol, two changes, 1 hr each

3. 95% v/v Ethanol, two changes, 1 hr each

4. 100% v/v Ethanol, two changes, Ihr each

5. Xylene, three changes, 1 hr each

6. Paraffin wax (56-58V), two changes, 1 hr 30 min each

7. Embedding tissues into paraffin blocks (Histocentre 3 Thermoshandon)

Paraffin blocks were then trimmed and cut into 3pm sections (Leica RM2135 

Microtome). The paraffin ribbon obtained was placed in a water bath (40V) and 

mounted onto a glass slide. Slides were left to dry. The paraffin was then removed 

from the sections by reversing the schedule outlined above with the addition of a rinse 

in distilled water to finish. Sections were then ready for staining and 

immunohistochemistry. Slides were then stained with haemotoxylin and eosin (Thermo 

Shandon Varistain Gemini, autostainer).
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2.2.12: Antibody ELISA

IgG, IgGl,IgG2a, IgG2b, IgG2c

Serum antigen-specific antibody concentrations were analysed using commercially 

available antibodies (BD-Pharmingen or Sigma). Medium binding plates (Greiner Bio) 

were coated (50 pl/well) with KLH (5 pg/ml, Calbiochem) or Ova (50 pg/ml. Sigma) in 

carbonate buffer (2.1.2) overnight at 4°C. Excess antigen was removed by washing 

plates with wash buffer (PBS/0.05% v/v Tween 20) and non-specific binding sites were 

blocked by incubating plates with 10% (w/v) of dried milk (Sigma) for 2 h at room 

temperature. Plates were washed and then serum samples were added to the plate (50 

pl/well) at a starting dilution of 1/100 or 1/50 and subsequently serially diluted 1/2
o

across the plate in PBS and left overnight at 4 C. After sample incubation, plates were 

washed and biotinylated antibodies (Pharmingen) specific for IgG, IgGl, IgG2a, IgG2b 

or IgG2c, (2.1.2) were added to the plates (50 pl/well) for 1 hr. Plates were washed and 

IgG, IgGl, IgG2a, IgG2b and lgG2c were detected by incubating plates in the dark for 

30 min with 50 pl/well of horseradish-peroxidase (HRP)-conjugated streptavidin 

(1:750; Sigma). Finally, plates were washed and 50 pl/well of OPD substrate in 

phosphate citrate buffer (0.4 mg/ml) was added. The enzyme reaction was quenched by 

the addition of 25 pl/well of 1 M H2SO4 following a 30 min incubation in the dark at 

37 C.

The OD values were determined by measuring absorbance at 492 nm using a microtitre 

plate reader. Antibody concentrations are expressed as end point titres calculated by 

regression of a curve of OD values versus reciprocal serum levels to a cut off point of 2 

standard deviations.
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IgE

IgE concentrations were analysed using a commercially available kit (BD-Pharmingen). 

Medium binding plates (Greiner Bio) were coated (50 pl/well) with IgE capture 

antibody (1/250) in carbonate buffer (2.1.4.1). Excess antibody was removed by 

washing plates with wash buffer (PBS/0.05% v/v Tween 20) and non-specific binding 

sites were blocked by incubating plates with 10% (v/v) PCS in PBS (Sigma) for 2 h at 

room temperature.

Plates were washed and then serum samples were added to the plate (50 pl/well) at a 

starting dilution of 1/10 or an IgE standard (100 ng/ml) and subsequently serially 

diluted 1/2 across the plate in PBS and left overnight at 4 C. After sample incubation, 

plates were washed and a mixture of anti-IgE detection antibody (1/1000) and 

horseradish-peroxidase (HRP)-conjugated streptavidin (1:250) in PBS was added to the 

plates (50 pl/well) for 1 hr. Finally, plates were washed and 50 pl/well of OPD 

substrate in phosphate citrate buffer (0.4 mg/ml) was added. The enzyme reaction was 

quenched by the addition of 25 pl/well of 1 M H2SO4 following a 30 min incubation in 

the dark at 37 C. IgE concentrations for test samples were evaluated using a standard 

curve prepared using recombinant mouse IgE of known concentration.

Statistical Analysis

Statistical analyses were performed using the computer based mathematical package 

Instat 3. Statistical differences between experimental and control groups were 

determined by one-way ANOVA. Where significant differences were found, the Tukey- 

Kramer multiple comparisons test was used to identify differences between individual 

groups. P-values of 0.05 or less were considered to be significant.

99



Chapter 3

The Role of NLRP3 in the Adjuvant Activity 
of Particulate Vaccine Adjuvants





3.1 Introduction

Vaccination has had a profound effect on mortality and morbidity rates due to infectious 

disease since its widespread introduction in the 19*'’ century. The development of 

vaccines has progressed from the use of whole live or attenuated organisms to the use of 

specific antigenic components of microorganisms. This more refined process can be 

attributed to significant developments in molecular biology and immunology, coupled 

with advances in genomics which now allows for whole genome sequencing and 

subsequent identification of putative vaccine antigens. Although modem subunit 

vaccines display improved safety profiles compared to their predecessors, they are less 

immunogenic, which significantly decreases their efficacy. In order to compensate for 

this, adjuvants can be added to the vaccines during the formulation process.

The adjuvant properties of several compounds were first demonstrated by Gaston 

Ramon in the 1920s with subsequent compounds identified by Alexander Glenny [376- 

377]. Adjuvants are now a common feature of modem vaccine formulations. Vaccine 

adjuvants can be broadly subdivided into two groups; immunostimulatory adjuvants 

which can directly activate the immune system through interaction with known 

receptors and particulate vaccine adjuvants (PVA) or delivery systems which, in most 

cases, have no known receptors.

PVA, particularly alum, have been in use since the 1920s and are the most commonly 

used vaccine adjuvants to date. However, the exact mechanism of action of these 

“delivery systems” remains unknown. Several theories have been proposed in order to 

explain the immunostimulatory activities of particulates. During Glenny’s original 

experiments, it was noticed that none of the tetanus toxoid that had been mixed with the 

adjuvant remained in the supernatant and this led to the idea that the antigen must be 

completely adsorbed by the adjuvant in order to increase the immune responses [377]. 

Based on these observations it was suggested that aluminium-containing adjuvants 

worked by forming an antigen ‘depot’ at the site of injection, thereby prolonging the 

amount of time that cells of the immune system have to ‘sample’ and interact with the 

antigen. The efficacy of PVA has also been attributed to the conversion of soluble 

antigens into particulate form, which enhances phagocytosis by antigen-presenting cells 

(APC). Contrary to the depot theory, it has been shown that excision of the antigen and 

alum complex from the injection site after injection does not affect the efficacy of this
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PVA [449]. Furthermore, it has been demonstrated that aluminium-containing 

adjuvants can enhance the immune response to rapidly desorbed antigens as well as 

non-adsorbed antigens [520-521], More recently, the attention of adjuvant research has 

been re-focused towards PVA and further studies have added to the concept that these 

adjuvants act as more than elaborate delivery systems.

DC have been described as nature’s adjuvant. These professional APC are unique in 

their ability to activate naive T cells, acting as the central link between the innate and 

adaptive arms of the immune system. These sentinel cells have the ability to 

phagocytose, process and present antigen to naive T cells thus activating and directing 

the adaptive responses. This unique characteristic of DC has prompted investigations 

into the role of DC in the adjuvant properties of particulates. Previous studies have 

demonstrated that treatment of human PBMC or murine BMDC with alum enhances 

expression of co-stimulatory molecules [458, 522]. In contrast, others have shown that 

incubation of BMDC in vitro with PVA alone was not sufficient to enhance the surface 

expression of MHC class II or co-stimulatory molecules, suggesting that PVA cannot 

act directly on DC [165, 476]. However, DC isolated from the peritoneum after 

injection of alum displayed increased expression of CD86 and the authors postulated 

that this enhancement was due to the release of endogenous signals which induced 

activation of DC [165]. In addition, Kool et al found that intraperitoneal injection of 

alum enhanced the recruitment of inflammatory monocytes, which are known 

precursors of DC, into the peritoneum [165]. Furthermore, depletion of these 

inflammatory monocytes significantly decreased the proliferation of antigen-specific T 

cells in the draining lymph nodes [165]. Taken together these studies suggest that DC 

play a central role in the adjuvanticity of particulates.

In view of the crucial role played by DC in the activation of adaptive immune 

responses, the main aim of this study was to investigate the effects of particulates on 

DC. These studies focused on the PVA aluminium hydroxide (Alhydrogel) which will 

be referred to as alum throughout, poly lactide-co-glycolide (PLG) mieroparticles and 

polystyrene (PS) microparticles. This range of particulate vaccine adjuvants was used 

to determine if common mechanisms of action could be identified for particulates.
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3.2 Results

3.2.1. PVA alone do not promote maturation of DC

DC that have not come into contact with any microorganism-derived or endogenous 

danger signals are generally said to be in an immature state and are extremely efficient 

at phagocytosis. Once a DC has encountered a pathogen or host-derived danger signal, 

it undergoes several changes to become a mature dendritic cell, making it more effective 

at antigen presentation. During this maturation process, DC upregulate several cell 

surface markers important for interaction with T cells, including the co-stimulatory 

molecules CD86, CD80, CD40 and MHC class II molecules [179]. Whether or not 

PVA, such as alum, have the ability to induce maturation of DC currently remains 

controversial. Some groups have shown that Ova-conjugated alum can enhance the 

expression of both CD80 and CD86 by DC [458]. Conversely, others have reported that 

alum has no effect on the expression of co-stimulatory markers by DC in vitro [165, 

476]. In order to determine whether PVA have the ability to induce DC maturation in 

vitro, BMDC were incubated with alum (5 mM), PLG (PLG) microparticles (1pm; 0.6 

mg/ml) or polystyrene (PS) microparticles (430nm; 0.6 mg/ml) alone. As a positive 

control LPS (5 ng/ml) was used to treat BMDC. LPS stimulation of DC resulted in 

enhanced expression of MHC class II, CD40 and CD86, as measured by flow cytometry 

(Figure 3.1). In contrast to this, treatment of BMDC with alum (5 mM) had no effect on 

the surface expression of MHC II, CD86 and CD40 on BMDC (Figure 3.1). Similarly, 

treatment of BMDC with PLG (0.6 mg/ml) or PS (0.6 mg/ml) had no effect on the 

surface the expression of CD40, MHC class II or CD86 (Figure 3.1). Overall, these 

results show that PVA do not promote maturation of BMDC.
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3.2.2 PVA promote the secretion of IL-ip and IL-la by BMDC

The next question addressed was whether PVA could directly induce cytokine 

production alone or modulate cytokine production by dendritic cells in response to TLR 

agonists. The concentrations used were identified initially by titration of stock PVA. 

These amounts are slightly higher than those given to humans (0.5mg/ml of saline) but 

are however, comparable to those used in peer reviewed publications. The particulates 

alone did not induce the secretion of IL-6, TNF-a, IL-12, IL-10, IL-la or IL-ip. When 

added before a TLR agonist, particulates did not enhance the secretion of IL-6, TNF-a, 

IL-12 or IL-10 (Data not shown). However synergistic effects were observed on the 

secretion of IL-lp and IL-la. Stimulation of BMDC with LPS alone was inefficient at 

inducing IL-lp and IL-la production. However, if the cells were pre-incubated with 

either alum (Figure 3.2), PLG (1pm; Figure 3.3), or PS (430nm; Figure 3.4) for 1 h 

prior to the addition of the TLR agonist, significantly higher concentrations of IL-ip 

and IL-la were secreted than with LPS alone. Alum enhanced IL-ip and IL-la 

secretion by BMDC in the presence of LPS with a concentration of 1 mM having the 

most marked effect (Figure 3.3). PLG and PS synergised with LPS to enhance IL-ip 

and IL-la secretion by BMDC with 3 mg/ml being the most potent concentration tested 

(Figure 3.2). Furthermore, alum, PLG and PS, enhanced the secretion of IL-la in the 

absence of LPS (Figure 3.2-3.4). This enhancement of IL-la was observed at several 

concentrations with alum (25mM, 5mM, ImM), with 5 mM having the most marked 

effect (Figure 3.2). In the case of PLG, a significant enhancement of IL-la was only 

observed at the top concentration tested (3mg/ml) (Figure 3.3). BMDC treated with PS 

at 3 mg/ml and 0.6 mg/ml secreted significantly higher levels of IL-la than 

unstimulated BMDC, with 3 mg/ml having the most marked effect (Figure 3.4).
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3.2.3 PVA can synergise with a range of TLR agonists to induce IL-ip production 

by BMDC

In order to determine if the synergistic effect between PVA and LPS on IL-lp secretion 

was restricted to agonists of TLR4, which is expressed on the cell surface, BMDC were 

pre-incubated with particles for 1 h and then stimulated with a range of TLR agonists. 

The following TLR agonists were used; the TLR4 agonist LPS, the TLR2 agonist 

PAM3CSK4, the TLR3 agonist poly 1:C and the TLR9 agonist CpG. TLR2 and TLR4 

are expressed on the cell surface, while TLR3 and TLR9 are expressed on the surface of 

endosomes within the cytosol. Synergistic effects on IL-ip production were observed 

between all four TLR agonists and alum, PLG (1pm) and PS (430nm) (Figure 3.5). 

However, when alum and CpG were combined, no significant increase in IL-ip was 

observed (Figure 3.5).

3.2.4 The enhancement of IL-ip secretion by PVA does not require simultaneous 

presentation of the TLR agonist and the PVA to the DC

Having shown that alum, PLG and PS could synergise with a range of TLR agonists to 

enhance the secretion of IL-1 p by DC, the next key question to answer was whether the 

particle and the TLR agonist must be presented to the dendritic cell simultaneously. In 

order to investigate this, BMDC were stimulated with alum, PLG (1pm) or PS (430nm) 

either simultaneously or 6 h or 24 h prior to or after LPS addition. For both PS and 

alum, addition of the particles 6 h after LPS stimulation resulted in the greatest 

enhancement of IL-ip production (Figure 3.6). In contrast, the addition of PLG 6 h 

before LPS stimulation induced optimal secretion of lL-1 p (Figure 3.6). It is also worth 

noting that even when addition of the TLR agonist and the particulate is separated by 24 

h, enhancement of IL-1 P secretion can still be observed (Figure 3.6).
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3.2.5 PVA promote processing of pro-IL-ip (31kDa) into its active (17kDa) form 

by activation of caspase-1

Having established that PVA enhanced the secretion of IL-ip, the underlying 

mechanism was addressed. The secretion of IL-lp is tightly regulated; it is controlled at 

the level of pro-lL-ip transcription and the conversion of the inactive protein (31 kDa) 

into its biologically active form (17 kDa) before secretion. Pro-lL-lp is cleaved 

between Asp"^ and Ala"’ by caspase-1 [124]. Given the complex nature of IL-ip 

secretion, it is possible that PVA could enhance the secretion of IL-ip by either 

induction or enhancement of IL-ip transcription within the nucleus or by increasing the 

processing of pro-lL-ip into its active form. In order to determine whether PVA were 

enhancing transcription or increasing the processing or secretion of IL-ip, western blots 

were run on the cell lysates and supernatants of BMDC treated with PLG (1 pm), PS 

(430nm), alum or LPS alone or LPS in combination with particulates for 24 h. LPS at 5 

ng/ml induced pro-lL-ip (31kDa) and pre-incubation with PLG, PS or alum had no 

effect on the level of pro-lL-ip found in cell lysates as detected by western blot (Figure 

3.7). Stimulation with particles alone had no effect on the expression of pro-lL-ip. 

Western blot analysis of the supernatants showed that LPS at 5 ng/ml was not sufficient 

to induce processing of IL-ip into its biologically active form, 17 kDa (Figure 3.7). 

However, pre-incubation of cells with PLG, PS or alum prior to LPS treatment resulted 

in the secretion of processed IL-ip (17 kDa) into the supernatant. This effect was most 

marked at the highest concentrations of particulates (Figure 3.7).

The activation of caspase-1 must be tightly regulated in order to control the processing 

of IL-ip, therefore caspase-1 is translated as a zymogen (45 kDa) which must be 

converted into an enzymatically active heterodimer (plO and p20 chain) by cleavage at 

an aspartic acid residue. In order to determine if the particulates were enhancing IL-ip 

processing by activating caspase-1, western blots were run on the cell lysates and 

supernatants of BMDC treated with LPS and particulates. LPS at 5 ng/ml did not 

activate caspase-1 (Figure 3.8). Similarly, stimulation of BMDC with PLG (1pm), PS 

(430nm) or alum alone did not activate caspase-1 (Figure 3.8).
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However, pre-incubation of cells with PLG, PS or alum prior to the addition of LPS 

resulted in activation of caspase-1 as evidenced by detection of the pi 0 fragment in cell 

lysates (Figure 3.8). This enhancement of caspase-1 activation was strongest at the 

highest concentration of all three particulates. Furthermore, the caspase-1 plO fragment 

was detected in concentrated supernatants from PLG pre-treated cells (Figure 3.8).

3.2.6 The ability of PVA to enhance IL-ip secretion by BMDC is caspase-1 

dependent

Having established that PVA could synergise with TLR agonists to activate caspase-1, 

the role of caspase-1 in the ability of PVA-mediated IL-ip secretion was investigated. 

To determine if particle-mediated enhancement of IL-ip was dependent on caspase-1 

activation, BMDC were pre-incubated with a caspase-1 inhibitor (YVAD-fmk). Pre

treatment with the caspase-1 inhibitor prevented the enhancement of IL-ip secretion by 

alum, PLG (1pm) and PS (430nm) demonstrating that the increase in processing 

mediated by the particles is caspase-1 dependent (Figure 3.9).

Treatment with the caspase-1 inhibitor also significantly reduced the secretion of IL-la 

in response to particles and LPS (Figure 3.9). However the effect of YVAD-fmk on 

particle-mediated enhancement of IL-la was not comparable to that of IL-ip. While 

IL-la secretion was significantly reduced by YVAD-fmk it was not completely 

abrogated (Figure 3.9).

3.2.7 The ability of PVA to enhance IL-ip secretion by BMDC is caspase-1- and 

ASC-dependent

In 2002 Martinon et al proposed the existence of the ‘inflammasome’, a multiprotein 

complex which helped to induce activation of caspases resulting in the processing of IL- 

ip. They suggested that this multiprotein complex was composed of apoptosis- 

associated speck-like protein containing a CARD (ASC), a member of the NLR protein 

family and caspase (1 or 5) [76].

Given that the PVA can synergise with TLR agonists to activate caspase-1, it is possible 

that they are inducing activation of caspase-1 by triggering formation of an
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inflammasome. This experiment examined whether or not ASC, a known component of 

the inflammasome, was necessary for particle-mediated enhancement of IL-lp and IL- 

la. BMDC were generated from ASC-deficient and wild type (WT) mice. Treatment 

of BMDC with PLG (1pm) or PS (430nm) enhanced the secretion of IL-ip in WT mice, 

however this effect was compromised in the ASC'^' mice (Figure 3.10). In agreement 

with previous studies using a caspase-1 inhibitor, caspase-l'^' mice also showed a 

significant defect in their ability to secrete IL-ip when treated with PVA and LPS 

(Figure 3.10).

In contrast, the ability of PVA to enhance the secretion of IL-la was not abrogated in 

the ASC'^' mice (Figure 3.11). The particulates tested exhibited a differential 

requirement for ASC. While the ability of PS to enhance IL-la was not abrogated it 

was, however, decreased in the ASC ''' mice (Figure 3.11). In contrast to this, PLG 

retained the ability to enhance the secretion of IL-la in the absence of ASC (Figure 

3.11). The ability of both PS and PLG to enhance the secretion of IL-la was reduced, 

but not completely abrogated, in the caspase-l'^' mice (Figure 3.11).

3.2.8 Particle-mediated enhancement of IL-ip and IL-18 is NLRP3-dependent

As demonstrated in previous experiments PVA enhanced the secretion of IL-ip in a 

caspase-1-and ASC-dependent manner, which suggested a role for an inflammasome 

(Figure 3.10, 3.11). Several members of the NLR family, including NLRPl, NLRP2 

and NLRP3, have been shown to interact with ASC and it has been predicted that they 

have the potential to form inflammasomes [76, 85, 129]. Lfric aeid, the causative agent 

of gout, was identified as an activator of the NLRP3 inflammasome [101]. Based on the 

shared particulate nature of uric acid and alum, PLG and PS, it was predicted that PVA 

were enhancing the secretion of IL-ip via the NLRP3 inflammasome. In order to 

investigate whether particulate-mediated enhancement of IL-ip secretion required the 

NLRP3 inflammasome, BMDC were generated from wild type (WT) or NLRP3’^' mice. 

Pre-treatment of DC with PLG (1pm), PS (430nm) or alum before LPS stimulation 

resulted in enhanced secretion of IL-ip in WT cells (Figure 3.12).

In the case of PLG and PS, a concentration of 3 mg/ml induced the most marked 

enhancement of IL-ip secretion, while alum induced a significant increase of IL-ip
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secretion at concentrations of 25 mM, 5mM and 1 mM (Figure 3.12). In contrast to the 

WT BMDC, pre-incubation of NLRP3 '‘ BMDC with PLG, PS or alum followed by LPS 

stimulation did not promote IL-ip secretion. There was no detectable IL-ip found in 

the supernatants of NLRP3'^' cells, in comparison to the high concentrations of the 

cytokine secreted by the WT cells (Figure 3.12). IL-18 also requires processing by 

caspase-1 in order to be converted into its active form and secreted from the cell. 

Therefore, the ability of PVA to enhance the secretion of IL-18 by BMDC was also 

investigated. In a similar manner to IL-ip, pre-treatment of BMDC with particulate 

adjuvants prior to LPS stimulation significantly enhanced the secretion of IL-18 by 

BMDC (Figure 3.13). This enhancing effect on IL-18 was completely abrogated in the 

NLRP3 ''cells (Figure 3.13).

NLRP3 deficiency also significantly reduced IL-la secretion in response to PVA with 

LPS (Figure 3.14). In a similar manner to the requirement of caspase-1, PVA showed a 

differential requirement for NLRP3 in their ability to enhance the secretion of IL-la in 

comparison to IL-ip (Figure 3.14). NLRP3 was not essential for the enhancement of 

IL-la by PVA as the effect was not abrogated in NLRP3'^' cells, although it was 

reduced (Figure 3.14).

Although IL-ip and IL-18 secretion was abrogated in NLRP3'^' BMDC, TNF-a 

secretion was unaffected (Figure 3.15), demonstrating that NLRP3 is not required for 

the Induction of all pro-inflammatory cytokines and that the NLRP3'^' cells were not 

inherently defective in their ability to produce and secrete cytokines (Figure 3.15).

Having established that particulate mediated enhancement of IL-ip secretion was 

NLRP3-dependent, it was necessary to investigate whether or not this result would be 

reflected in the ability of PVA to enhance the activation of caspase-1 and subsequent 

processing of IL-ip. In order to investigate this, western blot analysis was carried out 

on lysates and supernatants from WT and NLRP3'^' mice treated with LPS alone or LPS 

with alum or PLG. There was no difference in the levels of pro-caspase-1 found in cell 

lysates from WT and NLRP3'^' BMDC (Figure 3.16). However, while combining PVA 

and LPS induced processing of IL-ip in WT BMDC this processing was completely 

absent in the NLRP3'^' BMDC (Figure 3.16). Similarly, while the activation of caspase- 

1 by the PVA plus LPS was detected in WT BMDC, this activation was abrogated in the 

NLRP3'^' BMDC (Figure 3.16). The processing of caspase-1 was most marked with the
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highest concentrations of alum (5 mM and 1 mM) and the plO band was absent in the

NLRP3''^' cells (Figure 3.16).

3.2.9 Particle-mediated enhancement of IL-ip but not IL-la is dependent on K 

efflux

Findings from this study have demonstrated that PVA have the ability to synergise with 

TLR agonists to activate the NLRP3 inflammasome (Figure 3.16). Following on from 

this, the underlying mechanism was investigated. It has been shown that NLRP3 

inflammasome activation by monosodium urate crystals (MSU), the TLR 7/8 agonist 

R837 and Nigericin, a pore forming toxin, requires efflux from the cell [131]. In 

order to investigate the requirement for efflux in the case of particulate-mediated 

inflammasome activation, the normal growth medium was replaced with KCl- 

supplemented medium therefore preventing the efflux of ions from the cells. BMDC 

were subsequently pre-treated with alum, PLG (1pm) or PS (430nm) prior to the 

addition of LPS. The prevention of efflux abrogated particle-mediated enhancement 

of IL-ip (Figure 3.17). Particle-mediated enhancement of IL-la was also significantly 

reduced when efflux was blocked. However, this was not comparable to the 

complete abrogation observed with IL-ip (Figure 3.17).

3.2.10 Particle uptake is necessary for optimal activation of the inflammasome and 

subsequent secretion of IL-ip

Given that the ability of PVA to synergise with TLR agonists and enhanee the secretion 

of IL-ip does not require presentation of the TLR and particle simultaneously, the role 

of micropartiele uptake in the induction of IL-ip secretion was investigated. To 

determine the relationship between microparticle size and the enhancement of IL-ip, 

cells were treated with polystyrene (PS) particles of 420 nm, 1 pm, 10 pm and 32 pm in 

size and analysed by confocal microscopy. PS particles of 420 nm and 1 pm in size 

were efficiently taken up by DC (Figure 3.18). DC were also able to phagocytose PS 

particles of 10 pm in size (Figure 3.18). In contrast, PS particles of 32 pm were not 

efficiently taken up by the DC however the eells were seen to attach themselves to the 

surface of the particles (Figure 3.18).
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Having identified the limits of phagocytosis in terms of particle size, the relationship 

between uptake of particles and their ability to enhance secretion of IL-1(3 was 

investigated. Of all the particles tested, the 1 pM PS particles were most effective at 

enhancing IL-ip secretion, followed by the 420 nm particles with the 10 pm and 32 pm 

proving to be the least potent (Figure 3.19).

The relationship between particle uptake and the enhancement of IL-la secretion was 

also determined. The augmentation of IL-la secretion by PS was found to be dependent 

on particle uptake and, as with IL-ip, the 1 pm particles were the most potent at driving 

secretion of IL-la (Figure 3.20). Furthermore, PS alone could significantly enhance the 

secretion of IL-la and this occurred in a size-dependent manner (Figure 3.20). The 1 

pm and 10 pm PS particles were the most efficient at driving IL-la secretion with the 

highest concentrations of both particles having the most marked effect (Figure 3.20). It 

is also worth noting that the larger PS particles (10 pm and 32 pm) were more efficient 

at promoting the secretion of IL-la than IL-ip thus suggesting the existence of different 

mechanisms of enhancement for each cytokine by the larger particles.

To further confirm the requirement for particle uptake, experiments were performed 

using cytochalasin B to prevent phagocytosis. Cytochalasin B acts by inhibiting actin 

polymerisation, which is necessary for remodelling of the cytoskeleton. BMDC were 

pre-treated with cytochalasin B (5 pM or 10 pM) prior to the addition of alum, PLG 

(1pm) or PS (430nm) either alone or in combination with LPS. The presence of 

cytochalasin B significantly reduced and almost abrogated, at higher concentrations of 

the inhibitor, the enhancement of IL-ip by all three PVA (Figure 3.21). In a similar 

manner to the previous particle size experiments, the secretion of IL-la was 

significantly reduced by the prevention of phagocytosis but not abrogated, 

demonstrating a partial dependency on particle uptake rather than an absolute 

requirement (Figure 3.21). Taken together, these results show that particle uptake is 

necessary for optimal enhancement of IL-ip secretion by PVA.
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3.2.11 Degradation of uric acid does not inhibit the enhancement of IL-ip secretion 

by PVA

Several endogenous danger signals have been identified to date, such as HMGBl and 

uric acid or monosodium urate crystals (MSU) [11-12]. Furthermore, it has been 

proposed that the adjuvant effect of alum in vivo is partly dependent on uric acid [165], 

Thus, it was possible that the effect of PVA on IL-lp secretion was due to an increase 

of uric acid in the supernatant during cell culture. To assess a potential role for uric 

acid, BMDC were stimulated with either MSU, alum, PLG (1pm) or PS (430nm) with 

LPS in the presence or absence of uricase, an enzyme with the ability to degrade uric 

acid. In the case of MSU, the uricase blocked its ability to induce the secretion of IL-ip 

(Figure 3.22). In contrast to MSU, the uricase had no effect on the ability of alum and 

PS to enhance the secretion of IL-ip (Figure 3.22). However, the uricase did 

significantly reduce the level of enhancement of IL-ip secretion by PLG, although it did 

not completely abrogate this effect (Figure 3.22).

3.2.12 ROS play no role in activation of the NLRP3 inflammasome by PVA

NLR proteins are thought to be present in the cytosol in an auto-repressed state which 

prevents formation of the inflammasome. In this auto-repressed form, NLR proteins are 

in a conformation which hides their NACHT domains, which are required for 

oligomeristaion with other NLR proteins, triggering formation of an inflammasome. It 

has been suggested that binding of a ligand to the LRR region of the NLR will induce 

the conformational change necessary to expose the regions of the protein required for 

formation of the inflammasome. However, to date a direct interaction between the NLR 

and their respective ligands has not been documented. In response to this discrepancy, 

an alternative activation theory has been put forward which suggests that the NLR 

conformational change is induced indirectly by endogenous danger signals, changes in 

the cytosolic ionic milieu or the redox state of the cell. In support of this theory, it has 

been shown that scavenging of reactive oxygen species (ROS) by N-acetyl-cysteine 

impairs ATP-, MSU-, TLR7/8 agonist R837- and silica-induced inflammasome 

activation [104]. To assess the role that reactive oxygen species play in PVA-mediated 

inflammasome activation, the ROS inhibitor diphenyliodonium (DPI) was used to pre

treat BMDC prior to stimulation with particles and a TLR agonist. DPI inhibits the
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activation of NADPH-oxidase, one of the enzymes responsible for the production of 

ROS. BMDC pre-treated with DPI showed no significant reduction in their secretion of 

IL-1(3 or IL-la in response to stimulation with PVA and LPS in comparison to BMDC 

that were not pre-treated with DPI (Figure 3.23). Furthermore, the presence of DPI had 

no effect on the secretion of IL-6 by the BMDC (Figure 3.23). In addition, it is also 

worth noting that BMDC pre-treated with DPI and subsequently stimulated with LPS 

secreted higher levels of IL-ip and IL-la in comparison to LPS alone (Figure 3.23).

3.2.13 PVA activate the NLRP3 inflammasome through lysosomal disruption and 

subsequent release of Cathepsin B

It has been proposed that silica crystals and alum activate the inflammasome by causing 

lysosomal disruption and subsequent release of the lysosomal enzyme cathepsin B, a 

process also dependent on lysosomal acidification [106]. Having established that PVA- 

mediated inflammasome activation occurs independently of ROS, the ability of PVA to 

cause lysosomal disruption was investigated.

Lysosomes contain many enzymes which require the acidic environment to become 

activated. Based on this, the role of lysosomal acidification in particulate-mediated 

NLRP3 activation was assessed. Bafilomycin A1 is a macrolide antibiotic derived from 

Streptomyces griseus that acts as a specific inhibitor of the ATPase vacuolar 

acidification system. Blocking of lysosomal acidification with bafilomycin A1 

significantly reduced particulate-mediated secretion of IL-ip and IL-la by BMDC, 

while no significant effect was observed on the ability of the cells to secrete IL-6 

(Figure 3.24).

BMDC were pre-incubated with the dye acridine orange, which becomes concentrated 

in acidic vesicles. Due to the cationic nature of acridine orange, it forms dimers in 

acidic vesicles and the fluorescence spectra of this compound can be detected by flow 

cytometry (650-680 nm, FL3). This dye can be used to quantify lysosomal content as 

the amount of red fluorescence directly correlates with the amount of acidic vesicles 

within the cells [106]. After incubation with acridine orange, BMDC were stimulated 

with alum, PS (430nm) or PLG (1pm) and the level of red fluorescence was analysed by 

flow cytometry. A reduction in the level of fluorescence is indicative of a loss of
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fluorescence, therefore a loss of acidic vesicles or lysosomes in the cells. Treatment of 

DC with PVA resulted in a reduction in fluorescence, suggesting increased lysosomal 

disruption in comparison with control cells (Figure 3.25).

The data in figures 3.24 and 3.25 suggested the possibility that one of the enzymes 

activated within the acidic environment of the lysosome and subsequently released due 

to lysosomal disruption could be required for particle-mediated activation of the NLRP3 

inflammasome. Based on the role demonstrated for cathepsin B in both silica- and 

alum-mediated inflammasome activation, the cathepsin B inhibitor CA-074-Me was 

tested [106]. Pre-treatment of BMDC with CA-074-Me prior to stimulation with, alum, 

PLG or PS in combination with LPS resulted in a significant decrease in particle- 

mediated enhancement of IL-ip (Figure 3.25). The ability of both alum and PLG to 

enhance the secretion of IL-la was significantly compromised when cathepsin B 

activity was inhibited (Figure 3.25). In contrast, the inhibitor did not reduce PS- 

mediated IL-la secretion (Figure 3.25).

Taken together these experiments suggest that PVA activate the NLRP3 inflammasome 

by causing lysosomal disruption and subsequent release of cathepsin B. Furthermore, 

acidification of lysosomes is necessary for optimal activation of the inflammasome 

suggesting that cathepsin B requires activation prior to its release.

3.2.14 PVA enhance the secretion of IL-la by BMDC in a TLR4-independent 

manner

Results from previous experiments have demonstrated that treatment of BMDC with 

PVA alone is sufficient to promote the secretion of IL-la (Figure 3.2-3.4). However, it 

was a possibility that this was due to contaminating microbial products, such as LPS. In 

order to investigate this, C3H/HeJ mice, which contain a mutation in the signalling 

domain of TLR4, making them hypo-responsive to LPS, were treated with PLG (1pm: 3 

and 0.6 mg/ml) and IL-la secretion was analysed by ELISA. Treatment of BMDC with 

PLG and LPS resulted in an enhancement in the amount of IL-la secreted in 

comparison to LPS alone (Figure 3.26). However, this enhancement was abrogated in 

the C3H/HeJ mice (Figure 3.26). PLG alone were sufficient to enhance the secretion of 

IL-la by BMDC in comparison to untreated cells (Figure 3.26). This enhancing effect
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was still observed in the C3H/HeJ mice, suggesting, that it occurs in a TLR4- 

independent manner (Figure 3.26). Therefore, it is not due to the presence of 

contaminating LPS.

3.2.15 NLRP3 is necessary for the recruitment and activation of innate immune 

cells in response to PVA

Having established that PVA activate the NLRP3 inflammasome in vitro it was then 

important to investigate the role of NLRP3 in the adjuvant activities of particulates in 

vivo. The role of the NLRP3 inflammasome in adaptive immune responses induced by 

aluminium-containing adjuvants has been investigated by several groups [105, 107-108, 

118-119]. However, results from these studies have not been conclusive and the role of 

NLRP3 in the adjuvant properties of aluminium-containing adjuvants currently remains 

controversial. This study aimed to investigate the role of NLRP3 in the adjuvant 

properties of PLG. Wild type (WT) and NLRP3'^' mice were immunized intra- 

peritoneally or subcutaneously with PBS, Ova alone (50 pg/mouse) or Ova (50 

pg/mouse) in combination with PLG (4 mg/mouse).

The mice were immunized intra-peritoneally in order to inve.stigate the role of NLRP3 

in cell recruitment to the injection site, as previous studies have shown a requirement 

for NLRP3 in the recruitment of innate cells such as neutrophils, eosiniphils and 

monocytes into the injection site [105, 107-108, 118-119]. To assess the role ofNLRP3 

in particle-mediated innate cell recruitment, cells were isolated from the peritoneum of 

mice injected with PLG alone and analysed by flow cytometry for their expression of 

specific cell type associated markers including GDI Ic, GDI lb, Grl and F4/80. Specific 

cell types can be identified based on their expression of these markers as follows 

according to Kool et ah neutrophils (GDI lb^Grl^F4/80'), eosinophils 

(GDI lb^Grl'"'F4/80'"‘) and monocytes (GDI lb^GrrF4/80'"*) (int: intermediate) [107]. 

The recruitment of GDllb^GrL cells into the peritoneum was significantly reduced in 

the absence of NLRP3 suggesting a role for NLRP3 in particulate-mediated cell 

recruitment (Figure 3.27). The activation status of these cells was also investigated. 

The expression of GD86 on the surface of these GDllb^GrL cells was significantly 

reduced in NLRP3''^' mice in comparison to WT mice (Figure 3.27). Based on their
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surface expression of Grl, these eells are not granulocytic cells. Their expression of 

Grl and GDI lb suggests that they are monocytic cells.

In addition to the role of NLRP3 in innate cell recruitment, it has been reported that 

NLRP3'^' mice display a significant reduction in their secretion of antigen-specific 

cytokines when cells isolated from draining lymph nodes are stimulated ex vivo [105, 

107]. To assess whether NLRP3-defieient mice displayed defective cell-mediated 

responses, the levels of antigen-specific cytokines (IL-4, lL-5, lL-6, IFN-y, IL-17, IL- 

10) secreted by stimulated eells isolated from inguinal lymph nodes, mediastinal lymph 

nodes and the spleen were analysed by ELISA. The absence of NLRP3 had no effect on 

the secretion of lL-4, IL-5, lL-6, IFN-y, IL-17 or IL-10 by stimulated cells isolated from 

inguinal lymph nodes or mediasitinal lymph nodes (Data not shown). Similarly, no 

effect on the secretion of IL-4, IL-5, IFN-y, IL-17, or IL-10 by stimulated splenocytes 

was observed (Data not shown). In contrast, splenocytes isolated from NLRP3'^' mice 

showed a significant deficit in their ability to secrete antigen-speeific IL-6 when re

stimulated ex vivo in comparison to WT cells (Figure 3.28).

These studies suggest a role for NLRP3 in the recruitment and activation of innate eells 

and in adaptive cell-mediated immunity induced by PVA.

3.2.16 NLRP3 is not required for PLG microparticles to promote antigen-specific 

antibody responses

Having established that the promotion of cell-mediated responses by PLG requires 

NLRP3, the role of NLRP3 in particulate-mediated humoral responses was investigated. 

Previous studies involving aluminium-containing adjuvants have reported mixed results 

on the role of NLRP3 in particulate adjuvant-driven antibody responses [105, 107-108, 

118-119].

Some groups have reported a decrease in titres of antigen-specific IgGl in NLRP3'^' 

mice [105, 107-108], while others propose that NLRP3 is dispensable for particulate- 

mediated enhancement of humoral responses [118-119]. To assess the role of NLRP3 

in particulate-driven humoral responses, WT and NLRP3'^' mice were immunized intra- 

peritoneally with PBS, Ova alone (50 pg/mouse) or Ova (50 pg/mouse) in combination 

with PLG (4 mg/mouse). Mice were immunised on day 0 and boosted on day 14 and
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serum samples were collected 21 days post immunization, in order to assess the level of 

antibodies. Consistent with other studies, IgGl and lgG2b titres were comparable in 

WT and NLRP3'^' mice (Figure 3.29) [118-119]. Furthermore, NLRP3'^' mice 

immunised subcutaneously with PLG also showed no defect in particulate-mediated 

humoral responses (Data not shown).

In contrast to the role for NLRP3 in particle-driven cell-mediated immunity, NLRP3 is 

dispensable for the enhancement of particulate adjuvant-driven humoral immune 

responses.
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3.3 Discussion

Dendritic cells are the principal APC of the innate immune system, unique in their 

ability to present antigen to and activate naive T cells [150], They are thought to exist 

in two distinct functional states; immature DC which are more efficient at antigen 

capture and processing or mature DC which are potent antigen-presenting cells, primed 

for interactions with naive T cells [175-176], DC maturation can be triggered by the 

sensing of a PAMP, an endogenous danger signal, cytokines or by T cell derived 

factors. Mature DC are characterised by their increased surface expression of MHC 

molecules, CD40, CD80, CD86 and CD83, all of which are important for interacting 

with T cells [179], Mature DC are thought to be immunogenic with the ability to 

activate and direct adaptive immune responses. Based on the central role played by DC 

within the immune system, acting as the link between the innate and adaptive arms of 

the response, the effect of PVA on DC was investigated. It is possible that the 

interaction between the DC and particulates induces upregulation of co-stimulatory 

markers, including CD80 and CD86 and MHC class II molecules, resulting in 

maturation of the DC and subsequent enhancement of adaptive responses.

Previous studies have been inconclusive regarding whether or not PVA can directly 

induce the maturation of dendritic cells. Two groups have reported enhanced 

expression of maturation-associated molecules by BMDC and human PBMC treated 

with alum, including CD86 and MHC class II molecules, respectively [458, 522]. 

These studies are in agreement with earlier studies, which showed that alum could 

directly activate human PBMC [523]. In contrast, others have shown that incubation of 

BMDC with alum is insufficient to enhance surface expression of MHC class II or co

stimulatory molecules [165, 476]. However, DC isolated from the peritoneum of mice 

injected with alum showed enhanced expression of CD86 [165, 476]. This suggested 

that while particles could not activate DC directly in vitro, that they could induce 

maturation of DC indirectly in vivo, possibly through an endogenous molecule. In 

agreement with this, the results from this study, suggests that PVA are inefficient at 

promoting the upregulation of co-stimulatory molecules on the surface of BMDC. 

Taken together, these current findings, and those of others, suggest that particulates do 

not have the ability to directly activate BMDC in vitro. Further studies are necessary to 

investigate whether a similar effect is observed in vivo.
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Following on from these experiments, studies were conducted into whether the presence 

of PVA could affect the way in which DC respond to stimulation with MAMP. BMDC 

were stimulated with a range of TLR agonists in the presence of PS, PLG or alum. 

PVA alone were inefficient at promoting cytokine secretion by BMDC. However, 

stimulation of DC with alum, PLG or PS in the presence of a TLR agonist resulted in 

enhanced secretion of IL-1|3 and IL-18. Others have confirmed the ability of alum to 

enhance the secretion of IL-ip and IL-18 [457-458]. These current findings 

demonstrate that PLG and PS can also enhance the secretion of IL-ip and IL-18, 

suggesting that this is a general property of all particulate adjuvants. Furthermore, pre

treatment of DC with PLG, PS or alum induces enhanced secretion of IL-la. This 

enhancement of cytokines by particles in vitro is dependent on the presence of a TLR 

agonist. However, it is not specific to LPS as a range of TLR agonists tested, including 

CpG and poly I:C, synergised with the particles to enhance the secretion of IL-ip and 

IL-la by dendritic cells. In addition to MAMP, further studies have also demonstrated 

that particulates can synergise with HMGBl, a known danger associated molecular 

patterns (DAMP) (Figure 5.9). These data demonstrate that the presence of a PVA 

modulates the response of a dendritic cell to both MAMP and DAMP.

Interleukin-ip is a potent endogenous pyrogen which induces the expression of 

inflammatory genes, including those that regulate the translation of cytokines, 

chemokines and inducible nitric oxide synthase (iNOS) [524]. IL-ip is translated in the 

cytosol into a biologically inert protein, 31kDa in size, that lacks an N-terminal 

hydrophobic domain and is therefore excluded from the classical secretory pathway via 

the endoplasmic reticulum (ER) and the Golgi apparatus [525]. IL-ip is not 

automatically secreted and as a result a small portion of it moves into lysosomes while 

the majority remains in the cytosol [122]. In order to be secreted, IL-ip must be 

converted into its active form (17kDa), which is catalysed by IL-1 converting enzyme 

(ICE) or caspase-1 which cleaves IL-lp after an aspartic acid residue at position 116 

[123-124]. As a result, IL-ip secretion requires two signals, one to induce transcription 

of pro-IL-ip and the other to activate caspase-1. These current results show that PVA 

enhance the activation of caspase-1, and subsequently increase the processing of IL-1 P 

into its active form. Other studies have confirmed this enhancement of caspase-1 

activation and subsequent secretion of IL-ip by alum [457]. However, the ability of 

PLG and PS to induce caspase-1 activation in the presence of a TLR agonist was not
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previously appreciated. Others have suggested that caspase-1 processing can occur in 

response to stimulation with aluminium-containing adjuvants alone [457], However, 

these current studies have been unable to reproduce these results and show that caspase- 

1 processing can only occur in the presence of a TLR agonist. The requirement for 

caspase-1 activity in particle-mediated enhancement of IL-ip was confirmed using 

YVAD-FMK, a cell permeable caspase-1 inhibitor, which abrogated particle-mediated 

secretion of IL-ip. In addition, this requirement for caspase-1 was further confirmed by 

the abrogation of particle-mediated enhancement of IL-lp in caspase-1-deficient mice.

IL-la was discovered during cloning studies when two forms of IL-1 were isolated, 

differing in their amino acid sequence and their isoelectric point [526-528]. It was 

originally thought that IL-la was translated to a biologically inert form that required 

processing in order to become active [529]. However, it is currently thought that IL-la 

does not require any processing in order to become active and it has been shown that the 

full length form of IL-la can associate with its receptor [530]. The current data suggest 

that particulate-mediated enhancement of IL-la is partially dependent on caspase-1, as 

the enhancement of IL-la was significantly reduced, but not completely abrogated, in 

the presence of a caspase-1 inhibitor and in caspase-1-deficient BMDC. Processing of 

IL-la was not investigated and it is possible that this reduction was due to impairment 

of export rather than biological activity. In agreement with this, Kuida et al have 

previously reported that mice deficient in caspase-1 show altered export of IL-ip and 

IL-la [125]. More recently it has been shown that caspase-1 is required for the export 

of proteins lacking signal peptides, including pro-angiogenic growth factor FGF-2 and 

Bid, and therefore not released via the conventional golgi-ER network [531]. 

Furthermore, these studies demonstrated that full length IL-la can associate with the 

p20 subunit of caspase-1 [531]. Adding further evidence to the role of caspase-1 in the 

secretion of leaderless proteins, the small GTPase Rab39a has been shown to associate 

with caspase-1. It has been predicted that it is required to traffic IL-lp in vesicles out of 

the cell, as blocking of its activity prevents secretion of IL-1 p but has no effect on IL-ip 

mRNA levels [532]. Both IL-la and IL-p lack a signal peptide suggesting that caspase- 

1 plays a role in the secretion of these cytokines in addition to its role in processing IL- 

ip.
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Caspase-1 is part of a family of cysteine proteases, produced as zymogens, which 

contain an N-terminal pro-domain and a CARD region. The exact mechanism of 

activation of the caspases remains unknown. However, in 2002 Martinon et al proposed 

the existence of the ‘inflammasome’, a multiprotein complex which helped to induce 

activation of caspases. Using a cell-free system, they showed that a complex 

comprising caspase-1, caspase-5, NLRP-1 and Pycard/ASC (apoptosis-associated 

speck-like protein containing a CARD) could activate caspases and subsequently cleave 

IL-ip [76]. ASC was first identified in cells undergoing retinoic acid-induced apoptosis 

as a detergent-insoluble protein and has since been shown to be expressed in several cell 

types, including epithelial cells, leukocytes and peripheral blood lymphocytes. The 

bipartite structure of ASC, consisting of a CARD and a PYD, allows it to interact with 

NLRPs and caspases [127-128].

Based on the ability of PVA to activate caspase-1 and given that caspases are now 

known to be activated within inflammasomes, it was predicted that particulates were 

activating capase-1 by inducing formation of the inflammasome. In order to confirm 

this hypothesis, ASC-deficient BMDC were treated with particles and LPS. As 

postulated, the ability of PVA to enhance the secretion of IL-ip was completely 

abrogated in ASC'^' mice, suggesting that particulates can somehow induce formation of 

the inflammasome. In contrast, the ability of particles to enhance IL-la secretion was 

reduced in the ASC'^' BMDC but not completely abrogated. In addition, the 

enhancement of IL-Ia by PLG was unaffected by the absence of ASC, implying that the 

regulation of IL-la is not only different to that of IL-ip but that the mechanism of its 

enhancement is also dependent on the nature of the particulate.

The most studied inflammasomes are the NLRPl, NLRP3 and NLRC4 inflammasome. 

The NLRP3 inflammasome is activated by monosodium urate crystals (MSU) and 

calcium pyrophosphate dihydrate crystals (CPPD), the causative agents of gout and 

pseudogout, respectively [101]. Based on the particulate nature of these stimuli, it was 

predicted that PVA were also activating the NLRP3 inflammasome. Using NLRP3'^' 

BMDC it was shown that particulates enhance the secretion of IL-ip and IL-18 in a 

NLRP3-dependent manner, suggesting the existence of a general pathway activated in 

response to phagocytosis of particulates. The ability of the NLRP3'^' BMDC to produce 

TNF-a in response to LPS was not compromised, confirming that these knock-out cells 

are responsive to stimuli and that their inability to produce IL-ip is not due to some
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intrinsic defect. In agreement with these observations, several other studies have 

reeently shown that other particulate substances, including silica crystals, asbestos, and 

amyloid-P, activate the NLRP3 inflammasome [104, 106, 134], Several other groups 

have also demonstrated the ability of alum to activate the NLRP3 inflammasome in 

vitro [105, 107-108], The ability of particles to activate the NLRP3 inflammasome, 

thereby activating caspase-1, was further confirmed by western blot showing that the 

plO band of processed caspase-1 could not be detected in NLRP3'^' BMDC treated with 

particles and LPS. The level of enhancement of IL-la by particulates was reduced in 

NLRP3 deficient BMDC but was not completely abrogated. Overall this study shows 

that PVA can activate the NLRP3 inflammasome, thereby enhaneing the processing and 

subsequent secretion of IL-ip.

Having identified that the NLRP3 inflammasome is speeifieally activated by 

particulates, the mechanism of activation was investigated. Firstly, the role of particle 

uptake was determined using confocal microscopy. Results from these studies, suggest 

that uptake of partieles is necessary for optimal activation of the NLRP3 inflammasome. 

Using confocal microscopy, the ability of BMDC to phagocytose particles up to 10 pm 

in size was demonstrated, but smaller partieles are more readily phagoeytosed and are 

more effieient at driving the secretion of IL-ip. The requirement for particle uptake 

was further confirmed using an inhibitor of actin polymerisation, which prevents 

phagocytosis. This data is consistent with previous studies which have shown that 

particles, sueh as MSU and silica also require uptake in order to activate the 

inflammasome [104, 106, 134].

Our knowledge of how inflammasomes are activated and assembled has expanded 

greatly since their diseovery. The current theories suggest that NLR, such as NLRP3, 

are present in an autorepressed state in the cytoplasm, in a conformation which conceals 

the NACHT/NOD and effector domains, preventing any interaction with other proteins. 

The LRR are thought to be responsible for pathogen or danger signal sensing. It has 

been proposed that onee a ligand has bound to the LRR region, the protein undergoes a 

conformational change, making its protein interaction domains accessible and allowing 

it to oligomerise with other NLR. Thus, allowing it to interact with downstream 

molecules containing either CARD or PYD domains, such as caspases or ASC.
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Given the wide range of stimuli that have been shown to activate the inflammasome, in 

particular the NLRP3 inflammasome, it has also been suggested that activation of the 

inflammasome occurs in an indirect manner through endogenous danger signals, 

changes in the cytosolic ionic milieu or redox state within the cytosol of the cell. Based 

on recent studies, three models of inflammasome activation have emerged. The first 

suggests pore formation in the membrane of the cell induced by either ligation of the 

P2X7 receptor by ATP which subsequently induces the opening of a pore mediated by 

pannexin-1, or by pore forming toxins [533-534]. The formation of these pores allows 

entry of MAMP into the cytosol and facilitates the efflux of ions from the cell.

Secondly, Dostert et al have proposed a role for reactive oxygen species (ROS), which 

are free radicals generated by the enzymatic activity of NADPH oxidases and 

cyclooxygenases [104, 535]. They suggest that increased levels of ROS are the trigger 

for the induction of inflammasome activation. In addition, it has recently been shown 

that thioredoxin-interacting protein (TXNIP) which negatively regulates thioredoxin 

(TRX), a neutralizer of ROS, directly interacts with NLRP3 [113]. It was proposed that 

during times of oxidative stress, which can be induced by prolonged increases in ROS 

levels, TXNIP is released as TRX becomes activated and that TXNIP can then interact 

with NLRP3 and induce formation of the inflammasome [113]. Thirdly, it has also 

been demonstrated that lysosomal damage induced by the phagocytosis of particulates 

results in the release of cathepsin B into the cytosol. Following its release, cathepsin B 

can potentially modify host proteins, which subsequently activate the inflammasome 

[106, 134].

It has been known for some time that ATP and Nigericin, a pore forming toxin, both 

activate caspase-I and this is dependent on potassium ion (K^) efflux from cells [536- 

537]. More recently, Petrelli et al have shown that low intracellular potassium levels 

triggers formation of the NLRP3 inflammasome [131]. In agreement with this, most of 

the known activators of the NLRP3 inflammasome require efflux, resulting in low 

intracellular levels of [80, 104, 106, 131, 134]. In order to investigate whether 

efflux was a prerequisite for NLRP3 inflammasome activation in response to PVA, 

BMDC were incubated in potassium-supplemented medium, to prevent efflux. 

Consistent with other NLRP3 activators, the ability of particulates to enhance the
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secretion of IL-lp by BMDC was abrogated when efflux was blocked. In addition, 

levels of IL-la were significantly reduced when efflux was blocked but they were 

not abrogated. Although efflux is necessary for activation of the NLRP3 

inflammasome, it is not a prerequisite for the formation of the NLRC4 inflammasome, 

suggesting that there are differences in the activation of inflammasomes depending on 

the cytosolic NLR involved [131].

Two of the current theories of inflammasome activation (ROS and lysosomal disruption 

models) share a commonality, both of them have been proposed based on particulate 

activators of the NLRP3 inflammasome such as MSU, silica crystals, alum and 

amyloid-P [104, 106, 134]. Based on this, the pathways involved in particle-mediated 

NLRP3 inflammasome activation were investigated. NADPH oxidases (NOX) are a 

family of enzymes that generate ROS by carrying electrons across biological 

membranes. Blocking of NOX activity had no effect on IL-ip secretion induced by 

particulates, which implies that

ROS is not necessary for NLRP3 inflammasome activation by PVA. Furthermore, 

BMDC in which NOX activity was blocked and were treated with LPS produced higher 

levels of IL-ip than cells stimulated with LPS alone, suggesting that ROS may actually 

negatively regulate activation of the NLRP3 inflammasome. Consistent with the idea 

that ROS levels do not control activation of the inflammasome, treatment of BMDC 

with DPI, an inhibitor of NOX activity, in combination with LPS enhanced secretion of 

IL-lp and IL-la by DC. Others have shown that, caspase-1 aetivity is suppressed in 

murine cells deficient in superoxide dismutase, an anti-oxidant whieh neutralises the 

effects of ROS [538]. Chronic granulomatous is a disease that is associated with 

defective NADPH activity preventing the production of ROS. Interestingly, PBMC 

from patients with chronic granulomatous disease produce significantly higher levels of 

IL-ip when stimulated with MSU in comparison to PBMC from unaffected subjects 

[539].

Having established that ROS levels play no role in the activation of the NLRP3 

inflammasome by PVA the effect of particles on lysosomes was determined. Results 

from these studies have shown that treatment of BMDC with alum, PLG or PS induces 

lysosomal damage, as characterised by an increased loss of acidic vesicles in 

comparison to untreated cells. These findings are in agreement with other studies that
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have demonstrated that other particulate substances, including silica, alum and amyloid- 

(3, promote lysosomal disruption [106, 134], Lysosomes contain a plethora of enzymes 

that require the low pH in order to become activated. Blocking of the ATPase 

acidification system, which is necessary to maintain the low pH levels within 

lysosomes, significantly reduced the levels of IL-ip secretion induced by particulates. 

Furthermore, inhibition of the lysosomal protease cathepsin B impaired the ability of 

particulate vaccine adjuvants to enhance the secretion of IL-lp. These studies suggest 

that uptake of PVA induces lysosomal damage which allows the translocation of 

cathepsin B into the cytosol where it either directly or indirectly activates the NLRP3 

inflammasome.

While these studies demonstrate that lysosomal disruption and cathepsin B both play 

key roles in the activation of NLRP3 by particulates, blocking of either did not 

completely abrogate the enhancement of IL-ip, suggesting a requirement for alternative 

pathways in particle-mediated inflammasome activation. A recent paper demonstrated 

that malarial hemazoin, a by-product of haemoglobin metabolism, activates the NLRP3 

inflammasome in a mechanism that required cathepsin B, ROS and was independent of 

lysosomal rupture [133].

Adding another layer of complexity is the recent identification of a requirement for the 

tyrosine kinase Syk in the activation of the inflammasome in response to malarial 

hemazoin and Candida albicans [97, 133]. Syk is normally activated via ligation of 

receptors, including antigen binding receptors, such as the TCR or BCR, and FcR. 

These receptors contain immunoreceptor tyrosine based activation motifs (ITAM) that 

are phosphorylated by Src family kinases, which leads to the recruitment and activation 

of Syk [540]. Both studies demonstrated that, blockade of Syk activity inhibited 

caspase-1 activation in response to hemazoin or C.albicans [97, 133]. The role of Syk 

in inflammasome activation was found to be signal-specific, as inhibition of Syk had no 

effect on the ability of ATP or nigericin to activate the inflammasome, while it strongly 

inhibited caspase-1 activation in response to C.albicans [97]. Hemazoin and C.albicans 

promote Syk phosphorylation and activation of Syk is necessary for the enhancement of 

IL-ip secretion by hemazoin or C.albicans [97, 133]. Furthermore, inhibition of Syk 

prevented the activation of cathepsin B induced by hemazoin [133].
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Therefore, it is possible that Syk or other tyrosine kinases may also play a role in 

particulate mediated activation of Cathepsin B. More importantly, hemazoin requires 

both cathepsin B and ROS, which suggests that cross talk between the two pathways 

can occur. However, in the case of PVA ROS do not appear to be required. Therefore 

one could postulate that phagocytosis of particulates may increase the levels of, some as 

of yet unidentified, endogenous molecules that act in concert with cathepsin B.

Findings from these studies have shown that PVA enhance the secretion of IL-la by 

BMDC to a similar extent as IL-ip. Although the secretion of both of these pro- 

inflammatory cytokines is greatly enhanced, the regulation of their secretion in response 

to particulates is very different. IL-la induces similar responses to IL-1|3 in vivo, 

including fever, release of acute phase proteins and activation of lymphocytes. Both IL- 

la and IL-ip lack a signal peptide and so are not secreted via the conventional golgi-ER 

pathway [528, 541]. In contrast to IL-ip, IL-la does not require processing in order to 

become biologically active and the full length form of IL-la is fully active when it 

engages the IL-IR. IL-la is found constitutively within most cells of healthy 

individuals, including epithelial cells and keratinocytes [542]. In addition to its 

extracellular activities, it has been shown that IL-la can translocate into the nucleus 

where it is involved in the transcription of genes [543].

The current data demonstrate that the enhancement of IL-la is partially dependent on 

caspase-1 and activation of the inflammasome, since the absence of NLRP3, inhibition 

of cathepsin B and blocking of lysosomal acidification reduced the secretion of IL-la 

but did not abrogate it. Although IL-la does not require processing, the requirement for 

caspase-1 may be explained by a recent report which demonstrated a role for caspase-1 

in the secretion of proteins lacking a signal peptide [531]. Consistent with this 

unconventional role for caspase-1, it has recently been demonstrated that the small 

GTPase, Rab39a associates with caspase-1 and that it is required for the secretion of IL- 

Ip, which also lacks a signal peptide [532]. Findings from these current studies have 

shown that inhibition of caspase-1 using a chemical inhibitor (YVAD-fmk) had a more 

marked effect on the level of particle-mediated enhancement of IL-la than caspase-1- 

deficient BMDC. These differences could be due to non-specific activities of the 

inhibitor, which resulted in a greater effect on the secretion of IL-la. This dependency 

on components of the NLRP3 inflammasome for particulate-mediated IL-la secretion
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may also be due to possibility that NLRP3-dependent factors, such as IL-ip or IL-18, 

are promoting the enhancement of IL-la in an autocrine manner.

In addition to a possible role for caspase-1 in the secretion of IL-la, it has also been 

suggested that IL-la is rarely found in the extracellular compartment and is in general 

sequestered in the eytosol or associated with the cell in a membrane-associated form 

[544], Furthermore, others have proposed that IL-la is only made available when the 

cell dies by necrosis, therefore releasing its eellular and nucleic contents [542, 545], 

Taking all of these studies together, they strongly suggest the existence of two 

unconventional pathways for the secretion of IL-la. Consistent with this, current 

studies found that while a proportion of the IL-la secretion that is induced by 

particulates is dependent on caspase-1 and other components of the NLRP3 

inflammasome there is always a certain amount of IL-la which is released 

independently of caspase-1 and inflammasome components. In agreement with this, 

particles alone are sufficient to induce the secretion of IL-la by DC which is more than 

likely caspase-1-independent as particles alone cannot activate caspase-l. Furthermore, 

the ability of particulates to drive IL-la secretion occurs in a TLR4-independent manner 

which rules out the possibility that the enhanced IL-la is due to contaminating 

microbial products such as LPS. Therefore, it is possible that at high concentrations 

particulate vaccines adjuvants may be toxic to cells, inducing a necrotic type of cell 

death and that this may account for the caspase-1-independent secretion of IL-la and 

also the differential regulation observed between IL-la and IL-ip.

Having established the ability of PVA to activate the NLRP3 inflammasome thereby 

increasing the secretion of IL-ip, the role of NLRP3 in the adjuvant activities of these 

particulates was determined. NLRP3-deficient mice showed impaired recruitment and 

activation of innate cells into the injection site when immunised intraperitoneally with 

PLG. In addition, splenocytes from NLRP3-deficient mice showed a significant 

reduction in their ability to produce antigen-specific IL-6 when restimulated ex vivo. 

These findings are consistent with other studies, which have demonstrated a 

requirement for NLRP3 in innate cell activation, recruitment and cellular immunity 

mediated by alum [105, 107].
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In contrast to the requirement for NLRP3 in innate and cell mediated responses, it was 

found that NLRP3 activation was dispensable for the enhancement of humoral immune 

responses by PLG. NLRP3-deficient mice produced comparable levels of IgGl and 

IgG2b to wild type mice when immunised with PLG and Ova. These findings suggest 

that NLRP3 is dispensable for particulate-mediated enhancement of humoral responses. 

Consistent with these results, others have also found that NLRP3 is not necessary for 

the enhancement of antigen-specific IgGl, IgG2b or IgG2a by alum [105, 107-108, 118- 

119]. Overall, these results suggest that NLRP3 is not required for the enhancement of 

humoral immune responses by PVA. However, the role of NLRP3 in the induction of 

alum enhanced IgGl and IgE is controversial, with some groups showing an absolute 

requirement for NLRP3, while others report that it is not essential [105, 107-108, 118- 

119].

Adding further complexity to the issue, it has been reported that NLRP3-deficient mice 

produce significantly higher levels of antigen-specific IgG2c when immunised with 

alum and Ova [107]. The authors propose that this enhanced IgG2c observed in the 

NLRP3-deficient mice may reflect a switch in the type of response and that NLRP3 

activation may be responsible for the skew in T helper cell responses observed with 

alum [107]. However, this switch in antibody isotypes in NLRP3-deficient mice has not 

been reported by any other groups and findings from these current studies did not show 

any increase in particle-promoted antigen-specific antibodies. In agreement with the 

idea that NLRP3 is not required for particulate enhancement of humoral responses, it 

has previously been shown that MyD88, a component of the IL-lRl signalling pathway, 

is not necessary for alum-induced antibody responses [459-460]. Furthermore, it has 

also been shown that IL-6-deficient mice produce comparable levels of antigen-specific 

antibodies to WT mice when immunised with alum [454]. This is in agreement with 

results from this study which demonstrate that although antigen-specific IL-6 is 

significantly reduced in the NLRP3-deficient mice, no changes in antibody levels were 

observed. Results from these studies have demonstrated that NLRP3 is not required for 

the enhancement of humoral responses by PLG. However, whether this is a general 

requirement of all PVA remains controversial and requires further studies.

Thus, it appears that NLRP3 is important for particle-induced innate responses, such as 

the recruitment and activation of innate cells and adaptive cellular immunity. However, 

the role of NLRP3 in the development of humoral responses remains unclear. It has
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been proposed that the different physico-chemical properties of PVA may account for 

some of the differences. This could explain, in part, the differences observed between 

current findings with PLG and data published by others on alum. It is also possible that 

the route of immunisation, experimental set-up and the choice of antigen may also have 

an impact on the results. In order to determine the role of NLRP3 in the adjuvant 

properties of particulates in general a standard assay would need to be carried out in 

order to limit the variables which may be affecting the outcome. Therefore, it is 

currently impossible to say whether or not NLRP3 is central to the ability of all 

particulates to enhance humoral immune responses. Based on these current findings, it 

can be concluded that NLRP3 is dispensable for humoral responses induced by PLG but 

is necessary for cellular immunity.

Overall, this study has shown that PVA activate a general pathway in vitro in BMDC. 

The phagocytosis of particulates by BMDC results in lysosomal disruption, which 

triggers NLRP3 inflammasome activation and the subsequent secretion of IL-ip in a 

cathepsin B-dependent manner. The finer mechanistic details of inflammasome 

activation remain elusive and several questions remain, including what are the 

downstream targets of cathepsin B, or does cathepsin B activate a currently unidentified 

pathway?

Having evaluated the role of NLRP3 in vivo, there remains one major question; how do 

particulate vaccine adjuvants enhance humoral immunity? In order to investigate this, 

the in vivo effects of PVA need to be studied in more detail.
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Figure 3.1: The effect of PVA on the expression of MHC class II molecules, CD40 

and CD86 by dendritic cells. BMDC (1x10^ cells/ml) were stimulated with alum 

(5mM), PLG (1pm: 0.6 mg/ml), PS (430nm: 0.6 mg/ml) or LPS at 5 ng/ml. Stimulated 

BMDC were left for 24 hr. Cells were harvested and analysed for expression of 

maturation markers by flow cytometry (2.2.3). Solid colour represents control samples 

with treated samples overlayed as dark line.
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Figure 3.2: Alum synergises with LPS to induce IL-ip and IL-la secretion by 

BMDC. BMDC (6.25x10^ cells/ml) were pre-incubated with medium or alum (0.04-25 

mM) for 1 h before the addition of medium or LPS (5 ng/ml). After 24 h, supernatants 

were collected and analysed for IL-ip and IL-la by ELISA (2.2.5). Control v LPS only 

or Particles only, ### p<.001, Particles + LPS v LPS only, * p<0.05, ** p<0.01, *** 

p<0.00L
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Figure 3.3: PLG-microparticles synergise with LPS to induce IL-ip and IL-la 

secretion by BMDC. BMDC (6.25x10^ cells/ml) were pre-incubated with medium or 

PLG (1 pm; 3-0.0048 mg/ml) for 1 h before the addition of medium or LPS (5 ng/ml). 

After 24 h, supernatants were collected and analysed for IL-ip and IL-la by ELISA 

(2.2.5). Control v LPS only or Particles only, ### p<.001, Particles + LPS v LPS only, * 

p<0.05, ** p<0.01, *** p<0.00L
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Figure 3.4: Polystyrene microparticles synergise with LPS to induce IL-ip and IL- 
la secretion by BMDC. BMDC (6.25x10^ cells/ml) were pre-incubated with medium 

or PS (430nm; 3-0.0048 mg/ml) for 1 h before the addition of medium or LPS (5 

ng/ml). After 24 h, supernatants were collected and analysed for IL-ip and IL-la by 

ELISA (2.2.5). Control v LPS only or Particles only, ### p<.001. Particles + LPS v LPS 

only,* p<0.05, ** p<0.01, *** p<0.001.
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Figure 3.5: PVA can synergise with a range of TLR agonists to induce IL-ip 

production by BMDC. BMDC (6.25x10^ cells/ml) were pre-incubated with medium 

or particles (alum 25 mM, PLG lpm;3 mg/ml, PS 430nm;3 mg/ml) alone for 1 h before 

the addition of medium or TLR agonists (LPS 5 ng/ml, Pam3Csk4 10 ng/ml, poly I:C 

50 pg/ml or CpG 50 pg/ml). After 24 h, supernatants were collected and analysed for 

IL-lp by ELISA (2.2.5). Particles + TLR agonist v TLR agonist only, *** p<0.001.
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Figure 3.6: The enhancement of IL-ip secretion by PVA does not require 

simultaneous presentation of the TLR agonist and the PVA to the DC. BMDC 
(6.25x1 O^cells/ml) were stimulated with medium or alum (5 mM), PLG (lpm;0.6 

mg/ml) or PS (430nm;0.6 mg/ml) either simultaneously or 6 h or 24 h prior to or after 

the addition of medium or LPS (5 ng/ml). Once the second stimulus was added the cells 

were left for 24 h before supernatants were collected and analysed for IL-lp by ELISA 

(2.2.5). Particles + LPS v LPS only, *** p<0.001.
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Figure 3.7: PVA promote processing of pro-IL-ip (31kDa) into its active form 

(17kDa). (a) Pro-IL-ip in cell lysates, (b) Processed IL-ip in supernatants. P-Actin 

loading control, 421cDa. BMDC (0.5x10^ cells/ml) were stimulated with medium, LPS 

(5 ng/ml) alone, PLG (1pm), PS (430nm) or alum alone; or for 1 h with particles before 

the addition of medium or LPS. After 24 h, supernatants were removed and cells were 

lysed. Cell lysates and supernatants were analysed for IL-lp by western blot (2.2.6).
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Figure 3.8: PVA synergise with LPS to promote caspase-1 activation, (a) Caspase-1 

plO in cell lysates, (b) Caspase-1 plO in concentrated supernatant. BMDC (0.5x10^ 

cells/ml) were stimulated with medium or LPS (5 ng/ml) alone or alum, PLG (1pm) or 

PS (430nm) alone; or for 1 h with particles before the addition of medium or LPS. 

After 24 h, supernatants were removed and cells were lysed. Cell lysates and 

supernatants were analysed for processed caspase-1 (plO) by western blot (2.2.6).
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Figure 3.9: The ability of PVA to enhance IL-ip secretion by BMDC is abrogated 

by pre-treatment with YVAD-fmk while IL-la secretion is significantly reduced.
BMDC (6.25x10^ cells/ml) were incubated with medium or the caspase-1 inhibitor 

(YVAD-FMK, 40 pM) for 30 min followed by 1 h incubation with medium, alum, PLG 

(1pm) or PS (430nm). 1 h later medium or LPS (5 ng/ml) was added to the cells. 24 h 

post-stimulation, supernatants were collected and IL-ip and IL-la were determined by 

ELISA (2.2.5). Particles + LPS v Particles + LPS + caspase-1 inhibitor, *** p<0.001.
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Figure 3.10: The ability of PVA to enhance IL-ip secretion by BMDC is caspase-1 

and ASC dependent. BMDC (6.25x10^ cells/ml) from WT C57BL/6 and caspase-1 ''' 

or ASC'^' mice were pre-incubated with medium, PLG (lpm;3mg/ml) or PS (430nm;3 

mg/ml) alone for 1 h before the addition of medium or LPS (5 ng/ml). 24 h post

stimulation supernatants were collected and analysed for IL-ip by ELISA (2.2.5). 
Particle -i- LPS WT mice v Particle -i- LPS caspase-1 ''' or ASC'^' mice, *** p<0.00L
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Figure 3.11: The ability of PVA to enhance IL-la secretion by BMDC is not 
caspase-1- or ASC-dependent. BMDC (6.25x10^ cells/ml) from WT C57BL/6 and 

caspase-1 ''' or ASC mice were pre-incubated with medium, PS (430nm;0.6mg/ml) or 

PLG (lpm;0.6 mg/ml) alone for 1 h before the addition of medium or LPS (5 ng/ml). 

24 h post-stimulation supernatants were collected and analysed for IL-la by ELISA 

(2.2.5). Particle -i- LPS WT mice v Particle -i- LPS caspase-1 or ASC'^' mice, *** 

p<0.00L
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Figure 3.12: Particle-mediated enhancement of IL-ip is NLRP3-dependent.
BMDC (6.25x10^ cells/ml) from WT C57BL/6 mice and NLRP3'^' mice were pre

incubated with medium or particle alone for 1 h before medium or LPS (5 ng/ml) was 

added to the cells. After 24 h, supernatants were removed from the cells and analysed 

for IL-lp by ELISA (2.2.5). Particles + LPS WT C57BL/6 v Particles + LPS NLRP3'^‘ 

mice, *** p<0.00L
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Figure 3.13: PVA synergise with LPS to promote IL-18 secretion in a NLRP3- 
dependent manner. BMDC (6.25x10^ cells/ml) from NLRP3'^' and WT C57BL/6 mice 

were pre-incubated with medium or particles (Alum 25 mM, PLG lpm;3 mg/ml, PS 

430nm;3 mg/ml) alone for 1 h before LPS (5 ng/ml) was added to the cells. After 24 h, 

supernatants were removed from the cells and analysed for IL-18 by ELISA (2.2.5). 

Particles + LPS WT C57BL/6 mice v Particles + LPS NLRP3'^' mice ,*** p<0.001.
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Figure 3.14: Particle-mediated enhancement of IL-la secretion is partly dependent 
on NLRP3. BMDC (6.25x10^ cells/ml) from NLRP3 and WT C57BL/6 mice were 

pre-incubated with medium or particles alone for 1 h before medium or LPS (5 ng/ml) 

was added to the cells. After 24 h, supernatants were removed from the cells and 

analysed for IL-la by ELISA (2.2.5). Particles + LPS WT C57BL/6 v Particles + LPS 

NLRP3'^' mice ,*** p<0.001.
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Figure 3.15: TNF-a secretion by BMDC in response to LPS and particle 

stimulation does not require NLRP3. BMDC (6.25x10^ cells/ml) from NLRP3 and 

WT C57BL/6 mice were pre-incubated with medium or particles alone for 1 h before 

medium or LPS (5 ng/ml) was added to the cells. After 24 h, supernatants were 

removed from the cells and analysed for TNF-a by ELISA (2.2.5). Particles + LPS WT 

C57BL/6 V Particles + LPS NLRP3 '' mice ,*** p<0.00L
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Figure 3.16: Particle-mediated caspase-1 activation is NLRP3-dependent. (a)

Caspase-1 activation and IL-ip processing is absent in NLRP3-deficient BMDC. (b) 

Caspase-1 activation is most marked with the highest concentrations of alum and is 

absent in the NLRP3-deficient BMDC. BMDC (6.25x10^ cells/ml) from NLRP3 ''' and 

WT C57BL/6 mice were pre-incubated with medium or particles alone for 1 h before 

medium or LPS (5 ng/ml) was added to the cells. After 24 h, supernatants were 

removed and cells were lysed. Cell lysates were analysed for activated caspase-1 (plO) 

and supernatants were analysed for IL-ip by western blot (2.2.6).
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Figure 3.17: Particle mediated enhancement of IL-ip but not IL-la is dependent 
on efflux. BMDC (6.25x1 O^cells/ml) were incubated in medium with or without 

KCI (50 mM) for 30 min. Cells were stimulated with medium or particles alone (Alum 

25 mM, PLG lpm;3 mg/ml, PS 430nm;3 mg/ml). After 1 h, medium or LPS (5 ng/ml) 

was added. 24 h post-stimulation, supernatants were collected and analysed for IL-ip 

and IL-la by ELISA (2.2.5). Particle -i- LPS v Particle + LPS + KCL 50mM, *** 

p<.00L
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Figure 3.18: Dendritic cell uptake of PS particles is optimal at particle sizes <10 

pm. (Arrows point to internalised particles) BMDC were incubated with PS ranging 

from in size from 420 nm up to 32 pm (0.6 mg/ml) for 18 h on 19 mm coverslips. 

Samples were then fixed in 2% paraformaldehyde (in PBS) for 20 min and stained with 

Alexa-Fluor 594 conjugated wheat germ agglutinin (10 pg/ml) for 30 min (2.2.8). Cells 

were mounted on glass slides and analyzed on a Zeiss LSM 510CF with LSM 5 

software (version 4) and Adobe Photoshop.
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Figure 3.19: Optimal promotion of IL-ip secretion by PS particles requires 

particle uptake. BMDC (6.25x10^ cells/ml) were stimulated with medium or PS (420 

nm, 1 pm, 10 pm, or 32 pm) alone or for 1 h before the addition of medium or LPS (5 

ng/ml). After 24 h, the supernatants were collected and analysed for IL-ip by ELISA 

(2.2.5). LPS only v Particle + LPS, * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3.20; Optimal promotion of IL-la secretion by PS particles requires 

particle uptake. BMDC (6.25x10^ cells/ml) were stimulated with medium or PS (420 

nm, 1 pm, 10 pm or 32 pm) alone or for 1 h before the addition of medium or LPS (5 

ng/ml). After 24 h, the supernatants were collected and analysed for IL-la by ELISA 

(2.2.5). LPS only v Particle + LPS, *** p<0.001; Control v LPS alone or particle alone, 

### p<0.001, ## p<0.01, # p<0.05.
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Figure 3.21: Inhibition of actin polymerisation significantly reduces the ability of 
PVA to enhance secretion of IL-ip by BMDC. BMDC (6.25x10^ cells/ml) were 

incubated with medium or cytochalasin B (10 pM, 5pM) for 30 min before the addition 

of medium or alum (5 mM), PLG (l|am;3mg/ml) or PS (430nm;3 mg/ml) alone. After 1 

h, medium or LPS (5 ng/ml) was added and cells were left for 24 h. Supernatants were 

removed and analysed for IL-ip and IL-la by ELISA (2.2.5). Particles + LPS v Particle 

+ LPS + Cytochalasin B, *** p<0.00L
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Figure 3.22: Degradation of uric acid does not inhibit the enhancement of IL-ip 

secretion by PVA. MSU (200 rig/ml), alum (25 mM), PLG (lnm;3 mg/ml) and PS 

(430nm;3 mg/ml) alone were incubated with uricase (0.1 Units/ml) overnight at 37V. 

Medium, control particles or uricase-treated particles alone were then added to BMDC 

(6.25x10^ cells/ml). After 1 h, medium or LPS (5 ng/ml) was added and cells were left 

to incubate overnight. Post-stimulation, supernatants were removed and analysed for 

IL-lp by ELISA (2.2.5). Particle + LPS v Particle + LPS + uricase, *** p<.00L
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Figure 3.23: ROS are not required for activation of the NLRP3 inflammasome by 

PVA. BMDC (6.25x10^ cells/ml) were incubated with medium or DPI (5 |j,M, 10 |iM) 

for 1 h before the addition of medium, alum (5 mM), PLG (l|am;3mg/ml) or PS 

(430nm;3 mg/ml) alone. After 1 h, medium or LPS (5 ng/ml) was added and cells were 

left for 24 hr. Supernatants were removed and analysed for IL-ip, IL-la and IL-6 by 

ELISA (2.2.5).
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Figure 3.24: Blocking of the ATPase system reduces the ability of PVA to 

enhance IL-ip and IL-la secretion by DC. BMDC (6.25x10^ cells/ml) were 

incubated with medium or bafilomycin A1 (250 nM) for 1 h before the addition of 

medium, alum (5 mM), PLG (l|am;3mg/ml) or PS (430nm;3 mg/ml) alone. After 1 h, 

medium or LPS (5 ng/ml) was added and cells were left for 24 h. Supernatants were 

removed and analysed for IL-ip, IL-la and IL-6 by ELISA (2.2.5). Particle -i- LPS v 

Particles -i- LPS + Bafilomycin A, * p<0.05, ** p<0.01, *** p<0.00L
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Figure 3.25: Particulates cause lysosomal disruption and require Cathepsin B 

activation for their enhancement of IL-1. (a) BMDC (6.25x10^ cells/ml) were incubated 

with medium or particles alone (alum 5 mM, PS or PLG 0.6 mg.ml). After 3 h cells were 

harvested, resuspended in FACS buffer (2.1.5.2) and stained with acridine orange. 

Incorporation of acridine orange was analysed by flow cytometry (2.2.2.3). (b) BMDC 

(6.25x10^ cells/ml) were incubated with medium or CA-074-Me (10 pM) for 1 hr before 

the addition of medium, PLG (lpm;mg/ml), PS (430nm;3 mg/ml) or alum (5 mM) alone. 

After 1 h, medium or LPS (5 ng/ml) was added and cells were incubated for 24 h. 

Supernatants were removed and analysed for IL-1 (3, and IL-1 a by ELISA (2.2.5). Particle + 

LPS V Particle + LPS + CA-074-Me, * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3.26: PVA enhance the secretion of IL-la by BMDC in a TLR4- 
independent manner. BMDC (6.25x10^ cells/ml) from C3H/HeN (LPS responsive) or 

C3H/HeJ (LPS hypo-responsive; TLR4 mutation) mice were pre-incubated with 

medium or PLG (1pm) alone. After 1 h, medium or LPS (5 ng/ml) was added and cells 

were incubated for 24 h. Supernatants were removed and analysed for IL-la by ELISA 

(2.2.5). Control v Particle treated BMDC, *** p<0.001; PLG treated HeN BMDC v 

PLG treated HeJ BMDC, ### p<0.001.
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Figure 3.27: PLG-mediated recruitment of innate cells to the injection site is 
NLRP3-dependent. WT, IL-lRl'^'and NLRP3'^' C57BL/6 mice were immunised intra- 

peritoneally with PBS, Ova alone or PLG with Ova. After 18 h, the peritoneal cavity 

was washed with PBS. Isolated cells were stained with cell subtype specific markers 

and the cell numbers was determined using flow cytometry (2.2.3.1). Total cell counts 

WT V Total cell counts in NLRP3 '^' mice or Total cell counts in IL-lRl'^' mice, * 

p<0.05.
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Figure 3.28: PVA-mediated enhancement of antigen-specific IL-6 is NLRP3- 
dependent. WT, IL-lRl'^'and NLRP3'^' C57BL/6 were immunised with PBS, Ova (50 

pg/mouse) alone or Ova (50 pg/mouse) with PLG (4 mg/mouse) subcutaneously on day 

0 and day 14. After 21 days the mice were sacrificed and spleens were removed. Cells 

isolated from spleens were re-stimulated with Ova (20, 100, 500 pg/ml). After 3 days, 

supernatants were removed and analysed for lL-6 by ELISA (2.2.5). Ova (20, 100 or 

500pg/ml) WT mice v Ova (20, 100 or 500pg/ml) IL-IRL^' mice or Ova (20, 100 or 

500pg/ml) NLRP3'^'mice, *** p<0.001.
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Figure 3.29: NLRP3 is not required for PVA to enhance antigen-specific 

antibodies. WT, IL-lRl'^'and NLRP3'^' C57BL/6 mice were immunised intra- 

peritoneally with PBS, Ova alone or PLG with Ova. Serum samples were collected 21 

days post-immunisation and analysed for antigen-specific antibodies by ELISA 

(2.2.12).
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Chapter 4

An Investigation of the Relationship between 
Particle Characteristics and the Adjuvant 

Properties of Particulates





4.1 Introduction

Aluminium-containing adjuvants are clinically the most widely used vaccine adjuvants. 

Despite their widespread use, our knowledge of the mechanisms underlying how these 

particulate substances induce their adjuvant activities in vivo remains limited. It was 

proposed that particulates acted principally as a depot, facilitating sustained antigen 

presentation and thereby enhancing the immune response. However, this idea has been 

contested and it is now widely accepted that particulate vaccine adjuvants (PVA) are 

acting as more than antigen depots.

Although alum and related adjuvants are not known to activate any currently identified 

receptors, studies suggest that these adjuvants can exert antigen-independent 

immunostimulatory effects on the immune system in vivo. For example, injection of 

mice with alum was found to enhance the level of intracellular calcium in B cells within 

the spleen. This exerted a priming effect, preparing B cells for activation by MHC class 

II aggregation [451-453]. The injection of alum also induced the accumulation of IL-4^ 

Grl^ cells in the spleen, which were later identified as eosinophils. These cells were 

also shown to be responsible for alum-mediated B cell priming [451-453]. The ability 

of alum and other PVA, such as the 0/W emulsion MF59, to promote the recruitment 

and conversion of monocytes into DC has been reported [165, 430]. Both alum and 

MF59 have been shown to induce the release of chemoattractants, including CCL2, 

CCL3, CCL4 and IL-8, all of which are involved in the recruitment of white blood cells 

into the injection site [430]. In addition, microarray studies have shown that alum and 

MF59 promote the upregulation of hundreds of genes in muscle tissue within several 

hours following intramuscular injection [546]. This study also demonstrated that alum 

and MF59 enhanced the expression of 168 common genes which they termed ‘adjuvant 

core response genes’. This cluster of genes included genes encoding cytokines, 

chemokines and adhesion molecules [546]. Overall, there is a strong body of evidence 

to suggest that PVA exert immunomodulatory effects in addition to enhancing antigen 

uptake and antigen presentation in vivo.

PVA share their ability to enhance immune responses, however the reality is that this 

class of adjuvants actually represents a diverse mixture of compounds which differ 

greatly in their physico-chemical properties. Despite this, results presented in chapter 3 

demonstrate that a range of PVA can activate the NLRP3 inflammasome and enhance
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the secretion of IL-la and IL-ip by BMDC (Figures 3.3-3.6). NLRP3 was required for 

the development of cell-mediated responses, but was dispensable for particle-mediated 

humoral responses (Figures 3.27-3.29). Given the ability of all particulates to activate 

the NLRP3 inflammasome it was predicted that PVA may also activate similar 

pathways in vivo. The relationship between the nature of the PVA and the type of 

immune response induced in vivo was therefore investigated.

As outlined above, others have shown that alum and MF59 have the ability to induce 

antigen-independent immunopotentiating effects in vivo, which were previously 

unappreciated [165, 430, 451-453, 546]. In this current study, the kinetics of the 

immune response induced by PVA in vivo was investigated, in order to identify the 

mediators of the immunomodulatory effects of particulates.

In addition to their different compositions, PVA also differ in their size. Results from 

chapter 3 have shown that particle size determines the ability of particles to activate the 

NLRP3 inflammasome (Figures 3.19-3.21). Given the role of NLRP3 in particle driven 

cell-mediated responses, it is therefore possible that the size of the particle may be a 

determining factor in the type of immune response induced by PVA in vivo (Figure 

3.27-3.28). Several studies have investigated the importance of size in the ability of 

PVA to enhance immune responses. These studies have found that particle size can 

have a major impact on the type of immune response induced [547-549]. However, 

none of these studies have provided a detailed account of the effects of particle size on 

local inflammatory reactions, the production of key T cell associated cytokines and on 

the induction of humoral responses.

The overall aims of this chapter were to:

• Investigate the relationship between the composition of the particulate and the 

type of immune response induced.

• Study the kinetics of the immune response promoted by particulate vaccine 

adjuvants.

• Determine the importance of size in the adjuvant properties of polystyrene 

particles.
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4.2 Results

4.2.1 The induction of innate and adaptive immune responses by PVA

The aim of this study was to compare and contrast the immune responses to a bystander 

antigen promoted by different particulate vaccine adjuvants (PVA) in vivo. C57BL/6 

mice were immunised with PBS or Keyhole Limpet Hemocyanin (KLH) alone or with 

alum, polystyrene (PS) microparticles (420 nm) or PLG (PLG) microparticles (1 pm) 

subcutaneously at two injection sites on the right and left flank. All mice were 

sacrificed 7 days post immunisation.

4.2.1.1 Histopathological analysis of the injection site

In order to establish the local effects of each particulate adjuvant, the injection site was 

excised and preserved for histological examination. No visible lesions were observed at 

the site of injection with KLH (Figure 4.1). In contrast to this, injection of KLH and 

PLG resulted in considerable changes in the local anatomy. The lesion was 

characterised by infiltration of inflammatory cells, including neutrophils, as well as 

areas of necrosis (Figure 4.2). Areas of necrosis were characterised by fragmentation 

and loss of pyknotic nuclei, which are a specific form of irreversibly condensed nuclei 

normally observed in dying cells. The local response suggests an attempt to control or 

wall-off PLG by formation of a granuloma, which was characterised by its lipid-like 

appearance; however this may be due to the nature of the microparticles themselves 

(Figure 4.2). Similar to PLG, the injection of PS and KLH had significant effects on the 

local tissue and induced eonsiderable infiltration of inflammatory cells (Figure 4.3). 

However, in contrast to PLG, the reaction seemed to be less controlled as the granuloma 

formed was less demarcated and characterised by large numbers of neutrophils, 

representing a pyogranuloma (Figure 4.3). The area contained fewer remnants of the 

microparticles themselves and more inflammatory cells which suggested that the PS 

were more efficiently cleared from the injection site (Figure 4.3). PS injection also 

caused a considerable amount of necrosis in the local area (Figure 4.3).

Co-administration of alum and KLH induced the formation of a large lesion at the 

injeetion site (Figure 4.4). The type of lesion foiTned by alum injection resembled that 

of the PLG injeetion site, as it was characterised by a large well-demarcated granuloma 

(Figure 4.4). While there was a signifieant inflammatory cell infiltration, it was less
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than that observed at the PS injection site (Figure 4.4). There was a significant amount 

of necrotic cell death observed within the alum injection site (Figure 4.4).

4.2.1.2 Local IL-ip production

Having established the ability of PVA to activate the inflammasome and induce IL-ip 

secretion in vitro (Figures 3.3-3.6), the ability of particulates to promote IL-ip in vivo 

was investigated. In order to investigate whether IL-ip enhancement could be seen 

locally in vivo the injection site was excised, homogenised and analysed for IL-ip. 

When KLH was combined with alum, PLG or PS, local IL-ip could be detected within 

the excised tissue (Figure 4.5). In contrast, injection with PBS or KLH alone did not 

induce local production of IL-ip, suggesting that the enhanced IL-lp was due to 

specific effects induced locally by the particles (Figure 4.5). This demonstrates that 

PVA can enhance IL-ip production in vivo in the absence of an exogenous second 

signal, suggesting that particulates may have the ability to induce the release or 

secretion of an endogenous molecule which can prime cells to produee IL-ip, thereby 

enhancing local inflammation.

4.2.1.3 The effect of PVA on adaptive cell-mediated responses

Following on from investigations into the local effects in vivo of PVA, the effects of 

particulates on antigen-specific adaptive responses were analysed. In order to achieve 

this, inguinal lymph nodes (draining lymph node) and spleens were removed from the 

immunised mice and cells were isolated and stimulated ex vivo with KLH at a range of 

concentrations (2, 10, 50 pg/ml). Following ex vivo stimulation, supernatants were 

collected and analysed for cytokines.

lL-4, IL-6, IL-17 and IFN-y were all undetectable in the supernatants from re-stimulated 

inguinal lymph node cells (Figure 4.6). However, inguinal lymph node cells isolated 

from mice immunised with KLH and PLG spontaneously secreted IL-5 (Figure 4.6). In 

addition to IL-5, small amounts of antigen-specific IL-10 were secreted by inguinal 

lymph node cells taken from mice immunised with either PLG and KLH or PS and 

KLH re-stimulated with KLH (10 or 50 pg/ml) (Figure 4.6). However, the
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concentrations of IL-10 and IL-5 produced were not significantly greater than in cells 

from mice immunised with antigen alone. Overall, these data suggest that PVA do not 

induce strong cellular responses in the inguinal lymph nodes after subcutaneous 

injection.

A similar trend was observed in the spleen with no detectable secretion of IL-4, IL-6 or 

IL-17 (Figure 4.7). However, injection of PLG and KLH induced the secretion of IL-5 

and IL-10 by splenocytes (Figure 4.7). In contrast to the inguinal lymph nodes, trace 

amounts of antigen-specific IFN-y (not significant) were secreted by splenocytes from 

mice immunised with PS and KLH (Figure 4.7). Overall, these data suggest that 

injection of PVA with KLH does not induce strong antigen-specific cellular immune 

responses in the spleen.

To determine the responsiveness of cells to polyclonal stimuli, spleen and lymph node 

cells from immunised mice were also stimulated with anti-CD3 alone or anti-CD3 and 

PMA.

In response to anti-CD3 and PMA stimulation, isolated inguinal lymph node cells from 

mice immunised with PS and KLH secreted significantly higher concentrations of IL-5 

than inguinal lymph node cells isolated from mice injected with KLH alone (Figure

4.8). Similarly, injection of alum or PLG with KLH enhanced IL-5 secretion by 

inguinal lymph node cells in response to anti-CD3 and PMA, however these differences 

were not statistically significant (Figure 4.8). Stimulation of inguinal lymph node cells 

with anti-CD3 produced a similar trend, where injection of PVA with KLH enhancing 

the secretion of lL-5, however these effects were not statistically significant (Figure

4.8). Inguinal lymph node cells isolated from mice immunised with PS and KLH 

produced significantly higher amounts of IL-4 than cells isolated from mice immunised 

with KLH alone when re-stimulated with anti-CD3 and PMA ex vivo (Figure 4.8). No 

effect on the secretion of IL-4 by inguinal lymph node cells was observed when cells 

were re-stimulated with anti-CD3 only (Figure 4.8). In comparison to KLH alone, 

subcutaneous injection of KLH combined with alum, PS or PLG induced enhanced IL-6 

secretion by inguinal lymph node cells in response to re-stimulation with anti-CD3 

alone or anti-CD3 with PMA (Figure 4.8). These effects on IL-6 were most marked 

when inguinal lymph node cells were re-stimulated with anti-CD3 and PMA (Figure

4.8).
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In contrast to their enhancing effects on Th2 cytokines, the injection of PVA with KLH 

did not enhance the secretion of IL-17, IL-10 or IFN-y by inguinal lymph node cells re

stimulated with either anti-CD3 or anti-CD3 and PMA (Figure 4.8). In the case of IL- 

17, re-stimulation with PMA exerted a strong negative effect, as cells re-stimulated with 

anti-CD3 and PMA secreted less IL-17 than cells stimulated with anti-CD3 alone 

(Figure 4.8). Although KLH is thought to be weakly immunogenic and act as a 

bystander antigen, it was found that injection with KLH alone has modulatory effects on 

the secretion of IL-10 and IFN-y by inguinal lymph node cells re-stimulated with anti- 

CD3 alone or anti-CD3 and PMA (Figure 4.8).

Splenocytes from mice injected with PS or PLG and KLH produced higher 

concentrations of lL-4 than cells from mice immunised with KLH alone, when re

stimulated with anti-CD3 (Figure 4.9). Furthermore, splenocytes from mice immunised 

with PLG and KLH secreted higher concentrations of IL-4 when re-stimulated with 

anti-CD3 and PMA (Figure 4.9). In comparison to KLH alone, injection of KLH with 

alum, PS or PLG, enhanced IL-5 secretion by splenocytes re-stimulated with anti-CD3 

or anti-CD3 and PMA (Figure 4.9). In a similar manner to inguinal lymph node cells, 

splenocytes isolated from mice immunised with PLG and KLH spontaneously secreted 

IL-5 when cultured ex vivo (Figure 4.9). Injecting PLG and KLH enhanced IL-10 

secretion by splenocytes, but not significantly (Figure 4.9).

In contrast to its supposed role as a by-stander antigen, immunisation with KLH alone 

resulted in a significant enhancement in IFN-y secretion when splenocytes were re

stimulated ex vivo with either anti-CD3 or anti-CD3 with PMA in comparison to cells 

isolated from mice immunised with PBS or PVA and KLH (Figure 4.9). Furthermore, 

the presence of the particulates reduced this enhancing effect on KLH-induced IFN-y 

secretion, which suggests that particles may suppress Thl responses (Figure 4.9). These 

results suggest that, KLH is not an appropriate bystander antigen, as it clearly displays 

immunomodulatory effects. Overall, these results suggest that injection with PVA 

primarily promotes the secretion of Th2 cytokines by inguinal lymph node cells and 

splenocytes.
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4.2.1.4 The effect of PVA on humoral responses

Having established the effects of PVA on the cellular response, the effect of these 

particulates on antigen-specific humoral responses was investigated. To achieve this, 

serum from immunised mice was collected 7 days post injection with KLH alone or 

KLH combined with alum, PLG or PS. The titres of antigen-specific antibodies were 

measured by ELISA. Injection of PLG or alum with KLH induced a significant 

enhancement in the level of circulating antigen-specific IgG in comparison to 

immunisation with KLH alone (Ligure 4.10). In contrast to this, immunisation with PS 

and KLH did not significantly enhance antigen-specific IgG titres compared to injection 

of KLH alone (figure 4.10). The titres of the Th2-associated antibody subclass IgGl, 

were also analysed. Immunisation with alum and KLH was the most efficient 

combination for promoting the production of IgGl, in comparison to injection with 

KLH alone, followed by PLG and KLH (figure 4.10). PS was the least efficient 

adjuvant at driving antigen-specific humoral responses (figure 4.10).

4.2.2 Injection of alum strongly enhances production of IL-6 and IL-10

In order to determine the kinetics of cellular infiltration and immune cell activation after 

PVA injection, a kinetic study was carried out using alum. Mice were immunised with 

alum (3mg/mouse) alone subcutaneously in the flank and sacrificed at 3 h, 1, 3, 5 and 7 

days post injection. Based on the enhancing effect that alum has on IL-1 secretion in 

vitro, wild-type (WT) and IL-IRL^' mice were immunised, to determine whether the 

immunomodulatory effects of alum are mediated by IL-1.

In order to determine the type of immune responses induced by alum injection, the 

spleens of injected mice were removed, splenocytes were plated and re-stimulated in 

vitro with PMA and anti-CD3 or LPS and supernatants were analysed for cytokines.

No significant effects were observed on the secretion of IL-4, IL-5 or IL-17 by 

splenocytes isolated from mice injected with alum when re-stimulated with anti-CD3 

and PMA or LPS (Data not shown). Splenocytes isolated from mice injected with alum 

and re-stimulated with anti-CD3 and PMA (2 or 20 ng/ml) did not secrete higher 

amounts of IL-6 in comparison to stimulated splenocytes isolated from mice injected 

with PBS (figure 4.11). In contrast to this, splenocytes isolated from mice 5 days post-
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injection with alum secreted significantly higher concentrations of IL-6 when re

stimulated with LPS (1 gg/ml) compared to mice injected with PBS (Figure 4.11). This 
enhancement of IL-6 by alum was observed in both WT and IL-IRL^' mice. The 

kinetics of the enhancement was similar in both strains of mice, suggesting that this 

effect is independent of IL-1 (Figure 4.11).

In addition to lL-6, injection of alum primed splenocytes to secrete significant 

concentrations of IL-10 when stimulated with anti-CD3 alone or anti-CD3 and PMA 

(Figure 4.12). In comparison to mice injected with PBS, enhanced IL-10 secretion was 

measured by splenocytes isolated from WT mice 1 days and 3 days following injection 

of alum when stimulated with anti-CD3 and PMA (2 or 20 ng/ml) (Figure 4.12). 

Furthermore, cells taken from mice 1, 3 and 5 days post injection of alum spontaneously 

secreted IL-10 when cultured ex vivo (Figure 4.12). This spontaneous secretion of IL- 

10 was most marked by splenocytes isolated from mice 3 days after administration of 

alum (Figure 4.12).

In a similar manner to WT mice, splenocytes from IL-IRL'^' mice injected with alum 

produced greater concentrations of IL-10 than those that received PBS (Figure 4.12). 

However, the kinetics of these effects was different to that observed in WT mice (Figure 

4.12). Detectable IL-10 was measured as early as 3 h after injection of alum when cells 

were re-stimulated with anti-CD3 and PMA (2 or 20 ng/ml) (Figure 4.12). 

Furthermore, this priming effect on splenocyte IL-10 production was detected in spleen 

cells isolated from mice from 3 h up to 7 days following injection of alum (Figure 4.12).

The enhancing effect of alum injection on IL-10 production by splenocytes was 

sustained for a longer period of time in the IL-lRl-/- mice than WT mice (Figure 4.12). 

This suggests that IL-1 may play a regulatory role in the induction of IL-10 in response 

to subcutaneous injection with alum.

Although alum is known as a strong inducer of Th2 type responses, injection of alum 

enhanced the production of IFN-y by splenocytes stimulated with anti-CD3 or anti-CD3 

and PMA (2 or 20 ng/ml) (Figure 4.13). Splenocytes isolated from WT mice 1 day 

following administration of alum secreted enhanced concentrations of IFN-y in 

comparison to mice injected with PBS (Figure 4.13). However, this effect was not 

significant. In contrast, splenocytes isolated from IL-IRL^' mice as early as 3 h 

following injection of alum secreted significantly higher amounts of IFN-y than controls
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when re-stimulated with anit-CD3 and PMA (Figure 4.13). This enhancing effect on 

IFN-y was maintained for up to 5 days after injection of alum (Figure 4.13). Consistent 

with observations on the production of IL-10 and lL-6, the differences in the kinetics 

and scale of IFN-y secretion in response to injection with alum between the WT and IL- 

IRl'^' mice suggests that IL-1 may suppress the early production of IFN-y. In contrast 

to these effects, when cells were re-stimulated with anti-CD3 and PMA, no significant 

effects on IFN-y secretion were observed when splenocytes were re-stimulated with 

LPS (Data not shown).

Data presented in chapter 3 (Figures 3.3-3.5) and chapter 4 (Figure 4.5) highlight the 

ability of PVA to enhance secretion of IL-1 p, both in vitro and locally in vivo. In light 

of these results, the ability of alum to promote the secretion of IL-ip by splenocytes 

after injection of alum was determined. There was negligible secretion of IL-ip by 

splenocytes isolated from WT mice injected with alum following stimulation with PMA 

and anti-CD3 (Figure 4.14). In contrast, splenocytes isolated from IL-IRL^' mice 7 

days post injection of alum produced significantly higher concentrations of IL-ip in 

comparison to cells isolated from mice injected with PBS (Figure 4.14). Furthermore, 

little difference was observed in IL-lp secretion by the splenocytes when stimulated 

with anti-CD3 alone or PMA (2 or 20 ng/ml) with anti-CD3 suggesting that, the cells 

were strongly primed to produce IL-lp. Interestingly, no significant enhancement of 

IL-ip was observed when the spleen cells were stimulated with LPS (Figure 4.14).

Taken together, results from this study demonstrate previously unappreciated 

immunostimulatory effects of PVA in vivo. They show that, subcutaneous injection of 

alum is sufficient to prime splenocytes to produce IL-6, IL-10, IL-ip and IFN-y in a 

time-dependent manner. The kinetics of the responses demonstrates that subcutaneous 

injection of alum can have effects on cells in secondary lymphoid organs, such as the 

spleen, as early as 3 h post-injection suggesting that immunisation with particulates 

induces a very rapid response. Furthermore, these results also suggest that the 

production of all of these cytokines in response to alum-injection is in part regulated by 

IL-1, as the responses differed in the WT and IL-IRL^' mice.
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4.2.3 Injection of PLG microparticles strongly enhances IL-6, lL-10 and IL-21 

production

To determine if the immunomodulatory effects observed with alum were specific to this 

material or reflected a common responses to PVA, mice were injected with PLG (PLG) 

microparticles (4 mg) subcutaneously and sacrificed at 3 h, 1, 3, 5 and 7 days post 

injection.

Cells from the spleen, mediastinal lymph nodes, mesenteric lymph nodes and inguinal 

lymph nodes of injected mice were removed, single cell suspensions were isolated from 

each organ, plated and stimulated with PMA and anti-CD3 or LPS and supernatants 

were analysed for cytokines.

No significant modulatory effects of PLG injection were observed in lymph nodes 

(mediastinal lymph nodes, mesenteric lymph nodes or inguinal lymph nodes) on the 

secretion of IL-4, IL-5, IL-17, IL-6, IL-10 or IFN-y following cell stimulation with anti- 

CD3 and PMA (Data not shown).

Additionally, no significant modulatory effects were observed on the secretion of IL-4, 

IL-5, IL-17, or IFN-y by splenocytes following cell re-stimulation. However, in 

comparison to PBS, injection with PLG resulted in the priming of splenocytes to secrete 

enhanced concentrations of lL-10 and IL-6 (Figure 4.15). Splenocytes isolated from 

mice 1 or 3 day after injection of PLG secreted significantly higher concentrations of 

IL-10 than controls when re-stimulated with LPS (100 ng/ml and 1 pg/ml) (Figure 

4.15). The priming effect of PLG on IL-10 in spleen cells was most marked 1 day after 

injection (Figure 4.15).

In a similar manner to IL-10, splenocytes isolated from mice injected with PLG were 

also primed to secrete IL-6 when stimulated with LPS (100 ng/ml and 1 pg/ml) (Figure 

4.15). In comparison to PBS, splenocytes isolated from mice 3h, 1 or 7 days following 

injection of PLG secreted significantly higher concentrations of IL-6 when stimulated 

with LPS (100 ng/ml and 1 pg/ml) (Figure 4.15). The priming effect of PLG on IL-6 

secretion by spleen cells was most marked 1 day after injection of PLG (Figure 4.15).

IL-21 is the key cytokine produced by a subset of T helper cells known as T follicular 

helper cells (TIh), whose primary role is to provide help for the production of antibodies 

by B cells [550]. The secretion of IL-21 by re-stimulated spleens was analysed.
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however IL-21 was not detected in any of the treatment groups (Data not shown). 

Therefore, the expression of IL-21 mRNA was analysed by real time polymerase chain 

reaction (RT-PCR) (This analysis was carried out by a Health Research Board PhD 

programme rotation student in the lab, Ewa Oleszycka). Significant levels of IL-21 

mRNA were detected in spleens from mice injected with PLG using RT-PCR (Figure 

4.16). This increase in the levels of IL-21 mRNA was first evident in splenocytes 

isolated from mice 3 h following injection of PLG (Figure 4.16). In addition, this 

enhancement of IL-21 mRNA was also observed in splenocytes isolated from mice 1 

day after injection of PLG in comparison to mice injected with PBS (Figure 4.16). The 

enhancement of IL-21 mRNA is rapid and transient effect as it occurred within 3 h, was 

most marked after 1 day and IL-21 mRNA levels return to basal levels within 3 days 

after the subcutaneous injection of PLG (Figure 4.16).

In summary, as in the case of alum, subcutaneous injection of PLG enhanced the 

production of IL-6 and IL-10. Furthermore, injection of PLG significantly enhanced the 

transcription of the Tfh-associated cytokine IL-21 in the spleen, within 1 day following 

injection.

4.2.4 The effect of particle size on the adjuvant properties of particulates following 

subcutaneous immunisation

Having investigated the relationship between the composition of particulates and their 

adjuvant properties and demonstrated the immunomodulatory effects of PVA when 

injected alone, subsequent studies aimed to investigate the relationship between partiele 

size and adjuvanticity.

In order to study the effects of particle size on the type of immune responses induced, 

mice were immunised subcutaneously with PBS, Ova alone or Ova with polystyrene 

(PS) particles of 200 nm, 430 nm, 1 pm, 10 pm or 30 pm in diameter. In the study mice 

were immunised subcutaneously so that the local effects of particulates could be 

analysed by histopathology. The injection site was excised 21 days post immunisation 

and embedded in paraffin wax for histopathological examination.
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4.2.4.1 Histopathological analysis of the injection site

Previous findings in this chapter (Figure 4.2-4.4) have shown the dramatic effects of 

injecting PVA on the local injection site which, included granuloma formation, 

increased cellular infiltration and local necrosis. Based on these results, this study 

aimed to investigate the importance of particle size in driving these responses. Injection 

of mice subcutaneously with either PBS or Ova alone resulted in no significant local 

changes; the injection sites from these mice were overall unremarkable (Figure 4.17). 

In contrast, injection of PS particles of 200 nm in size with Ova resulted in the 

development of a large well-demarcated non-encapsulated inflammatory focus (Figure 

4.17). Inflammatory cells, which included lymphocytes, neutrophils and macrophages, 

were noted in the periphery of the mass and also individual cells were found among the 

particles in the core of the mass (Figure 4.17). Similarly, the injection of PS particles of 

430 nm in size in conjunction with Ova induced the formation of multiple large well 

demarcated inflammatory foci (Figure 4.17). However, the areas of inflammation were 

well defined with more structure and were encapsulated around the outer area of the 

particles by a large infiltration of inflammatory cells (Figure 4.17). A higher number of 

particles remained at the injection site in comparison to the amount of particles left in 

the 200 nm injection site, which suggests that the 200 nm particles were more 

efficiently cleared but that this was associated with a less controlled responses within 

the injection site (Figure 4.17).

The local injection site in mice injected with PS particles of 1 pm in size with Ova was 

reminiscent of that observed in the mice injected with 430 nm PS particles (Figure 

4.17). The injection of 1 pm polystyrene particles induced the formation of a large 

inflammatory focus in the local area, which was well-demarcated and well defined due 

to its encapsulation by inflammatory cells surrounding the outer edges of the mass 

(Figure 4.17). However, the amount of cellular infiltration appeared to be less than that 

observed in mice injected with 430 nm or 200 nm PS particles (Figure 4.17). 

Furthermore, the remaining injected particles appeared brown in colour, a phenomenon 

that was not observed following injection of any of the other particles (Figure 4.17).

The injection of PS particles of 10 pm in size with Ova resulted in the development of a 

small discrete lesion with low cellular infiltration but in contrast to other particles the 

cellular infiltrate was mainly composed of neutrophils (Figure 4.17). The injection site
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contains mainly the remaining particles, which are clearly visible as small almost 

translucent spheres (Figure 4.17). In a similar manner to previous injection sites, the 

lesion is well demarcated but is, however, not encapsulated by a large number of 

infiltrating cells (Figure 4.17). Similar to 10 pm PS particles, injection of particles 30 

pm in size with Ova resulted in the development of discrete lesions with low, almost 

non-existent cellular infiltration (Figure 4.17). The lesion is mainly characterised by the 

presence of the remaining particles, which are visible as medium sized translucent 

spheres (Figure 4.17).

Overall, this overview of the injection sites post immunisation with various sized PS 

particles demonstrates that smaller particles (200 nm, 430 nm, 1 pm), induce prominent 

local inflammatory reactions characterised by high cellular infiltration and in all cases 

the formation of granulomas. In contrast, the larger particles (10 pm, 30 pm) did not 

induce strong local inflammatory responses. The injection was analysed both 21 days 

(prime injection) and 7 days (boost injection) following immunisation. The results 

presented here represent the injection 21 days following injection of mice, however, no 

significant differences were observed within the between the prime and boost injection 

sites (Data not shown). Therefore, suggesting, that the injection is quite a stable 

environment with a constant maintenance of cellular infiltration.

On closer inspection of the injection sites the type of inflammatory cells recruited into 

the lesions were identified. As previously outlined, injection with PS particles of 200 

nm in size and Ova induced a strong mixed cellular influx into the local area (Figure 

4.18). The types of cells recruited, included lymphocytes, neutrophils and macrophages 

(Figure 4.18). In addition, these macrophages were quite swollen (foamy) as their 

cytoplasm was filled with phagocytosed particles (Figure 4.18). Subcutaneous injection 

of PS particles 430 nm in size with Ova also induced a strong local inflammatory 

response (Figure 4.19). The 430 nm particles promoted the recruitment of macrophages 

and neutrophils into the injection site, in as similar manner to the 200 nm particles 

(Figure 4.19). Furthermore, “foamy” macrophages swollen with phagocytosed 

microparticles can also be identified within the granuloma (Figure 4.19).
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In a similar manner to the 430 nm particle injection site, injection of 1 pm PS particles 

with Ova induced a strong local inflammatory response and granuloma formation 

(Figure 4.20). Neutrophils and macrophages were the main types of inflammatory cells 

recruited (Figure 4.20). Injection of PS particles of 10 pm in size and Ova induced a 

local inflammatory reaction; however the level of this response was much lower than 

those observed in the injection sites of smaller polystyrene microparticles (Figure 4.21). 

Although the inflammatory response induced was on a smaller scale, it was primarily 

neutrophilic in nature and no significant numbers of macrophages were identified 

(Figure 4.21). In particular, no foamy macrophages were observed (Fig 4.21). This 

strongly suggests that, the increase in particle size from 1 pm to 10 pm dramatically 

changed the nature of the local inflammatory response. Injection of 30 pm PS particle 

with Ova did induce formation of a lesion however; no specific inflammatory cells were 

present within the injection site, which was mainly characterised by the remaining 

particles (Figure 4.22).

Overall, the results from the histological assessment demonstrate that smaller particles 

(200nm, 430nm, 1pm) recruited a mix of macrophages, lymphocytes and neutrophils 

into the local area while particles of 10 pm in size induced a more specific response 

mainly recruiting neutrophils, a specificity that is gone when the particle size is 

increased up to 30 pm.

4.2.4.2 The effect of particle size on adaptive cell-mediated responses induced by 

PS particles

Following on from investigations into the local inflammatory responses to particles, the 

effects of particle size on antigen-specific adaptive immunity was analysed. For these 

experiments, mesenteric lymph nodes, inguinal lymph nodes, mediastinal lymph nodes 

and spleens were removed from the immunised mice. Cells were isolated and 

stimulated with Ova at 500 pg/ml. Supernatants were collected after 3 days and 

analysed for cytokines.

No significant antigen-specific responses were detected in the inguinal lymph nodes 

(Data not shown) but immunomodulatory effects were observed in both the spleen and 

the mesenteric lymph nodes (Figure 4.24).
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The injection of PS particles with Ova had no significant immunomodulatory effects on 

the secretion of antigen-specific lL-17, lL-10 or IFN-y by splenocytes (Figure 4.23). In 

contrast, the injection of PS particles of various sizes with Ova enhanced the levels of 

IL-4, IL-5 and IL-6 secreted by stimulated splenocytes; these effects were not observed 

in all mice and were dependent on particle size (Figure 4.23). No enhancing effects on 

antigen-specific cytokines were observed in mice immunised with Ova and 200nm PS 

particles (Figure 4.23). In contrast, injection of Ova with 430nm PS particles 

significantly enhanced the secretion of Ova-specific IL-5 and IL-6 by splenocytes in 

comparison to controls (Figure 4.23). Enhanced levels of Ova-specific IL-10 were also 

observed, although these effects were not statistically significant (Figure 4.23). In 

comparison to controls, a significant increase in the levels of Ova-specific IL-5 secreted 

by re-stimulated splenocytes was observed when mice were immunised with 1 pm PS 

particles and Ova (Figure 4.23). In addition, injection of I pm PS particles primed 

splenocytes to spontaneously secrete significant amounts of IL-5 and to a lesser extent, 

IL-6 (Figure 4.23). Splenocytes isolated from mice immunised with Ova and 10 pm PS 

particles of secreted higher amounts of antigen-specific IL-4 and IL-5 than controls 

(Figure 4.23). These cells also secreted enhanced levels of IL-5 in an antigen- 

independent manner (Figure 4.23). Co-administration of 30 pm PS particles with Ova 

enhanced Ova-specific IL-6 and IFN-y, however these effects were not statistically 

significant (Figure 4.23).

In addition to the spleen, the subcutaneous injection of PS particles with Ova had 

significant effects on cytokine production by cells isolated from the mesenteric lymph 

nodes (Figure 4.24). Injection of PS particles of 200 nm, 430 nm or 1 pm in size with 

Ova had no significant effects on cytokine production by mesenteric lymph node cells 

(Figure 4.24). Additionally, no significant effects of PS particles were observed on the 

secretion of IL-10, IL-17, IL-5 or IFN-y by antigen-stimulated mesenteric lymph nodes 

cells (Figure 4.24). In contrast, injection of 10 pm or 30 pm PS particles with Ova 

significantly enhanced the secretion of IL-4 by mesenteric lymph node cells (Figure 

4.24). This increased secretion of IL-4 occurred without antigen re-stimulation and 

there was no further enhancement observed when the cells were re-stimulated with Ova 

(Figure 4.24). In addition, injection of mice with 30 pm PS particles also resulted in 

enhanced secretion of IL-6 by mesenteric lymph node cells (Figure 4.24).
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Taken together, these results demonstrate that there is a strong relationship between the 

size of the particulate and the type of cellular immune response induced. Subcutaneous 

injection with 30 pm PS particles specifically enhanced the production of IL-4 and IL-6, 

both Th2 associated cytokines, in the mesenteric lymph nodes. PS particles of 10 pm in 

size promoted the production of IL-4 by spleen and mesenteric lymph node cells, as 

well as IL-5 in the spleen. Immunisation with 1 pm PS particles and Ova primed 

splenocytes to secrete IL-5 and IL-6 in an antigen-independent manner, while no effects 

on cytokines in the mesenteric lymph nodes were observed. Overall, this suggests that 

immunisation with particles above 1 pm in size will preferentially promote Th2 type 

responses. In this study, no significant effects were observed with PS particles of 200 

nm in size on Thl associated cytokines such as IFN-y or IL-17. Thus, it was of interest 

to investigate the effect of even smaller particles on antigen-specific cellular immunity, 

in order to determine if these could bias the response in an opposite direction to the 

larger particles by promoting the production of IFN-y and/or IL-17.

4.2.4.3 The effect of particle size on the ability of PS particles to promote antigen- 

specific humoral immunity

Having established that the injection of different sized particles can have significantly 

different effects on cell-mediated immune responses, the relationship between particle 

size and the induction of humoral responses was investigated. Blood samples were 

collected 21 days post immunisation and the levels of serum antigen-specific IgG, IgGl, 

IgG2b and IgG2c were determined by ELISA.

Injection of all PS particles with Ova, regardless of their size, increased levels of Ova- 

specific IgG in the serum in comparison to injection of Ova alone (Figure 4.25). The 

IgG antibody isotypes, IgG2b, IgG2c and IgGl, were also measured. In a similar 

manner to IgG, all particles enhanced the production of antigen-specific IgGl, IgG2b 

and IgG2c when compared to Ova alone (Figure 4.25). Remarkably, there were no 

significant differences in the titres of antigen-specific antibody isotypes between the 

different sized particles (Figure 4.25). However, injection of 200 nm PS particles with 

Ova resulted in the highest titres of antigen-specific IgG2c in comparison to the other 

PS particles (Figure 4.25). In contrast, there were no differences in the ability of 

different sized PS to promote the production of antigen-specific IgGl and IgG (Figure
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4.25). In the case of IgG2b, however, injection of 430 nm PS did not enhance antigen- 

specific titres in comparison to Ova alone (Figure 4.25). Overall, these results suggest 

that particle size is not a decisive factor in the ability of PS to enhance humoral 

responses following subcutaneous administration.

4.2.5 The effects of particle size on the adjuvant properties of PS particles 

following intraperitoneal immunisation

Following on from the results of the initial particle size study, it was predicted that the 

induction of more robust cell-mediated responses would require very small particles. In 

agreement with this, studies have shown that nanoparticles of 40 nm in size have the 

ability to promote the development of CD8^ T cell responses [547, 549]. Mice were 

immunised intraperitoneally with PBS, Ova alone or Ova with PS particles of various 

sizes (50 nm, 200 nm, 430 nm, 1 pm, 10 pm or 30 pm). The peritoneal cells were 

isolated post-immunisation in order to investigate the local cytokine response. The 

spleen, mesenteric lymph nodes, mediastinal lymph nodes and inguinal lymph nodes 

was also removed so that systemic effects on cytokine production could be analysed. 

Cells were isolated and re-stimulated with medium or Ova (500 pg/ml). Supernatants 

were collected after 3 days and analysed for cytokines.

4.2.5.1 Effect of particle size on adaptive cell-mediated responses induced by PS 

particles

No significant effects on cytokine secretion by re-stimulated mesenteric, inguinal or 

mediastinal lymph node cells were observed (Data not shown). Additionally, injection 

of PS particles with Ova did not have any immunomodulatory effects on the secretion 

of IL-4, lL-5 or IL-6 by peritoneal cells. In contrast, significant effects of particle 

injection were observed on the local secretion of antigen-specific IFN-y and IL-17 

(Figure 4.26). Peritoneal cells isolated from mice injected with Ova and 50 nm PS 

particles secreted significantly higher concentrations of Ova-specific IL-17 than cells 

isolated from miee injected with Ova alone (Figure 4.26). In addition, peritoneal cells 

from mice injected with Ova and 200 nm PS particles also secreted increased amounts 

of Ova-specific IL-17 (Figure 4.26). However, this effect was not statistically
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significant. Interestingly, injection of the 50 nm particles did not induce the secretion of 

significant concentrations of any other cytokine (IL-4, IL-5, IL-10, IFN-y, IL-6), either 

spontaneously or antigen-stimulated (Figure 4.26).

Peritoneal cells isolated from mice injected with Ova and 1 pm PS particles produced 

significant amounts of IL-10 spontaneously compared to mice injected with PBS or Ova 

alone (Figure 4.26). However, no antigen-specific IL-10 was detected by peritoneal 

cells isolated from any of the immunised mice (Figure 4.26).

Injection of 50 nm, 10 pm or 30 pm PS particles with Ova led to an increase in secretion 

of antigen-specific IFN-y in comparison to cells taken from mice injeeted with Ova 

alone (Figure 4.26). However, the increase was only significant with the 10 pm 

particles (Figure 4.26).

In addition to local cytokine secretion, the effect of particle size on cytokine secretion 

by spleen eells was examined. In agreement with the data obtained following 

subeutaneous injection, intraperitoneal injection of 10 pm PS particles with Ova 

enhanced antigen-specific IL-4 production by splenocytes (Figure 4.27). This effect on 

antigen-specific IL-4 was not observed with the other partieles (Figure 4.27). In 

addition to IL-4, intraperitoneal injection of 10 pm PS particles with Ova also 

significantly enhanced the production of IL-10 by splenocytes in both an antigen- 

dependent and antigen-independent manner (Figure 4.27).

In contrast to earlier findings, no significant effects were observed on the secretion of 

IL-5 by splenocytes isolated from mice injected with PS particles (all sizes) and Ova 

(Figure 4.27). While the effects were not statistically significant, injection of PS 

particles also enhanced the production of antigen-specific IL-6, IFN-y and IL-17 in the 

spleen (Figure 4.27). In particular, splenocytes isolated from mice injected with 50 nm 

PS particles secreted higher concentrations of Ova-specific IL-17 than cells taken from 

mice injected with Ova alone (Figure 4.27). This is consistent with the enhanced 

secretion of local IL-17 observed by Ova-stimulated peritoneal cells from mice injected 

with 50nm PS particles and Ova (Figure 4.26). Injection of 50 nm, 200 nm or 10 pm PS 

particles with Ova enhaneed the secretion of antigen-specific IFN-y (Figure 4.27).
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In the case of IL-6, injection of Ova with PS particles of 50 nm, 10 pm and 30 pm in 

size resulted in enhanced Ova-specific IL-6 in comparison to cells taken from mice 

injected with Ova alone (Figure 4.27). However, these effects were not significant 

(Figure 4.27).

Overall, this study shows that IP injection of smaller PS particles (<200nm) is an 

efficient means of driving the Thl and Thl7 associated cytokines, IFN-y and lL-17. In 

contrast, larger PS particles (>10pm) are more effective at promoting the Th2 associated 

cytokines, IL-10 and IL-4 (Figures 4.26-4.27).

4.2.5.2 Particle size is not a key determinant of the efficiency of PS particles to 

enhance humoral immune responses following intraperitoneal immunisation

Having established that different sized particles can have significantly different effects 

on cell-mediated immune responses after intraperitoneal injection, the relationship 

between particle size and the induction of humoral responses was investigated.

In a similar manner to the subcutaneous studies, intra-peritoneal injection of PS 

particles with Ova, regardless of their size, enhanced the production of antigen-specific 

antibodies (Figure 4.28). As well as enhancing total IgG titres, all particles enhanced 

the production of antigen-specific IgGl, IgG2b and IgG2c when compared to Ova alone 

(Figure 4.28). Remarkably, there were no significant differences in the titres of antigen- 

specific antibody isotypes between the different sized particles (Figure 4.28). 

Furthermore, no partieular sized particle showed any bias towards the production of any 

specific antibody isotype (Figure 4.28).

These findings are similar to those observed when mice were immunised 

subcutaneously with various sized PS particles (Figure 4.25) and taken together 

indicate that in the range of 50nm to 30 pm, PS particle size is not the key factor in 

determining the magnitude or nature of antigen specific antibody responses induced.
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4.3 Discussion

The demonstration that PVA can activate the NLRP3 inflammasome was an important 

discovery, but it is not required for the induction of humoral immunity. Therefore, the 

mediators of adjuvanticity promoted by particulates remain elusive. Here, a number of 

in vivo experiments were carried out to investigate the innate and adaptive responses 

driven by PVA. Firstly, a study was designed to investigate the relationship between 

the composition of the PVA and the type of immune response induced.

All three particulates, alum, PLG (PLG) microparticles and polystyrene (PS) 

microparticles enhanced local cellular infiltration and induced the formation of a 

granuloma at the injection site. These local reactions to PVA have previously been 

reported for alum [551-552]. Furthermore, necrotic cells were observed within the 

injection site following administration of all three particulates, suggesting that PVA are 

toxic to cells in vivo.

In addition to the local inflammatory response, injection with PVA promoted the local 

production of IL-ip, no effects on IL-la, IL-10, IFN-y, IL-4, IL-5 or IL-6 locally were 

observed. This enhancement of IL-ip is in agreement with other studies that have 

shown that intraperitoneal injection with alum enhances the local secretion of IL-ip as 

rapidly as 4 h post-immunisation [119]. What is most interesting is that this 

enhancement of IL-ip occurs in the absence of an exogenously administered second 

stimulus. This is in contrast to in vitro studies, where a second signal in the form of a 

TLR agonist is required to promote particle-mediated enhancement of IL-ip. 

Histological analysis demonstrated that subcutaneous administration of PVA induces 

necrosis. Therefore, it is possible that these dying cells are releasing endogenous 

danger signals, which provide the priming signal necessary to enhance the transcription 

of pro-IL-ip. Several endogenous danger signals with the ability to enhance immune 

responses have been identified, including uric acid and HMGBl [11-12]. Data 

presented in chapter 3, demonstrated that uric acid was not required for the 

enhancement of IL-ip secretion by PVA in vitro (Figure 3.23). In contrast, exogenous 

HMGBl can replace TLR agonists to provide signal 1 for IL-ip secretion by DC treated 

with PVA (Figure 5.9). It is therefore possible that, HMGBl released by necrotic cells 

within the injection site, could act as the priming signal for PVA to activate the 

inflammasome, thus promoting the local secretion of IL-ip. It would be of interest to
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investigate local HMGBl release by immunohistochemistry and to carry out further 

studies with blocking antibodies to HMGBl to fully investigate the role of HMGBl in 

promoting local inflammation in response to PVA.

Following on from the analysis of local cytokine production, the effect of PVA 

administered with KLH on cytokine production by re-stimulated spleen and inguinal 

lymph node cells was analysed. Overall, the particulates (alum, PLG, PS) were poor 

inducers of antigen-specific cell-mediated responses. However, when re-stimulated 

with polyclonal stimuli (anti-CD3 or anti-CD3 and PMA), cells isolated from mice 

injected with KLH and PVA secreted higher levels of Th2-associated cytokines 

particularly IL-4 and IL-5, in comparison to cells isolated from mice injected with KLH 

alone. Despite the poor antigen-specific cell-mediated responses induced by the 

particulates, these adjuvants strongly enhanced the production of antigen-specific 

antibodies. Overall, this suggested that the three PVA analysed (alum, PLG, PS) 

promote similar types of immune responses when injected in vivo.

Since the study comparing alum, PLG and PS clearly demonstrated that these adjuvants 

can modulate spleen cell responses to anti-CD3 or anti-CD3 and PMA, a more detailed 

kinetic analysis was carried out to investigate alum- and PLG-mediated modulation of 

spleen and lymph node cytokine production. These studies have identified several 

cytokines, including IL-6, whose secretion was enhanced by injection of PVA.

Injection with alum alone resulted in the priming of splenocytes to produce significant 

amounts of IL-6. This enhancement in IL-6 production was also observed in spleen 

cells from mice injected with PLG or alum. The kinetics of this priming for IL-6 

production differed between the adjuvants; in the case of alum, the enhancement of IL-6 

production was found in spleen cells isolated from mice 5 d following injection, 

whereas, IL-6 was detected as early as 3 h post-injection with PLG. Overall, these 

studies suggest that the enhancement of IL-6 production is a common feature of 

particulates. In agreement with this, others have shown that injection of alum induces 

the production of local IL-6 as rapidly as 4 h after injection [119]. The differences in 

kinetics between this and current findings with alum may be explained by, the site of 

the IL-6 production and the route of injection, as the study by McKee et al 

demonstrated local production of IL-6 in the peritoneum following intraperitoneal 

injection. Furthermore, in their study, IL-6 was detected in the peritoneal lavage and
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the cells did not require any subsequent stimulation. Therefore, it is also possible that 

the source of the IL-6 secreted in the spleen and the peritoneum may also differ.

IL-6 is a pro-inflammatory cytokine with pleiotropic effects on the immune system. It 

has effects on the innate response, such as promoting the production of acute phase 

proteins within the liver and stimulating the generation of neutrophils in the bone 

marrow. In addition, IL-6 is required for the development of Thl7 cells. IL-6-deficient 

mice lack Thl7 cells in the lamina propria, which are normally constitutively present 

[277]. Of most interest, however, is the fact that lL-6 has the ability to promote the 

proliferation of activated antibody-producing B cells. It is also one of the key cytokines 

required for the development of Tfh cells, CD4^ T cells which are the main providers of 

B cell help, through the induction of BCL6 [330]. The key role played by IL-6 in B cell 

activities is highlighted by the fact that, IL-6-deficient mice have a reduced number of 

germinal centre B cells, reduced numbers of Tfh cells and display defects in their ability 

to promote germinal centre formation [330, 332, 553]. Based on these findings, it is 

possible to predict that this enhanced lL-6 is important for the promotion of humoral 

immune responses by particulates.

Contrary to this theory, it seems that these B cell-activating roles of lL-6 are redundant 

in the case of alum as lL-6-deficient mice show no defect in their level of IgG or IgGl 

production when immunised with alum-adjuvanted Ova [454]. However, IL-6-deficient 

mice produced significantly higher levels of IgG2a and IFN-y in response to 

immunisation with Ova and alum in comparison to their WT controls [454]. While the 

levels of IgG2a in the IL-6'^' mice indicate a greater Thl response, the cytokine data 

showed that along with increased IFN-y levels, the absence of IL-6 also promoted the 

production of IL-4, IL-5 and IL-10, suggesting that IL-6 regulates the development of 

Thl and Th2 cell-mediated responses [454]. Taken together results from Brewer et al 

suggest that, while the absence of IL-6 allowed for the enhancement of IFN-y and 

IgG2a it also promoted the production of Th2 associated cytokines, which ultimately 

allowed the Th2 response to dominate [454].

It will be important to identify the source of the IL-6, as this may provide information 

about the type of cells that are activated either directly or indirectly in vivo by PVA. 

Given the fact that this enhancement of IL-6 was only observed when splenocytes were 

stimulated with a TLR agonist, LPS, one would predict that a cell from the myeloid
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lineage is the primary producer of the IL-6. In agreement with this hypothesis, a recent 

study has demonstrated that injection of alum induced a rapid induction of local IL-6 

production [119], This enhancement of IL-6 was dependent on the presence of mast 

cells and macrophages, as depletion of either ablated the local production of IL-6 [119], 

However, depletion of both cell types had no effect on the ability of alum to enhance 

antigen-specific antibody production, suggesting that IL-6 is not required for alum to 

promote antibody production [119],

In addition to the enhanced secretion of IL-6, splenocytes isolated from mice injected 

subcutaneously with alum produced significantly greater amounts of IL-10 than mice 

injected with PBS when stimulated with anti-CD3 or anti-CD3 and PMA. This 

enhancement of IL-10 occurred rapidly, with significant levels detected within 3 h post

injection of alum and was maintained for up to 7 days. Moreover, injection with PLG 

alone also primed splenocytes to produce IL-10 when stimulated ex vivo. However, the 

stimulus used to promote the secretion of IL-10 by the PLG-primed splenocytes was 

different to that used in the alum kinetics study. In the case of alum, splenocytes treated 

with anti-CD3 and PMA displayed enhanced IL-10 secretion, whereas PLG-primed 

cells secreted significant amounts of IL-10 when stimulated with LPS. In addition to 

the stimuli used to promote the secretion of the IL-10, there was also a difference in the 

kinetics of its release. Despite these differences, both studies show that the ability to 

prime cells to produce IL-10 is a common feature observed with a range of PVA and 

this could provide some insight into their mechanism of action. In contrast to our 

findings, a recent study investigating the effect of alum-injection on the local production 

of chemokines and cytokines, did not find any effects on the levels of local IL-10 [119]. 

However, McKee et al looked at local cytokine production 4 h post alum 

administration, whereas the effect of PVA on IL-10 secretion was observed 24 h 

following subcutaneous injection of alum. Furthermore, in the study by McKee et al 

the local production was analysed whereas, these current studies investigated more 

systemic effects, by analysing secondary lymphoid organs for changes in cytokine 

production. Therefore, these differences in kinetics and anatomical locations of the 

response may explain the discrepancies between the studies.
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IL-10 is a type II cytokine, which was first identified as a product of Th2 cells. It was 

initially was shown to be an inhibitor of Thl cell development [554], The biological 

effects of IL-10 range from, activation of NK and B cells, to regulation of APC activity 

through IL-lO-induced downregulation of MHC class II and co-stimulatory molecules 

[555-556], IL-10 plays an important role in regulating immune responses, maintaining 

steady state homeostasis and reducing immunopathology induced by overactive 

responses. For example, IL-10-deficient mice develop spontaneous colitis, succumb to 

sublethal doses of LPS and parasitic infections, including T.gondii and T.cruzi [557- 

560]. In contrast, the absence of IL-10 promotes increased resistance to pathogens, such 

as Mycobacterium avium and lymphocytic choriomeningitis (LCMV), which require 

strong Thl responses for clearance [561-562]. The different effects on protective 

immunity observed in IL-10-deficient mice, suggests that IL-10 can have either 

protective or detrimental effects depending on the type of response that is required.

Of most relevance to these current studies, however, is the role played by IL-10 in the 

priming and determination of T helper effector responses. Since its discovery, it has 

been demonstrated that IL-10 has inhibitory effects on the development of Thl type 

immune responses [554]. Moreover, it has been shown that the co-administration of 

an IL-IOR blocking antibody with the protein antigen Ova promoted the development of 

Thl type responses, as characterised by high levels of antigen-specific IFN-y [563]. 

However, this study also demonstrated that this enhancement of Ova-specific IFN-y in 

the absence of IL-10 only occurred when the Ova was contaminated with LPS, 

suggesting the need for a pathogen derived signal [563]. Based on these studies and the 

inability of PVA to promote the development of Thl responses, one can propose that 

the rapid IL-10 production induced by particulates may dampen down or inhibit Thl 

responses. In addition to the enhancement of IL-10 observed post-injection of particles, 

it was also found that PVA have the ability to prime for IFN-y secretion at early time 

points, specifically in IL-IRL^' mice. This suggests that the inability of PVA to 

promote cell-mediated responses is not due to the absence of Thl promoting factors. 

The development of Th2 type cell-mediated responses may be due to the presence of 

high levels of IL-10, which dominates the priming stage of the response and favours the 

Th2 phenotype.
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In agreement with this, studies in our lab have shown that IL-IOR’'" mice immunised 

with alum-adjuvanted Ova produced significantly higher levels of antigen-specific IFN- 

y when stimulated ex vivo in comparison to WT controls (Oleszycka E et al unpublished 

findings). This data adds to the hypothesis that the induction of lL-10 by alum is central 

to the Th2 bias observed in vivo with this adjuvant. This switch in the cell-mediated 

responses observed in alum-immunised IL-IOR'^'mice towards a more Thl bias was not 

reflected in the humoral responses, as no significant differences in antibody titres were 

observed between the IL-IOR'^' and WT mice. Ongoing studies are investigating the 

effects of blocking this initial burst of IL-10 using a neutralising antibody to the IL-IOR.

It is important to identify the source of this early IL-10 production. Although IL-10 was 

originally classified as Th2-associated cytokine, the spectrum of immune cells identified 

with the ability produce IL-10 has expanded greatly [554]. In addition to Th2 cells, IL- 

10 has also been shown to be produced by other CD4^ T cells including Thl, Thl7, 

natural Tregs, antigen-specific Tregs and the newly identified IL-9 producing T cells 

[564-567]. As well as CD4^ T cells, CD8^ T cells, B cells and neutrophils have also 

been shown to produce IL-10 [556, 568-569]. The main sources of IL-10 are the innate 

APC, including DC and macrophages. Adding further complexity is the fact that 

splenocytes isolated from mice injected with alum or PLG produced IL-10 in response 

to different stimuli. In the case of alum, significant amounts of IL-10 were produced 

when cells were stimulated with classical T cell activating stimuli, including anti-CD3 

and PMA. However, this does not rule out the possibility that the activated T cells are 

stimulating other cell types to produce the IL-10, thus the production of IL-10 could be 

due to either a direct or indirect effect of the stimuli used. Splenocytes were also 

stimulated with LPS. However, no significant effects on IL-10 production by 

splenocytes isolated from alum-injected mice were observed suggesting that the source 

of the IL-10 is not an APC. In contrast to alum-injected mice, splenocytes isolated from 

mice injected with PLG only secreted IL-10 when treated with LPS. Overall, the source 

of the IL-10 cannot currently be predicted based on the stimuli used, due to the wide 

range of both innate and adaptive cells that produce IL-10 and the range of stimuli that 

promote its secretion.
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Given the ability of PVA to activate the inflammasome and promote the secretion of IL- 

ip in vitro and at the site of injection, the levels of IL-ip produced by splenocytes 

isolated from alum-injected mice were analysed. Interestingly, splenocytes isolated 

from mice injected with alum produced significant levels of IL-ip when stimulated with 

anti-CD3 alone or anti-CD3 and PMA. This effect on IL-ip was only observed 7 days 

following alum administration in the IL-lRl'^' mice and no significant effects were 

observed in the WT mice. This difference may be due to rapid uptake of IL-ip by its 

receptor in the WT cells, therefore preventing detection of IL-ip by standard assays. In 

addition, it is also possible that there is a negative feedback promoted by IL-ip, thereby 

limiting its own production. This would also explain the absence of IL-ip secretion 

from the stimulated WT splenocytes isolated from alum-injected mice.

Recent studies have demonstrated that IL-1 has the ability to promote the expansion of 

antigen activated CD4^ T cells, suggesting a role for IL-ip in the promotion of T cell 

responses [570]. The authors transferred antigen-specific (pigeon cytochrome C;PCC) 

lymph node cells into lymphocyte-deficient mice, the recipients were then immunised 

with PCC alone or in combination with LPS or IL-1. They found that, the mice that 

received the PCC in combination with IL-1 had a greater number of antigen-specific T 

cells following immunisation than the mice that had reeeived PCC alone or PCC in 

combination with LPS [570]. In addition, the presence of IL-1 boosted T cell-mediated 

effects as shown by enhanced production of Ova-specific IgGl in WT mice immunised 

with Ova and rIL-1 in comparison to mice immunised with Ova alone. Furthermore, the 

addition of IL-1 [3 during boost immunisations significantly enhanced the expansion of 

memory antigen-specific T cells [570]. Therefore, this study shows that IL-1 has the 

potential to enhance primary and secondary T cell-mediated responses by promoting the 

expansion of antigen-specific T cells, a previously unappreciated role for IL-ip. Given 

this recently identified effect of IL-1 P, it is possible that the physiological consequence 

of the enhanced IL-1 production observed in the spleen 7 days post alum-injection may 

be important for the expansion and maintenance of T cell responses mediated by PVA. 

Furthermore, mice deficient in NLRP3, which is necessary for IL-ip secretion, show 

defective cell-mediated responses, such as a reduction in antigen-specific IL-5 and IL-6 

when immunised with alum or PLG and Ova, respectively, compared to WT mice, 

further adding to data suggesting that IL-ip positively activates cellular immunity [105] 

(Figure 3.28).
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One of the most interesting findings from the PVA kinetics studies was the 

enhancement of IL-21 mRNA detected in spleen cells taken from mice 24 h post 

injection with PLG. This enhancement of IL-21 mRNA occurred in an antigen- 

independent manner and was detected in unstimulated spleen cells. The expression of 

IL-21 mRNA was not measured in mice injected with alum alone therefore it is not 

possible to say whether this is a common feature of particles. IL-21 is a type I cytokine, 

which signals via the IL-21 R and common yc receptor chain, shared by IL-2, IL-4, IL-7, 

IL-9 and IL-15. Ligation of the IL-21R and yc receptor complex triggers activation of 

the Jak/STAT3 signalling pathway [571-573]. The main functions of IL-21 include, 

promoting B cell proliferation, isotype switching and differentiation of B cells into long 

lived plasma cells through its enhancement of BLIMP-1 [339, 372, 574], In addition, 

IL-21 has also been shown to activate NK cells, NKT cells and promote the 

proliferation of CDS"^ T cells and the development of Thl7 cells [572, 575-577], While 

the IL-21R is expressed on a wide variety of cells, it is predominantly found on B cells 

[578],

The important role of IL-21 in the activation of B cells is highlighted by the fact that 

overexpression of IL-21 in vivo results in an increase in the number of immature B 

cells, isotype switched memory B cells and plasma cells. In addition, these mice also 

produce enhanced levels of serum IgG and IgM [372]. Furthermore, IL-21-deficient 

mice show a decrease in isotype switching in activated B cells, specifically reduced 

IgGl which is the main isotype enhanced by particulates. Mice deficient in IL-21 also 

display impaired development of germinal centres, which are central to processes such 

as somatic hypermutation and affinity maturation [372]. Given the role played by IL-21 

in B cell homeostasis, proliferation and activation it is possible that, the physiological 

consequence of this PLG-enhanced IL-21 mRNA may be central to the ability of the 

particles to promote humoral immunity. Previous studies into the mechanism of action 

of PVA have shed light on cellular responses induced by particulates, such as the 

requirement of NLRP3 for cell recruitment and the enhancement of chemokine and 

cytokine production by particulates in vivo [105, 107-108, 118-119]. However, the 

mechanism of their ability to enhance humoral responses remains controversial [105, 

107-108, 118-119]. The ability of PLG to enhance the expression of IL-21 mRNA in 

spleen cells has previously been unappreciated and may represent a key observation to 

help elucidate the basis of robust humoral responses induced by PVA.
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IL-21 was discovered in the supernatant of activated CD3^ cells and originally shown to 

activate NK cells [572], More recently however, it has been shown that IL-21 exerts an 

autocrine role in the development of Thl7 cells. It is also produced by NKT cells, both 

CD4' and CD4^ and follicular T helper cells (Tfh) [575, 577-578], The main source of 

IL-21 is the Tfh cell, which was originally identified in human blood and tonsillar tissue 

[327-328], The original studies into Tfh cells demonstrated that, co-culture of B cells 

and Tfh cells induced activation and subsequent production of antibodies by the B cells 

[327-328], The essential role played by Tfh cells in the development of humoral 

responses, makes them an attractive candidate for the source of enhanced IL-21 mRNA 

following PLG-injeetion. However, the rapid induction of the PLG-mediated IL-21 

suggests that the source of the IL-21 may be an innate cell. It is also possible that an 

innate cell may represent the early source of IL-21 prior to Tfh cell activation. It will be 

of interest to investigate whether or not this is enhancement of IL-21 is a common effect 

induced by all particulates and also to look at antigen-specific production of IL-21 by 

repeating the study using an antigen-adjuvant combination.

Overall, these kinetics studies have led to the identification of several important factors 

that are promoted by injection of PVA alone. Injection of particles is sufficient to 

promote the enhancement of IL-6, IL-10 and IL-21. All of which have been shown to 

play key roles in B cell activity, thereby promoting the development of humoral 

immunity. Furthermore, the rapid induction of IL-6 and IL-10 by particulates may be 

responsible for the Th2 bias that is observed with particulate adjuvants. In addition, 

PVA also promote the production of IL-ip following injection, which may be important 

for particle-induced cell-mediated responses. Taken together, the results from these 

studies strongly support the idea that, PVA are immunmodulatory and have identified 

several important cytokines which may explain the basis for their mechanism of action.

It has previously been suggested that, the size of particulate adjuvants may play a 

significant role in determining their ability to induce immune responses. The size of 

particles used as adjuvants are the same as many of the pathogens that are encountered 

by our immune system, such as viruses, which are normally less than 0.5 pm and 

bacteria, which are generally greater than 0.5 pm [547, 579], Several studies have 

investigated the relationship between the size of the particles and the type of immune 

response induced [547-549, 579-580], While these studies have given insight into the 

relationship between particle size and immunogenicity, none of them have provided
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detailed studies of the effects on innate, and adaptive, humoral and cell-mediated 

responses. Microparticles can be manufactured from several different substances, with 

the most popular being biodegradable poly-lactide-co-glycloide microparticles, due to 

their biocompatibility and their high safety profile for human use [579]. However, PS 

particles were chosen for this current study due to the fact that their size can be sharply 

defined. Furthermore, the use of inert nano-beads (polystyrene) as adjuvants has been 

demonstrated by several studies [547, 549]. This study aimed to investigate the effect 

of particle size on the induction of immune responses by analysing the local effects, 

cytokine production both locally and systemically, as well as the production of antigen- 

specific antibodies. Furthermore, as others have shown that different routes of 

administration potentially elicit different types of immune reactions based on 

differential uptake by resident APC [547, 580], two routes of administration were 

tested.

The initial study examined the effect of particle size on the local inflammatory response 

by immunising subcutaneously, which allowed for histopathological analysis of the 

tissue surrounding the injection site. Overall, smaller particles (200-1000 nm) induced 

a strong local inflammatory response characterised by, increased cellular infiltration, 

granuloma formation and areas of local necrosis. In contrast, the larger particles (10 pm 

and 30 pm) resulted in a lower level of cellular infiltration into the area and no necrosis. 

Despite this low level of local inflammation, it is worth noting that the majority of the 

cells which were recruited in response to injection of 10 pm PS particles and Ova, were 

neutrophils. This specific recruitment observed in response to the 10 pm PS particles 

was in contrast to the smaller PS particles which attracted neutrophils and macrophages, 

the latter being identified by their “foamy” nature due to phagocytosed particles. In 

general the smaller particles, ranging from 200 nm- 1 pm in size, caused more local 

inflammation than the larger particles. This could be due in part to, the ability of 

different sized particles to be phagocytosed and subsequently activate local APC, which 

could produce cell recruiting chemokines. Furthermore, the necrosis and damage 

induced by the smaller particles may also contribute to the local secretion of cell 

recruiting chemokines, through the release of endogenous danger signals from dying 

cells.
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The ability of larger particles (polystyrene: 4 pm) to promote neutrophil recruitment, 

specifically, after intratracheal immunisation has been previously reported (Samuelsen, 

Nygaard et al. 2009). Current findings have demonstrated that PS particles of 10 pm in 

size specifically recruit neutrophils. Therefore, it would be of interest to carry out 

further studies with particles ranging from 1-10 pm in size, in order to identify exactly 

at what size this switch to selective neutrophil recruitment occurs. In addition, the 

effect of particle size on the local production of cell recruiting chemokines and 

cytokines should be investigated.

Following on from the analysis of the injection site reaction, the systemic effects of 

particle size were also analysed to determine if there was any relationship between the 

degree of local inflammation and the induction of cellular immune responses. Based on 

the large amount of inflammation induced locally by the smaller particles (200 nm and 

430 nm) it was predicted that these particles may promote the development of a Thl 

type response. However, no enhancement in the production of IFN-y, a key Thl 

associated cytokine, was observed in either the spleen or the mesenteric lymph nodes 

following subcutaneous injection with smaller PS particles (200 nm and 430 nm) and 

Ova. In fact the smaller PS particles (200 nm and 430 nm), were inefficient at driving 

cell-mediated immune responses in general. In contrast, when the larger PS particles 

(1pm, 10pm and 30pm) were injected subcutaneously, they specifically promoted the 

production of the Th2 associated cytokines, IL-4 and IL-5, in secondary lymphoid 

tissues. Despite the low level of local inflammation observed with the larger particles, 

which cannot be phagocytosed efficiently, injection of these with Ova promoted the 

production of IL-4 and IL-5 in the spleen and mesenteric lymph nodes. However, the 

mechanism by which these larger particles promote cell-mediated responses remains 

unknown.

As previously discussed, IL-1 plays an important role in the enhancement of effector T 

cell responses [570]. Furthermore, others have demonstrated that even particles that 

cannot be phagocytosed by APC ean still activate the inflammasome, subsequently 

enhancing the secretion of IL-1 [104]. The authors propose that, this activation of the 

inflammasome by larger particles occurs by enhanced levels of intracellular reactive 

oxygen species triggered by the attempted phagocytosis of the particles by the APC. A 

process known as frustrated phagocytosis [104]. Therefore, it is possible that the 

attempted phagocytosis of these larger PS particles (10 pm and 30 pm) could have
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activated the inflammasome and subsequent secretion of IL-1 by local APC. This 

potential enhancement of IL-1 via frustrated phagocytosis by local APC could 

subsequently play a role in the enhancement of effector T cell responses as previously 

reported [570], Further studies involving the immunisation of IL-lRl'^' mice may help 

to identify whether or not IL-1 enhancement is required for the larger particles to 

promote cell-mediated responses.

It was previously demonstrated that smaller particles (40-50 nm: polystyrene 

nanobeads) strongly promoted the development of CD8^ IFN-y producing T cells [547, 

549]. However, they showed that the optimal particle size range for the induction of 

these IFN-y secreting T cells was, between 40-50 nm [547, 549]. This is roughly five 

times smaller than the particles tested in the subcutaneous vaccine study, suggesting that 

in order to promote stronger cell-mediated responses requires the use of particles less 

than 200 nm in size.

In order to test this theory, particles 50 nm in size were also tested for their ability to 

promote local and systemic cell-mediated responses and humoral immune responses. 

These particles were compared to the particles tested in the original study (200 nm-30 

pm). In contrast to the original subcutaneous study the particles were injected 

intraperitoneally in combination with Ova, so that the local production of cytokines 

could be analysed. In agreement with the idea that smaller particles would promote 

stronger Thl and Thl7 cell-mediated responses, intra-peritoneal injection of 50 nm PS 

particles specifically enhanced the production of the pro-inflammatory T cell cytokines 

IL-I7 and IFN-y. The enhancement of IL-17 occurred both locally and in the spleen. 

Furthermore, this enhancement of IL-17 was specific to the smaller particles, as the 200 

nm particles also enhanced lL-17, while no effect was observed in any of the mice 

immunised with particles larger than 200 nm. Interestingly, the 10 pm PS particles also 

promoted the production of IFN-y locally and in the spleen, although this was not 

statistically significant. However, in the spleen the 10 pm PS particles significantly 

enhanced the secretion of antigen-specific IL-4 and IL-10 suggesting a Th2 type 

response.
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Overall, the findings from this study suggest that in order to promote a strong cell- 

mediated response that, ultrafine nanoparticles of 50 nm in size or larger particles 10 

pm in size should be used. Furthermore, the smaller particles will promote a more Thl 

type response, while the larger particles bias the response towards a Th2 phenotype. 

The enhancement of cell-mediated responses with ultrafine PS particles was previously 

reported [547, 549]. However, the ability of the larger particles to promote strong cell- 

mediated responses has previously been unappreciated.

Having established the cytokine profiles induced, both locally and systemically, in 

response to various sized PS particles, it was subsequently necessary to analyse their 

ability to promote humoral immune responses. The findings from the this current study 

show that there were no significant differences observed between the various sized 

particles (50 nm- 30pm) in their ability to enhance the production of antigen-specific 

IgG. Regardless of the size of the particle, a significant increase in Ova-specific IgG 

was detected in the serum of particle and Ova immunised mice in comparison to Ova 

alone. Therefore, there is no direct relationship between the size of the particle and its 

ability to promote humoral immune responses. In contrast to this, others have reported 

differences in the level of antibody production by various sized particles [548, 580].

One such study entrapped tetanus toxoid (TT) within PLA microparticles of various 

sizes (<2pm, 2-8pm, 10-70pm, 50-150pm) and compared the anti-TT antibody 

responses induced following a single intramuscular injection [548]. In this study, 

Katare et al demonstrated that, the optimal size range for enhanced anti-TT antibody 

production is between 2-8 pm, while PLA particles less than 2 pm and greater than 10 

pm elicited lower anti-TT antibody titres [548]. These results suggest that the size of 

the particle can affect the ability of the particulate to enhance humoral responses. One 

explanation for the differences between the study by Katare et al and current findings is 

that they used PLA microparticles which cannot be formulated so that each particle is 

the exact same size. As a result, particle preparations contain a range of particle sizes 

[548]. In contrast, PS particles were used in this current study, which can be well 

defined on the basis of size. An additional explanation for the differences observed 

between current results and what has been reported by Katare et al is the route of 

immunisation, intraperitoneal or subcutaneous versus intramuscular, as it has previously 

been suggested that different routes of immunisation elicit different types of responses 

[581].
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Despite the fact that particle size does not affect the enhancement of antigen-specific 

IgG, the cytokine profiles suggested that different sized particles were inducing 

different types of responses. Therefore, this may be reflected in the subclasses of 

antibodies. It has also been shown that different size particles display differential 

uptake by APC and it was proposed that this may direct the induction of adaptive 

immune responses [547, 549]. Based on these observations, the serum levels of several 

IgG isotypes were analysed. These current studies showed no significant differences 

were found in the induction of IgGl, IgG2a or IgG2c induced by the various sized 

particles suggesting that, the size of the particle does not determine the type of humoral 

immune response that is induced.

Despite the fact that the particles size does not determine the strength or type of 

humoral response that is induced, it is surprising that the larger particles (10 pm and 30 

pm) were able to enhance the production of antigen-specific antibodies at a level 

comparable to the smaller particles, despite their inability to be phagocytosed. 

However, other studies have demonstrated the ability of larger microparticles to elicit 

strong antibody responses. One such study reported that a single vaccination, with a 

mixture of small (<10 pm) and larger (10-100 pm) PLA particles encapsulated with 

Hepatitis B surface antigen, elicited stronger more robust antigen-specific antibody 

responses than three doses of an antigen-alum combination [582]. It was proposed that 

these enhanced responses using mixed particle sizes were the result of biphasic 

responses, the initial rapid enhancement of responses which was promoted by the 

smaller particles and a slower boost of responses much later due to the slow release of 

the antigen by the larger particles [582]. Since this current system did not rely on 

adsorbed, entrapped or conjugated antigen this concept of slow antigen release may not 

explain the ability of larger particles to enhance antibody responses.

Although the larger particles are not phagocytosed, previous findings from chapter 3 

have demonstrated that APC still attempt to phagocytose these particles and attach 

themselves to the surface of the particles (Figure 3.19). It is therefore possible that 

these APC could potentially still be activated by the larger particles while they 

attempting to engulf the particle via frustrated phagocytosis [104]. Therefore, the 

frustrated phagocytosis of these larger particles may activate APC sufficiently to 

promote the enhancement of humoral immune responses. However, further studies
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would be necessary in order to fully elucidate the mechanism of action which is induced 

by larger particles in order to promote humoral immune responses.

In general, smaller particles (50-200nm) promote both strong cell-mediated and 

humoral immune responses along with local inflammation. In contrast, particles of 430 

nm-1 pm in size are poor stimulators of cellular immune responses but do however 

promote humoral responses and induce local inflammation. At the other end of the 

spectrum, larger particles (10-30 pm) do not induce strong local inflammatory immune 

reactions but they are efficient at promoting the production of antibodies as well as Th2 

type cell-mediated immune responses. Overall, this study suggests that, while the size 

of the particles does not determine the strength or type of humoral immune responses it 

does affect local inflammation and determines the type of antigen-specific T cell 

response generated. These are potentially key factors that should be taken into account 

in the future development of particulate vaccine adjuvants and vaccine formulation.
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Figure 4.1: Injection of KLH alone causes no visible lesions at the site of injection.

(a) Injection site 7 days post-immunisation (hemotoxylin and eosin;H&E,xlOO). (b) 

Injection site 7 days post-immunisation (H&E,x200). C57BL/6 mice were immunised 

with KLH (5 pg/mouse) subcutaneously in the right Bank and sacrificed 7 days post

injection. The injection site was removed and preserved in 10% formalin. The tissue 

was embedded in paraffin wax, sectioned and stained with hemotoxylin and eosin 

(H&E) for histological analysis (2.2.11).
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Figure 4.2: Immunisation with PLG microparticles (1 pm) and KLH induces the 

formation of a lipid granuloma at the injection site (1) and causes necrosis (2). (a)

Injection site 7 days post-immunisation (hemotoxylin and eosin;H&E,xlOO). (b) 

Injection site 7 days post-immunisation (H&E,x200). C57BL/6 mice were immunised 

with KLH (5 pg/mouse) and PLG (lpm;2.5mg) subcutaneously in the right flank and 

sacrificed 7 days post-injection. The injection site was removed and preserved in 10% 

formalin. The tissue was embedded in paraffin wax, sectioned and stained with 

hemotoxylin and eosin (H&E) for histological analysis (2.2.11).
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Figure 4.3: Immunisation with PS and KLH induces the formation of a 

pyogranuloma (1), characterised by neutrophils (2) at the injection site and causes 

necrosis (3). (a) Injection site 7 days post-immunisation (hemotoxylin and eosin;

H&E,xlOO). (b) Injection site 7 days post-immunisation (H&E,x200). C57BL/6 mice 

were immunised with KLH (5 pg/mouse) and PS (430nm:2.5 mg) subcutaneously in the 

right flank and sacrificed 7 days post-injection. The injection site was removed and 

preserved in 10% formalin. The tissue was embedded in paraffin wax, sectioned and 

stained with hemotoxylin and eosin (H&E) for histological analysis (2.2.11).
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Figure 4,4: Immunisation with Alum and KLH causes necrosis and induces 

granuloma formation (1) at the injection site, (a) Injection site 7 days post 

immunisation. H&E,xlOO. (b) Injection site 7 days post-immunisation. H&E,x200. 

C57BL/6 mice were immunised with KLH (5 pg/mouse) and alum (2.5 mg) 

subcutaneously in the right flank and sacrificed 7 days post-injection. The injection site 

was removed and preserved in 10% formalin. The tissue was embedded in paraffin 

wax, sectioned and stained with hemotoxylin and eosin (H&E) for histological analysis 

(2.2.11).
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Figure 4.5: Injection of PVA induces local IL-ip production. C57BL/6 mice were 

immunised with PBS, KLH (5 pg/mouse) alone or KLH in combination with alum (2.5 

mg), PLG (1 gm:2.5 mg) or PS (430 nm:2.5 mg) subcutaneously in the right flank. 

After 7 days, the mice were sacrificed and the injection site was removed. The tissue 

was homogenised and sonicated. Following centrifugation, supernatants were removed 

and analysed for IL-ip by ELISA (2.2.5). Results are expressed as nanogram of 

cytokine per gram of tissue. KLH alonevKLH+Particle,*p<0.05,**p<0.01.

p<0.0
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Figure 4.6: Immunisation with KLH and PVA does not induce strong antigen 

speciflc cell mediated responses in the inguinal lymph nodes. C57BL/6 mice were 

immunised with PBS, KLH (5 pg/mouse) alone or KLH in combination with alum 

(2.5mg/200pl PBS), PLG (lpm:2.5mg) or PS (430nm:2.5mg) subcutaneously in the 

right flank. After 7 days, the mice were sacrificed and the inguinal nodes were 

removed. Cells isolated from the inguinal nodes were stimulated with medium or KLH 

(2, 10, 50pg/ml). After 3 days, supernatants were removed and analysed for lL-4, IL-5, 

lL-6, lL-17, lL-10 and IFN-y by ELISA (2.2.5).
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Figure 4.7: Immunisation with KLH and PVA induces spontaneous and antigen- 

specific IL-5 and IL-10 secretion by splenocytes. C57BL/6 mice were immunised 

with PBS, KLH (5 pg/mouse) alone or KLH in combination with alum (2.5mg), PLG 

(lpm:2.5mg) or PS (430nm:2.5mg) subcutaneously in the right flank. After 7 days, the 

mice were sacrificed and the spleens were removed. Cells isolated from the spleens 

were stimulated with medium or KLH (2, 10, 50 pg/ml). After 3 days, supernatants 

were removed and analysed for IL-4, IL-5, IL-6, IL-17, IL-10 and IFN-y by ELISA 

(2.2.5).
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Figure 4.8: Injection of PVA enhances the secretion of IL-4 and IL-5 by inguinal 

lymph node cells. C57BL/6 mice were immunised with PBS, KLH (5pg/mouse) alone 

or KLH in combination with alum (2.5mg), PLG (l|im:2.5mg) or PS (430nm:2.5mg) 

subcutaneously in the right flank. After 7 days, the mice were sacrificed and the 

inguinal nodes were removed. Cells isolated from the inguinal nodes were stimulated 

with medium, anti-CD3 (1 gg/ml) or anti-CD3 (1 gg/ml) with PMA (250 ng/ml). After 

3 days, supernatants were removed and analysed for lL-4, IL-5, IL-6, IL-17, IL-10 and 

IFN-y by ELISA (2.2.5). KLH alone v KLH + adjuvant, * p<0.05, ** p<0.0.L
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Figure 4.9: Immunisation with KLH alone enhances IFN-y secretion by 

splenocytes. C57BL/6 mice were immunised with PBS, KLH (5pg/mouse) alone or 

KLH in combination with alum (2.5mg), PLG (lgm:2.5mg) or PS (430nm:2.5mg) 

subcutaneously in the right flank. After 7 days the mice were sacrificed and the spleens 

were removed. Cells isolated from the spleens were stimulated with anti-CD3 (1 pg/ml) 

or anti-CD3 (1 pg/ml) with PMA (250 ng/ml). After 3 days, supernatants were removed 

and analysed for lL-4, IL-5, IL-6, IL-17, IL-10 and IFN-y by ELISA (2.2.5). KLH 

alone v KLH + adjuvant, * p<0.05, ** p<0.0.1.
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Figure 4.10: PVA enhance antigen-specific IgGl responses to co-administered

KLH. C57BL/6 mice immunised with PBS, KLH (5pg/mouse) alone or KLH in 

combination with alum (2.5mg), PLG (1 pm:2.5mg) or PS (430nm:2.5mg) 

subcutaneously in the right flank. After 7 days, the mice were sacrificed and blood was 

collected. The serum samples were analysed for total IgG and IgGl titres by ELISA 

(2.2.12). Antibody responses are expressed as end point titres calculated by regression 

of a curve of OD values versus reciprocal serum levels to a cut off point of 2 standard 

deviations above sera for PBS injected mice.
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Figure 4.11: Injection of mice with alum enhances IL-6 secretion by splenocytes in 

an IL-l-independent manner. WT and IL-lRl'^' C57BL/6 mice were injected with 

PBS only or alum (3mg/mouse) subcutaneously in the right flank. Mice were sacrificed 

at 3 h, 1, 3, 5 and 7 days following injection and spleens were removed. Splenocytes 

(2x10^ cells/ml) were stimulated with plate bound anti-CD3 (1 pg/ml) alone or with 

PMA (2 or 20 ng/ml) or medium or LPS (1 pg/ml). After 3 days, supernatants were 

collected and analysed for lL-6 by ELISA (2.2.5). PBS (3hr, Iday, 3day, 5day or 7day) 

V alum (3hr, Iday, 3day, 5day or 7day), * p<0.05.
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Figure 4.12: Injection of alum primes splenocytes to secrete enhanced levels of IL-

10. WT and IL-IRT' C57BL/6 mice were injected with PBS only or alum 

(3mg/mouse) subcutaneously in the right flank. Mice were sacrificed at 3 h, 1, 3, 5 and 

7 days following injection and spleens were removed. Splenocytes (2x10^ cells/ml) 

were stimulated with plate bound anti-CD3 (1 pg/ml) alone or with PMA (2 or 20 

ng/ml) or with medium or LPS (1 pg/ml). After 3 days, supernatants were collected and 

analysed for IL-10 by ELISA (2.2.5). PBS (3h, Iday, 3day, 5day or 7day) v alum (3h, 

Iday, 3day, 5day or 7day), * p<0.05, ** p<0.01, ***p<0.001.
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Figure 4.13: Subcutaneous injection of alum primes splenocytes to secrete IFN-y.
WT and IL-lRl'^' C57BL/6 mice were injected with PBS only or alum (3mg/mouse) 

subcutaneously in the right flank. Mice were sacrificed at 3 h, 1, 3, 5 and 7 days post 

injection and spleens were removed. Splenocytes (2x10^ cells/ml) were stimulated with 

plate bound anti-CD3 (1 pg/ml) alone or with PMA (2 or 20 ng/ml). After 3 days, 

supernatants were collected and analysed for IFN-y by ELISA (2.2.5). PBS (3h, Iday, 

3day, 5day or 7day) v alum (3h, Iday, 3day, 5day or 7day), * p<0.05, ** p<0.01,

***p<0.001.
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Figure 4.14: The secretion of IL-ip by IL-lRl '' splenocytes is significantly 

enhanced after subcutaneous injection of alum. WT and IL-lRl'^' C57BL/6 mice 

were injected with PBS only or alum (3mg/mouse) subcutaneously in the right flank. 

Mice were sacrificed at 3 h, 1, 3, 5 and 7 days following injection and spleens were 

removed. Splenocytes (2x10^ cells/ml) were stimulated with plate bound anti-CD3 (1 

pg/ml) alone or with PMA (2 or 20ng/ml) or LPS (1 pg/ml). After 3 days, supernatants 

were collected and analysed for IL-ip by ELISA (2.2.5). PBS (3h, Iday, 3day, 5day or 

7day) v alum (3h, Iday, 3day, 5day or 7day), ***p<0.001.
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Figure 4.15: Injection of PLG primes splenocytes for enhanced secretion of IL-10 

and IL-6. WT C57BL/6 mice were injected with either PBS or PLG (Ipm: 

4mg/mouse) subcutaneously. Mice were sacrificed at 3 h, 1, 3, 5 and 7 days following 

injection, spleens were removed. Splenocytes (2x10^ cells/ml) were stimulated with 

medium or LPS (100 ng/ml or 1 pg/ml). After 3 days, supernatants were collected and 

analysed for IL-10 and IL-6 by ELISA (2.2.5). PBS (3h, Iday, 3day, 5day or 7 day) v 

PLG (3h, Iday, 3day, 5day or 7 day), * p<0.05, ** p<0.01, ***p<0.001.
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Figure 4.16: Subcutaneous injection of PLG significantly enhances the 

transcription of IL-21 in the spleen. WT C57BL/6 mice were immunised with either 

PBS or PLG (Ipm: 4mg/mouse) subcutaneously. Mice were sacrificed at 3 h, 1, 3, 5 

and 7 days post immunisation. RNA was isolated from spleen cells and levels of IL-21 

mRNA were analysed by RT-PCR. IL-21 mRNA fold induction in PBS-injected mice v 

PLG-injected mice (3h, 1, 3, 5, 7days),** p<0.0.L (The RTPCR analysis of these 

samples was carried out by Ewa Oleszycka)
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Figure 4.17: Photomicrographs of the subcutaneous granulomas induced by 

various sized PS particles (H&E,x40). C57BL/6 mice were immunised with either 

PBS or Ova (50 pg/mouse) or a combination of PS particles of varying size (200 nm, 

430 nm, 1 pm, 10 pm, or 30 pm) with Ova (50 pg/mouse) subcutaneously in the right 

flank. The injection site was removed 21 days after immunisation and preserved in 10% 

formalin. The tissue was embedded in paraffin wax, sectioned and stained with 

hemotoxylin and eosin (H&E) for histopathological analysis (2.2.11).
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Figure 4.18: Subcutaneous injection of 200nni PS particles induces a strong local 

inflammatory response characterised by a core of particulate material surrounded 

by a mix of inflammatory cells which includes foamy macrophages (1) and 

lymphocytes (2). (a) 100x,H&E. (b) 400x,H«&E. C57BL/6 mice were immunised with 

PS particles of 200 nm in size (4 mg/mouse) and Ova (50pg/mouse) subcutaneously in 

the right flank and sacrificed 21 days post injection. The injection site was removed 

and preserved in 10% formalin. The tissue was embedded in paraffin wax, sectioned 

and stained with hemotoxylin and eosin (H&E) for histopathological analysis (2.2.11).
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Figure 4,19: Subcutaneous injection of 430nni PS particles induces a granuloma 

(1) containing a core of particulate material surrounded by neutrophils (2), 

lymphocytes (3) and foamy macrophages (4). (a) 100x,H&E. (b) 400x,H«&E.

C57BL/6 mice were immunised with PS particles of 430 nm in size (4 mg/mouse) and 

Ova (50pg/mouse) subcutaneously in the right flank and sacrificed 21 days post 

injection. The injection site was removed and preserved in 10% formalin. The tissue 

was embedded in paraffin wax, sectioned and stained with hemotoxylin and eosin 

(H&E) for histopathological analysis (2.2.11)

210



Panniculus
camosus
muscle

Figure 4.20: Subcutaneous injection of 1 ^im PS particles promotes the recruitment 

of neutrophils (1), lymphocytes (2) and foamy macrophages (3) and local 

granuloma (4) formation, (a) 100x,H&E. (b) 400x,H«&E. C57BL/6 mice were

immunised with PS particles of I pm in size (4 mg/mouse) and Ova (50pg/mouse) 

subcutaneously in the right flank and sacrificed 21 days post injection. The injection 

site was removed and preserved in 10% formalin. The tissue was embedded in paraffin 

wax, sectioned and stained with hemotoxylin and eosin (H&E) for histopathological 

analysis (2.2.11).
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Figure 4.21: Subcutaneous injection of 10 PS particles induces a local 

inflammatory response characterised by the presence of large numbers of 

neutrophils (1) with small numbers of macrophages at the periphery (not shown), 

(a) 100x,H&E. (b) 400x,H&E. C57BL/6 mice were immunised with PS particles of 10 

pm in size (4 mg/mouse) and Ova (50pg/mouse) subcutaneously in the right flank and 

sacrificed 21 days post injection. The injection site was removed and preserved in 10% 

formalin. The tissue was embedded in paraffin wax, sectioned and stained with 

hemotoxylin and eosin (H&E) for histopathological analysis (2.2.11).
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Figure 4.22: Subcutaneous injection of 30 jim PS particles induces formation of a 

small discrete lesion with very little evident local inflammation (a) 100x,H&E. (b) 

400x,H&E. C57BL/6 were immunised with PS particles of 30 pm in size (4

mg/mouse) and Ova (50pg/mouse) subcutaneously in the right flank and sacrificed 21 

days post injection. The injection site was removed and preserved in 10% formalin. 

The tissue was embedded in paraffin wax, sectioned and stained with hemotoxylin and 

eosin (H&E) for histopathological analysis (2.2.11).
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Figure 4.23: Subcutaneous injection of PS particles enhances the secretion of IL-4, 

IL-5 and IL-6 by splenocytes in a size-dependent manner. C57BL/6 mice were 

immunised subcutaneously with either PBS or Ova (50 pg/mouse) or a combination of 

PS particles (200 nm, 430 nm, 1 pm, 10 pm, or 30 pm; 4mg/mouse) with Ova (50 

pg/mouse). After 21 days, mice were sacrificed and spleens were removed. Isolated 

cells were stimulated (2x10^ cells/ml) with medium or Ova (500 pg/ml). After 3 days, 

supernatants were collected and analysed for IL-10, IL-17, IL-6, IL-4, IL-5 and IFN-y 

by ELISA (2.2.5). Ova injected mice v Ova + PS particle injected mice,* p<0.05, **

p<0.01, *** p<0.001.
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Figure 4.24: Subcutaneous injection of larger PS particles specifically drive IL-4 

and IL-6 secretion by mesenteric lymph node cells. C57BL/6 mice were immunised 

subcutaneously with either PBS or Ova (50 pg/mouse) or a combination of PS particles 

(200 nm, 430 nm, 1 pm, 10 pm, or 30 pm) with Ova (50 pg/mouse). After 21 days, 

mice were sacrificed and mesenteric nodes were removed. Isolated cells were 

stimulated (2x10^ cells/ml) with medium or Ova (500 pg/ml). After 3 days, 

supernatants were collected and analysed for IL-10, IL-17, IL-6, IL-4, IL-5 and IFN-y 

by ELISA (2.2.5). Ova injected mice v Ova -i- PS particle injected mice,* p<0.05, ** 

p<0.01, *** p<0.00L
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Figure 4.25: Injection of PS particles enhances antigen-specific antibody responses 

in a size-independent manner. C57BL/6 mice were immunised subcutaneously with 

either PBS or Ova (50 pg/mouse) or a combination of PS (200 nm, 430 nm, 1 pm, 10 

pm, or 30 pm) with Ova (50 pg/mouse). After 21 days, mice were sacrificed and blood 

samples were collected. The serum samples were analysed for antigen-specific IgG, 

IgGl, IgG2b and IgG2c titres by ELISA (2.2.12). Antibody responses are expressed as 

end point titres calculated by regression of a curve of OD values versus reciprocal 

serum levels to a cut off point of 2 standard deviations above sera for PBS injected 

mice.
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Figure 4.26: Intraperitoneal injection of PS particles enhances local IL-10, IL-17 

and IFN-y secretion in a size-dependent manner. C57BL/6 mice were immunised 

intra-peritoneally with either PBS or Ova (50 pg/mouse) or a combination of PS 

particles (50 nm, 200 nm, 430 nm, 1 pm, 10 pm, or 30 pm) with Ova (50 pg/mouse). 

After 21 days, mice were sacrificed and peritoneal cells were collected. Isolated cells 

were stimulated (1x10* eells/ml) with medium or Ova (500 pg/ml). After 3 days, 

supernatants were collected and analysed for IL-4, IL-5, IL-6, IL-10, IL-17 and IFN-y 

by ELISA (2.2.5). Ova injected mice v Ova + PS particle injected mice,* p<0.05, **

p<0.01, *** p<0.001.
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Figure 4.27: Injection of PS particles enhances IL-10 and IL-4 secretion by 

splenocytes in a size-dependent manner. C57BL/6 mice were immunised intra- 

peritoneally with either PBS or Ova (50 pg/mouse) or a combination of PS particles (50 

nm, 200 nm, 430 nm, 1 pm, 10 pm, or 30 pm) with Ova (50 pg/mouse). After 21 days, 

mice were sacrificed and spleens were removed. Isolated cells were stimulated (2x10^ 

cells/ml) with medium or Ova (500 pg/ml). After 3 days, supernatants were collected 

and analysed for IL-4, IL-5, IL-6, IL-IO, IL-I7 and IFN-y by ELISA (2.2.5). Ova 

injected mice v Ova + PS particle injected mice,* p<0.05, ** p<0.01, *** p<0.001.
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Figure 4.28: Intraperitoneal injection of PS particles enhance antigen-specific 

antibody responses in a size-independent manner. C57BL/6 mice were immunised 

intra-peritoneally with either PBS or Ova (50 pg/mouse) or a combination of PS 

particles (50 nm, 200 nm, 430 nm, 1 pm, 10 pm, or 30 pm) with Ova (50 pg/mouse). 

After 21 days, mice were sacrificed and blood samples were collected. The serum 

samples were analysed for total IgG, IgGl, IgG2b and lgG2c titres by ELISA (2.2.12). 

Antibody responses are expressed as end point titres calculated by regression of a curve 

of OD values versus reciprocal serum levels to a cut off point of 2 standard deviations 

above sera for PBS injected mice.

219



Chapter 5

An Investigation of the Toxic Effects of 
Particulate Vaccine Adjuvants





5.1 Introduction

One of the most studied questions in immunology is; how do cells of the immune 

system recognise the presence of pathogenic microorganisms or potential danger? 

Despite much progress, particularly the discovery of multiple receptors with the ability 

to recognise pathogens and damage, the exact mechanism of recognition and 

discrimination remains an area of much debate.

The original model of how the immune system distinguishes self from non-self and the 

presence of invading microorganisms was formulated by Burnet. He proposed that 

lymphocytes possess a single receptor specific for a pathogen and that multiple copies 

of this receptor are expressed on their cell surface [8]. This idea was then extended to 

introduce the idea of a ‘stimulator cell’, now known as an antigen presenting cell, 

required to provide a signal for T cell activation and that this signal was species-specific 

[9]. Almost 30 years later, Janeway put forward the idea that antigen presenting cells 

(APC) could recognise microbe-associated molecular patterns (MAMP) through a set of 

germline encoded receptors known as pattern recognition receptors (PRR) [6]. 

According to this model, APC that have not encountered pathogens are in an inactive 

state and once they come into contact with a pathogen they become activated and 

upregulate costimulatory molecules which allows them to interact with naive T cells 

and generate an antigen-specific immune response.

The PRR proposed by Janeway equip the APC with the ability to distinguish “infectious 

non-self’ from “non-infectious self’ [6]. Although Janeway’s theory is widely accepted 

and experimentally supported, there are examples of immune activation in disease states 

which do not fit into this model, such as autoimmune diseases or graft rejection. In 

addition, this theory cannot explain how non-pathogen derived adjuvants, such as alum, 

stimulate the immune system. Furthermore, no PRR that can directly identify alum or 

any particulate vaccine adjuvants (PVA) have been identified to date.

In an attempt to explain these discrepancies Polly Matzinger proposed that APC are 

activated by “danger or alarm” signals released from dying or damaged cells [7]. This 

‘danger’ theory suggests that the immune system recognises non-self in the context of 

‘danger’ or damage. Matzinger proposed that programmed cell death results in the 

formation of apoptotic bodies which are rapidly scavenged before they undergo 

secondary necrosis and are therefore non-immunogenic. In contrast, cells that die by

220



necrosis or other forms of cell death that are associated with the loss of membrane 

integrity will release their intracellular contents and therefore potentially release 

endogenous molecules that signal danger to other immune cells [583]. The 

identification of endogenous molecules, such as high mobility group box-1 (HMGBl), 

uric acid, hyaluronic acid and heat shock proteins that can stimulate immune responses 

adds substance to this theory [10-12], Furthermore, several studies have since 

demonstrated the pro-inflammatory activities of necrotic cells, demonstrating that cells 

dying by necrosis possess immunostimulatory activities in vivo [11, 545, 584-585], The 

danger theory proposes that the immune system is only activated in the presence of 

dangerous non-self

Data presented in chapter 4 demonstrated that injection of PVA induced necrosis and 

tissue damage (Figures 4.1-4.4). This local cellular damage could therefore promote the 

release of endogenous danger signals. Therefore, in line with the danger theory, it is 

possible that PVA promote cellular necrosis leading to the release of normally cell- 

enclosed endogenous danger signals and subsequent induction of immune responses. 

Others have demonstrated that the injection of alum alone into the peritoneum enhances 

the local levels of uric acid [165], They then went on to show that this promoted the 

recruitment of inflammatory monocytes into the injection site [165], Furthermore, this 

study also demonstrated that these inflammatory monocytes were required for the 

enhancement of antibody production by alum, which suggests that the release of 

endogenous danger signals plays an important part in the adjuvant activities of alum 

[165], Based on data presented in chapter 4 (Figures 4.1-4.4) demonstrating the 

necrotic effects of particulates in vivo and the role of uric acid in the in vivo effects of 

alum [165], this study aimed to further investigate the toxic effects of particulate 

vaccine adjuvants.
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Specifically, this work set out to:

• Establish whether particulate vaccine adjuvants are toxic to dendritic cells and 

spleen cells

• Identify the type of cell death promoted by particulate vaccine adjuvants

• Investigate whether treatment of cells with particulate vaccine adjuvants 

promoted the release of endogenous danger signals with immunostimulatory 

properties
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5.2 Results

5.2.1 PS are toxic to BMDC at high concentrations

The increase in local cell death observed around the injection site of PVA (alum, PLG 

(PLG) microparticles and polystyrene (PS) microparticles (4.1-4.4, 4.18-4.23) prompted 

further investigation into the toxicity of these adjuvants. To assess the toxicity of 

particulates, BMDC were incubated with PS (430 nm; 3mg/ml) alone for 24 h. Cell 

viability was determined by incorporation of propidium iodide (PI), analysed by flow 

cytometry. PI is a DNA intercalating fluorochrome, which is only incorporated into 

cells that have lost membrane integrity. There was an enhancement in the number PI^ 

cells in BMDC treated with PS in comparison with control DC (Figure 5.1). These 

results and the large amounts of necrotic cell death observed at the injection site in vivo 

suggests that PVA are clearly toxic to immune cells.

5.2.2 Optimal particulate-induced cell death occurs 6 h after stimulation with PVA

Having established that PS are toxic to DC, it was necessary to determine if this was a 

shared property of other PVA (alum and PLG (PLG) micropartieles) and the kinetics of 

these toxic effects. Particulate-induced cell death was examined at 15 min, 1 h, 2 h, 4 h 

and 6 h after the addition of alum, PLG (1pm) or PS (430 nm) to BMDC. Cell viability 

was determined by incorporation of PI, analysed by flow cytometry. Stimulation of 

BMDC with alum resulted in an increase in the number of Pr cells in comparison to 

controls (Figure 5.2). This enhancement in the number of Pr cells was most marked 

after 6 h (Figure 5.2). A similar trend was observed with PLG, where the highest 

numbers of PI^ cells were detected 6 h following stimulation with PLG (Figure 5.2). 

Stimulation of BMDC with PS enhanced the number of PI^ cells (Figure 5.2). Again, 

the most marked enhancement in Pr cells was observed 6 hr post stimulation (Figure 

5.2). Particulate-induced eell death was observed as early as 1 or 2 h following the 

addition of particulates to DC (Figure 5.2).

Given the toxic nature of PVA at high concentrations, the effect of lower concentrations 

of particulates was determined. BMDC were incubated with alum, PLG or PS alone at 

a range of concentrations for 6 h and cell viability was determined by incorporation of 

PI, analysed by flow eytometry. In vitro treatment of BMDC with alum, PLG or PS
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resulted in increased levels of Pr cells in comparison with control (Figure 5.3-5.4). 

This toxicity was most marked at the highest concentration of particles with the lowest 

concentration tested only inducing levels of cell death comparable to that seen in the 

controls (Figure 5.3-5.4). All of the PVA were toxic to the BMDC. However, alum 

proved to be the most toxic, followed by PLG, while PS induced least amount of cell 

death (Figure 5.3-5.4).

5.2.3 Particle-induced BMDC death occurs independently of NLRP3, cathepsin B 

and caspases

Previous findings have demonstrated that particulates have the ability to activate the 

NLRP3 inflammasome (chapter 3). Therefore the relationship between NLRP3 and the 

toxicity of particulates was investigated. Furthermore, several recent reports have 

described a necrotic type of cell death that requires NLRP3 [586-588]. In order to 

investigate the role of NLRP3 in particle-induced cell death, NLRP3'^' BMDC and wild 

type (WT) BMDC were stimulated with alum (25mM, 5mM), PLG (1pm; 3 mg/ml, 0.6 

mg/ml) or PS (430nm; 3 mg/ml, 0.6 mg.ml). The percentage of Pr cells was analysed 

by flow cytometry 6 h after the addition of particles.

Incubation of WT BMDC with alum resulted in an increase in the percentage of PI^ 

cells, with this effect being most marked at the highest concentration of alum tested 

(Figure 5.5). Similar to the WT cells, NLRP3'^‘ BMDC also showed a significant 

enhancement in the percentage of Pr cells when treated with alum in comparison to 

control cells (Figure 5.5). There was no significant difference in the number of Pr cells 

in alum-treated WT and NLRP3'^' BMDC (Figure 5.5). Similarly, treatment of WT and 

NLRP3'^‘ BMDC with PLG significantly enhanced the percent of Pr cells with no 

significant differences between the NLRP3'^' and WT BMDC (Figure 5.5). In further 

agreement with these results, stimulation with PS significantly enhanced the percentage 

of pr WT and NLRP3‘^‘BMDC to comparable levels (Figure 5.5).

The toxic effect of alum and PLG was observed at both concentrations tested, although 

the increase in Pr cells was most marked at the highest concentrations (25 mM, 3 

mg/ml) (Figure 5.5). In the case of PS, only the highest concentration (3mg/ml) was 

significantly toxic to BMDC (Figure 5.5). Overall, these findings demonstrate the
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toxicity of PVA occurs independently of NLRP3. Pyronecrosis has been shown to be 

induced by Shigella flexneri and requires the lysosomal protease cathepsin B and 

NLRP3 [588]. Therefore, these results suggest that, the type of cell death induced by 

PVA is not pyronecrosis.

Cathepsin B has also been proposed to be required for pyronecrosis. Therefore, the role 

of cathepsin B in particle-induced cell death was also determined. In order to fully rule 

out the possibility that PVA were promoting pyronecrosis in BMDC, BMDC were pre

treated with either the cathepsin B inhibitor CA-074-Me or medium alone prior to the 

addition of alum. BMDC were then analysed for their uptake of PI by flow cytometry 

either 1 h or 2 h after stimulation with alum. There were increased numbers of Pr cells 

in the alum-treated group, in comparison to controls, at both 1 and 2 h following 

stimulation (Figure 5.6). Pre-treatment with CA-074-Me had no effect on the 

enhancement of Pr cells observed with alum (Figure 5.6). These findings show that 

cathepsin-B is not required for particle-induced cell death. Furthermore, they are in 

agreement with earlier findings (Figure 5.5), which indicated that NLRP3 was 

dispensable for particle-induced cell death. These results confirm that the type of cell 

death induced by particulates is not pyronecrosis.

Having established that particle-induced cell death is not dependent on NLRP3 or 

cathepsin B, it was necessary to further investigate the mechanism of this toxicity and to 

attempt to identify the type of cell death. Several other forms of cell death rely on the 

activation of caspases, including apoptosis and pyroptosis [589-592]. Given the 

important role of caspases in cell death, their role in particle-induced cell death was 

investigated. BMDC were pre-treated with a pan-caspase inhibitor (ZVAD-fmk) prior 

to the addition of alum. Either 1 or 2 h post-stimulation with alum, BMDC were 

analysed for PI incorporation by flow cytometry.

Similar to previous findings, stimulation of BMDC with alum strongly enhanced the 

percentage of Pr cells in comparison to controls (Figure 5.6). Pre-treatment with 

ZVAD-fmk had little or no effect on this enhancement of Pr cells by alum (Figure 5.6). 

Although the pereentage of Pr cells was slightly reduced 2 h post-stimulation in 

comparison to 1 hr, a similar trend was observed and the pan-caspase inhibitor (ZVAD- 

fmk) had no effect on toxicity of alum (Figure 5.6). These findings demonstrate that 

there is no role for caspases in particulate-induced cell death, which suggests that it is
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not a form of apoptosis or pyroptosis. Moreover, these results also suggest that there is 

no direct connection between toxicity and the ability of PVA to enhance the secretion of 

IL-ip, as this can be inhibited by pre-treatment with CA-074-Me (cathepsin B) and 

caspase-1 inhibitors.

5.2.4 Particulate-induced cell death requires particle uptake

Having established that particulate-induced cell death occurs independently of NLRP3, 

cathepsin B and caspases, further studies were carried out to invesitagate whether 

particle uptake was necessary.

BMDC were pre-treated with cytochalasin D prior to the addition of alum. 

Cytochalasin D is an inhibitor of actin polymerisation which prevents phagocytosis. 6 h 

following the addition of alum to the BMDC, cells were analysed for PI incorporation. 

Treatment of BMDC with alum strongly enhanced the numbers of Pr cells in 

comparison to controls (Figure 5.7). However, pre-treatment with cytochalsin D 

reduced the number of Pr cells to a level comparable to controls (Figure 5.7). These 

results suggest that particle uptake is necessary for particulate-induced cell death.

In order to further confirm that phagocytosis of particles is necessary them to exert their 

toxic effects, BMDC were stimulated with PS particles either 50 nm or 10 pm. Particles 

less than 1 pm in size are efficiently phagocytosed while larger 10 pm PS particles are 

not easily taken up by DC (Figure 3.18). Therefore, the relationship between particle 

uptake and cell death could be investigated. After 6 h cells were analysed for PI 

incorporation. Stimulation of BMDC with PS particles 50 nm in size resulted in an 

enhancement in the percentage of Pr cells in comparison to controls (Figure 5.7). In 

contrast, BMDC treated with PS 10 pm in size showed no enhancement in numbers of 

pr cells than controls (Figure 5.7). Therefore, smaller particles (50 nm) are more toxic 

to BMDC than larger particles (10 pm). These results further confirm that phagocytosis 

of particles is necessary for particle-mediated cell death.
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5.2.5 PVA are toxic to splenocytes

The necrosis observed around the injection site post-immunisation with PVA suggests 

that these toxic effects of particulates are not restricted to BMDC (Figure 4.2-4.4). In 

order to investigate this, spleen cells were isolated from naive mice and stimulated with 

alum (25 mM and 5 mM). Spleen cell viability was then analysed using PI 

incorporation by flow cytometry, 1 h and 2 h following stimulation with alum.

Treatment of spleen cells with alum increased the numbers of Pr cells at both time 

points tested (Figure 5.8). This enhancement was greatest with the highest 

concentration of alum (25 mM) (Figure 5.8). These findings indicate that the toxicity of 

alum is not specific to BMDC and confirms observations from in vivo studies that 

demonstrated the presence of necrotic neutrophils within the injection site (Figures 4.2- 

4.4).

5.2.6 PVA synergise with HMGBl to enhance IL-1 secretion by BMDC

Previous findings indicated that PVA synergise with TLR agonists to enhance the 

secretion of IL-ip by BMDC (Figure 3.3-3.6). Furthermore, when particulates are 

injected subcutaneously they have the ability to enhance the local secretion of IL-1 (3 in 

the absence of a TLR agonist, which suggests that they are synergising with an 

endogenous molecule (Figure 4.5). Cells that die by necrosis release their cellular 

contents, potentially including endogenous danger signals.

PVA may promote the release of endogenous danger signals which could potentially act 

as the priming signal for IL-ip. In agreement with this, previous studies from within 

our lab have shown that PVA alone promote the release of HMGBl from BMDC 

(Coleman M and Lavelle EC, Unpublished findings). In order to test whether HMGBl 

could replace TLR agonists as the second signal necessary for the secretion of IL-1 p by 

BMDC, cells were pre-incubated with PS (430 nm) and subsequently stimulated with 

recombinant HMGBl. Treatment of BMDC with HMGBl was insufficient to drive the 

secretion of IL-1 p (Figure 5.9). However, pre-incubation of BMDC with PS (430 nm) 

prior to the addition of HMGBl was significantly enhanced the secretion of both IL-ip 

and IL-la from BMDC (Figure 5.9). In addition, PS alone promoted the secretion of 

IL-la from BMDC, with no effect on IL-ip (Figure 5.9).
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These findings indicate that HMGBl can replace the need for a TLR agonist and 

synergise with particles to enhance the secretion of IL-ip and IL-la by BMDC. 

Furthermore, they provide evidence to support the theory that the ability of PVA to 

promote the local secretion of IL-ip in vivo (Figure 4.5) is through particle-induced cell 

death and subsequent release of endogenous danger signals, such as HMGBl.

5.2.7 Supernatants from alum-treated splenocytes display adjuvant activity in vivo

Findings from this study so far have demonstrated that particulates are toxic to cells and 

that they can synergise with endogenous danger signals to promote the secretion of IL-1 

by BMDC. In addition, it has previously been shown that PVA can promote the release 

of endogenous danger signals, such as HMGBl and uric acid from cells [165]. 

Combining the fact that PVA are toxic to cells both in vitro and in vivo with their ability 

to promote the release of endogenous danger signals, it is tempting to predict that the 

release of endogenous danger signals induced by particulates plays a role in their 

adjuvanticity.

In order to investigate this theory, the supernatants from spleen cells treated with alum 

were used as potential adjuvants and co-administered with Ova intraperitoneally into 

mice. Some of the endogenous danger signals that have been identified to date have 

been shown to signal through TLR4. Therefore, C3H/HeJ mice, which have a mutation 

in TLR4 making them hyporesponsive to TLR4 agonists [42-44], and WT (C3H/HeN) 

mice were immunised.

Mice were immunised as follows:

1. PBS alone

2. Ova alone

3. Supernatant from untreated splenocytes -i- Ova

4. Supernatant from alum-treated splenocytes + Ova

5. Supernatant from alum-medium (no cells) + Ova
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21 days post-immunisation (prime dO and boost dl4) the spleens and peritoneal cells 

were isolated. Isolated cells were re-stimulated with Ova (100 pg/ml) or medium, 

supernatants were removed and analysed for cytokines.

When spleen cells were isolated and re-stimulated with Ova ex vivo no significant 

effects were observed on the production of IL-6 or IL-10 (Data not shown). However, 

co-administration of supernatants from alum-treated spleen cells with Ova enhanced the 

production of IL-4, IL-5, IL-17 and IFN-y.

Injection of supernatants from alum-treated spleens with Ova significantly enhanced the 

secretion of Ova-specific IL-5 by splenocytes, in comparison to cells taken from mice 

injected with Ova alone (Figure 5.10). Furthermore, this enhancement was observed in 

C3H/HeN mice and not in the C3H/HeJ mice, which suggests a role for TLR4 (Figure 

5.10). In comparison to mice immunised with Ova alone, spleen cells isolated from 

C3H/HeN mice immunised with supernatant from alum-treated splenocytes with Ova 

produced higher concentrations of Ova-specific IL-4 (Figure 5.10). In a similar manner 

to IL-5, this enhancement of IL-4 was only evident in the C3H/HeN mice suggesting a 

role for TLR4 in the enhancement of IL-4 (Figure 5.10). In addition to IL-4, 

splenocytes isolated from mice immunised with supernatants from alum-treated cells 

and Ova produced significantly higher amounts of Ova-specific IL-17 in comparison to 

mice injected with Ova alone (Figure 5.10). This effect was only observed in the 

C3H/HeJ mice and not in the C3H/HeN immunised mice, which suggests that TLR4 

may play some role in the downregulation of this enhanced IL-17 (Figure 5.9).

In contrast to splenocytes, there was no significant enhancement in antigen-specific IL- 

4, IL-5 or IL-17 production by peritoneal exudate cells (PEC) isolated from the 

peritoneum of mice (PEC) immunised with supernatant from splenocytes treated with 

alum and Ova (Figure 5.11). Injection of mice with supernatant from alum-treated 

splenocytes with Ova promoted the seeretion of significant amounts of Ova-specific 

IFN-y by PEC in comparison to injection of Ova alone (Figure 5.11). This 

enhaneement in IFN-y was absent in the C3H/HeJ mice, which suggests that TLR4 is 

necessary for the promotion of IFN-y by endogenous danger signals (Figure 5.11).
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Overall, these results demonstrate that supernatant from alum-treated cells have the 

ability to act as an adjuvant and enhance antigen-specific cytokine production both 

locally and systemically. Furthermore, some of these effects are TLR4-dependent as 

differences in cytokine profile were observed between C3H/HeN and C3H/HeJ mice.
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5.3 Discussion

The danger theory was first proposed by Matzinger over 20 yrs ago [7], Matzinger 

presented this idea as an alternative to Janeways theory that the immune system was 

able to discriminate between “infectious non-self’ and “non-infectious self’ and react 

appropriately [6], Although Janeways original theory is still widely accepted and 

supported by a wealth of experimental evidence it does not account for certain immune 

reactions, such as autoimmunity, transplant rejection or why a mother’s immune system 

does not mount an attack against a developing foetus [583]. Matzinger’s proposal was 

that the immune system recognised endogenous danger signals released by dying, 

stressed or injured cells and was therefore only fully activated in response to damage

[7].

Originally, this proposal was theoretical, but it is now supported by some convincing 

experimental evidence. At the core of the danger theory is the idea that cells that die by 

a type of death that is characterised by a loss of membrane integrity, facilitates the 

subsequent expulsion of cellular contents. More importantly, it promotes the release of 

endogenous danger signals that can activate other cells of the immune system. Since 

the idea of endogenous danger signals was first proposed several have been identified, 

including uric acid, HMGBl, biglycan and heat shock proteins [11-12, 44, 584, 593]. 

Furthermore, necrotic cells have been shown to promote the upregulation of co

stimulatory molecules on DC and several groups have demonstrated the pro- 

inflammatory properties of necrotic cells in vivo [12, 545, 584, 594-595]. The 

identification of endogenous danger signals and the adjuvant activities of necrotic cells 

have added experimental substance to Matzinger’s original theory.

Findings presented in chapter 4 (Figures 4.1-4.4) demonstrate that PVA cause necrosis 

and increased cellular infiltration when injected subcutaneously. Others have also 

reported that injection of alum causes local cellular damage, with marked injury to local 

cells and increased recruitment of neutrophils [551-552]. These in vivo effects 

prompted further investigation into the toxicity of particulates in vitro. BMDC that 

were treated with alum, PLG (1 pm) or PS (430 nm) alone. Induced higher levels of cell 

death in comparison to controls, as measured by PI incorporation. Furthermore, this 

enhancement in cell death by PVA occurred rapidly with cell death observed as early as 

1 h after treatment with particulates and maximal death 6 h after treatment. These
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findings support the observation of necrosis around the injection site following injection 

with particulates and demonstrate that PVA are toxic to DC at high concentrations.

Up until recently cell death was generally separated into two main types; programmed 

or controlled (apoptosis) and uncontrolled (necrosis). Apoptosis is a type of cell death 

that was initially characterised by distinct morphological features, including chromatin 

condensation, membrane blebbing, exposure of phosphotidylserine on the outer leaflet 

of the cell membrane and the final stage, which involves the fragmentation of the cell 

into apoptotic bodies [590, 596-597]. The apoptotic bodies are generally engulfed by 

phagocytes, leaving no remnants of the dead cells [590, 597]. This process is heavily 

dependent on caspases, which can be subdivided into initiator caspases (2,8,9,10) and 

effector caspases (3,6,7) and are activated in response to external and internal stimuli 

[590-592]. In general, apoptotic cell death is considered to be non-immunogenic, due to 

the fact that membrane integrity is maintained throughout the process and cellular 

contents remain sequestered. In contrast, necrosis was considered to be a type of cell 

death that was uncontrolled and induced as a result of trauma and infection, which 

usually led to local inflammation. Necrosis is morphologically characterised by a gain 

in cell volume and swelling of cell organelles, while DNA remains uncondensed and 

membrane integrity is lost [598-599]. Although necrosis was originally thought to be 

an uncontrolled process, recent evidence suggests that it may in fact be tightly regulated 

[600-601]. More recently, the term “necroptosis” has been used to classify a type of 

cell death which results in loss of membrane integrity, is triggered by stimulation of 

death receptors (eg. TNFR, Fas) in the presence of caspase inhibitors and is regulated 

by RIPl and RIPS kinases [602-606].

In addition to necrosis, several other forms of cell death that result in loss of membrane 

integrity have also been identified, including pyroptosis and pyronecrosis [588, 607- 

609]. Pyroptosis has been shown to be induced by several bacteria, including 

Salmonella typhimurium and Listeria monocytogenes [135, 589, 608, 610]. It is 

associated with activation of the inflammatory caspase, caspase-1, and the subsequent 

release of IL-ip. Furthermore, depending on the stimulus, NLRC4 and NLRPl have 

been implicated in the induction of pyroptosis [135, 589]. In a similar manner to 

pyroptosis, pyronecrosis also employs the use of an NLR protein, NLRP3 [588]. 

However, pyronecrosis occurs independently of caspase-1. It requires activation of the 

lysosomal protease cathepsin B and the bipartite adaptor protein ASC [588]. During
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pyronecrosis, membrane integrity is lost and the endogenous danger signal HMGB1 is 

released [588].

Having established that PVA are toxic to cells, it was important to determine the type of 

cell death induced by particulates. As outlined above, cell death is a complex process. 

It often requires the activation and synchronisation of several pathways. Furthermore, 

the classification of cell death is almost as complicated as the process itself, as different 

types of cell death can be classified based on morphological characteristics, requirement 

of specific enzymes, physiological consequences and whether or not it is pro- 

inflammatory [599]. A necrotic type of cell death that coincides with IL-ip and IL-18 

release and requires activation of NLRP3 has previously been reported [588]. PVA 

have the ability to enhance the secretion of IL-ip and IL-18 in a NLRP3-dependent 

manner (Figures 3.13-3.14). Furthermore, concentrations that are able to optimally 

promote the secretion of IL-ip are also toxic to BMDC. Therefore, it is possible that 

particulates promote a NLRP3-dependent cell death, resulting in the secretion of IL-ip. 

However, NLRP3'^' BMDC were also susceptible to particle-induced cell death. 

Moreover, the levels of cell death were comparable in WT and NLRP3'^' mice. These 

findings demonstrate that particulate-induced cell death occurs independently of 

NLRP3. Pyronecrosis has also been shown to require the lysosomal protease cathepsin 

B. Therefore, in order to fully exclude pyronecrosis, the level of particle-induced cell 

death was measured in BMDC pre-treated with the cathepsin B inhibitor Ca-074-Me. 

Pre-treatment of BMDC with the cathepsin-B inhibitor were also susceptible to particle- 

induced cell death, suggesting that there is no role for cathepsin B in particle-mediated 

cell death. Overall, these findings indicate that the type of cell death induced by 

particulates occurs independently of NLRP3 and cathepsin B. Furthermore, this 

demonstrates that the toxic effect of particulates is not related to their ability to activate 

the NLRP3 inflammasome.

Many of the morphological characteristics associated with apoptosis and pyroptosis, are 

initiated by caspases [589-592]. In order to investigate whether caspases were required 

for particulate-induced cell death, BMDC were pre-treated with the pan-caspase 

inhibitor ZVAD-fmk. Pre-treatment of BMDC with ZVAD-fmk had no effect on the 

level of cell death induced by PVA, suggesting that particulate-induced cell death
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occurs independently of caspases. However, ZVAD-fmk does not inhibit all caspases 

equally and also has non-specific activities on other proteases such as cathepsins and 

calpains [599], Furthermore, a recent report has suggested that when this inhibitor is 

used and has an effect, that it should be reported that the cell death is ‘ZVAD-fmk 

inhibitable’ rather than caspase-dependent [599], Therefore, the results from this 

current study demonstrate that the type of cell death induced by particulates is not 

‘ZVAD-fmk inhibitable’. Overall, these studies into the type of cell death induced by 

particulates have demonstrated that it results in loss of membrane integrity, occurs 

independently of NLRP3 and cathepsin B and is not blocked by ZVAD-fmk. However, 

chemical inhibition of phagocytosis by cytochalasin D abrogated the cytotoxic effects of 

alum. Furthermore, smaller particles (50 nm) which are readily phagocytosed are more 

toxic to DC than larger particles (10 pm), which are not easily taken up by DC. Taken 

together, these results strongly suggest that particle-induced cell death requires 

phagocytosis of the particle. This provides some insight into the mechanism of particle- 

mediated cell death.

These studies into particulate-induced cell death indicate that particles do not induce 

apoptosis, as shown by loss of membrane integrity or pyroptosis due to the fact that the 

release of IL-ip by particulate adjuvants seems to be unrelated to their toxic nature. 

Finally, they do not promote pyronecrosis as they can still induce cell death in the 

absence of NLRP3 and when cathepsin B is inhibited. However, the particles must be 

phagocytosed in order to exert their cytotoxic effects. Further studies will be necessary 

to investigate the exact morphological changes that are induced during particle-induced 

cell death and also to identify potential mediators of this process.

PVA can synergise with TLR agonists to enhance the production of IL-ip by BMDC 

(Figures 3.3-3.6). Although this enhancement is reliant on the presence of a second 

signal in vitro, further studies have demonstrated that subcutaneous injection of 

particulates alone is sufficient to drive the local production of IL-ip (Figure 4.5). These 

findings suggest the existence of an endogenous molecule with the potential to 

synergise with particles to enhance IL-ip. Based on the fact that particulates have been 

shown to cause local necrosis in vivo (Figures 4.2-4.4), it is possible that this cell death 

leads to the release of an endogenous molecule with the potential to synergise with 

particulates.
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HMGBl is one of the most studied danger signals and has been shown to be released by 

necrotic cells [11], Moreover, HMGBl was initially identified as a mediator of 

endotoxin-induced septic shock and has been associated with the immunopathology 

observed in autoimmune disorders, such as systemic lupus erythematosus (SLE) [611- 

614], In addition, previous findings have shown that treatment of BMDC with alum 

alone is sufficient to drive the release of the endogenous danger signal, HMGBl 

(Coleman M and Lavelle EC Unpublished findings). Given the established role of 

HMGBl as an endogenous danger signal, its ability to synergise with PVA was 

analysed. In a similar manner to earlier studies using TLR agonists (Figures 3.3-3.6), 

treatment of BMDC with HMGBl alone was inefficient at driving the secretion of IL- 

ip. However, when BMDC were pre-treated with PS, a significant enhancement in the 

secretion of IL-ip by cells was observed. These findings demonstrate that particulates 

have the ability to synergise with endogenous danger signals, suggesting that the local 

IL-ip observed at the site of particulate injection maybe due to the release of 

endogenous danger signals and that these molecules replace microbe-derived TLR 

agonists as the second signal in vivo. HMGBl has previously been shown to promote 

the recruitment and activation of DC. Therefore, its release could be important for the 

promotion of the immune response through its actions on APC [613, 615]. 

Furthermore, HMGBl has been shown to associate with other pro-inflammatory 

molecules including IL-lp and this is a beneficial partnership as it enhances the activity 

of IL-ip [616]. Thus, HMGBl released as a result of particulate-induced cell death 

could potentially promote the local secretion of IL-ip and subsequently enhance the 

activity of the released IL-1 and activate recruited APC. However, before any of these 

putative effects of HMGBl can be investigated, further studies are necessary to confirm 

the local release of HMGB1 in vivo and also the possibility that other danger signals 

may also be involved.

Several studies have demonstrated the adjuvant properties of necrotic cells and the 

cytosolic contents of cells [11, 545, 584-585]. Particulate-induced cell death promotes 

loss of membrane integrity, thereby allowing for the release of endogenous molecules 

with the potential to act as adjuvants. Therefore, supernatants from splenocytes treated 

with alum were used as a putative adjuvant and co-administered with Ova. The original 

hypothesis suggested that the adjuvant activities of particulates may be due to their 

ability to induce the release of endogenous pro-inflammatory molecules by promoting a
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necrotic-like cell death. In agreement with this, the supernatant isolated from alum 

treated spleen cells displayed adjuvant properties when co-injected with Ova. 

Supernatant from alum-treated cells injected with Ova resulted in enhanced production 

of antigen-specific IL-5, IL-4, IFN-y and IL-17 in the spleen and increased local IFN-y, 

in comparison to injection of Ova alone. These results are in agreement with other 

studies that have demonstrated the adjuvant properties of necrotic cells [11, 545, 584- 

585].

Several of the identified endogenous danger signals, including HMGBl and biglycan, 

have been shown to signal via TLR4 [42-44]. Therefore, the role of TLR4 in the 

adjuvant properties of supernatants isolated from alum-treated cells was also 

investigated. The enhancement of antigen-specific IL-5, IL-4 and IFN-y was dependent 

on the presence of TLR4. These effects were abrogated in C3H/HeJ mice, which 

contain a mutation in the signalling domain of TLR4 rendering them hypo-responsive to 

TLR4 agonists. In contrast, the enhancement of antigen-specific IL-17 was only present 

in the C3H/HeJ mice, suggesting that somehow TLR4 signalling prevents the secretion 

of IL-17 promoted by supernatant isolated from splenocytes treated with alum. This 

negative regulation of IL-17 production by TLR4 is in agreement with a recent study, 

which demonstrated a role for TLR4 in the regulation of CD4 T cell effector responses 

[617]. This study demonstrated that in a model of spontaneous colitis, mice defective in 

TLR4 and IL-10 signalling displayed signs of inflammation earlier than mice deficient 

in IL-10 alone [617]. Given the enhanced inflammation observed in the absence of 

TLR4, the authors suggested that TLR4 plays a regulatory role in the activation of TCR- 

dependent CD4 effector cells [617]. The findings from this current study demonstrate 

that the supernatant from alum-treated cells have adjuvant properties, with the ability to 

enhance cell-mediated responses in a manner which is dependent on TLR4.

The results from these current studies into the toxicity have demonstrated that PVA are 

toxic to DC and splenocytes. Moreover, particulate-induced cell death promotes loss of 

plasma membrane Integrity. Furthermore, they have demonstrated that the toxic effect 

of particles occur independently of their ability to activate the NLRP3 inflammasome. 

However, particle-induced cell death is dependent on phagocytosis of the particles, 

giving some insight into the possible mechanisms of particle-mediated cell death. 

Although the exact mechanism of particulate-induced cell death remains elusive, these 

studies have ruled out several types of cell death, including pyronecrosis, apoptosis and
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pyroptosis and demonstrated that particle uptake is necessary. Particulate-induced cell 

death does promote the release of soluble mediators and potential danger signals, which 

demonstrate adjuvant properties in vivo. Furthermore, these endogenous molecules 

could act as mediators of the adjuvant effects of PVA.
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Figure 5.1: PS are toxic to BMDC. BMDC (6.25x10^ cells/ml) were incubated with 

medium alone or PS (430nm; 3 mg/ml) for 24 h. After stimulation, cells were 

harvested, re-suspended in FACS buffer (2.1.5.2) and cell viability was determined by 

uptake of PI by flow cytometry (2.2.3). Toxicity is expressed as the percentage of PI- 

positive cells. (FS: Forward scatter, PI: Propidium iodide)
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Figure 5.2: Kinetics of the toxic effect of particles on BMDC. BMDC (6.25x10^ 

cells/ml) were incubated with medium alone or either alum, PLG (Ipm) or polystyrene 

PS (430 nm) for 15 min, I, 2, 4 or 6 h. After stimulation, cells were harvested and re

suspended in FACS buffer (2.1.5.2). PI (I pg/ml) was added to samples and cells were 

analysed for PI uptake by flow cytometry (2.2.3). Cell death is expressed as the 

percentage of Pl-positive cells.
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Figure 5.3: Alum, PLG and PS are toxic to BMDC at high concentrations. BMDC 

(6.25x10^ cells/ml) were incubated with medium alone or either alum, PLG (Itim) or PS 

(430nm) for 6 h. After stimulation, cells were harvested and re-suspended in FACS 

buffer (2.1.5.2). PI (1 pg/ml) was added to samples and cells were analysed for PI 

uptake by flow cytometry (2.2.3). Cell death is expressed as the percentage of PI- 

positive cells. Control v Particle, ** p<0.01, *** p<0.001
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Figure 5.4: Scatter profile of BMDC treated with alum, PLG or PS. BMDC 

(6.25x10^ cells/ml) were incubated with medium alone or either alum (25mM), PLG 

1 |j,m;3mg/ml) or PS (430nm; 3mg/ml) for 6 h. After stimulation, cells were harvested 

and re-suspended in FACS buffer (2.1.5.2). PI (1 pg/ml) was added to samples and 

cells were analysed for PI uptake by flow cytometry (2.2.3). (FS: Forward scatter)
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Figure 5,5: Particle-induced cell death occurs independently of NLRP3. BMDC 

(6.25x10^ cells/ml: WT or NLRP3'^') were incubated with medium alone or alum (25 or 

5 mM), PLG (1pm) or PS (430nm: 3 or 0.6 mg/ml) for 6 h. After stimulation, cells 

were harvested and re-suspended in FACS buffer (2.1.5.2). PI (1 pg/ml) was added to 

samples and cells were analysed for PI uptake by flow cytometry (2.2.3). Cell death is 

expressed as the percentage of Pl-positive cells. Control v Particle, * p<0.05, ** 

p<0.01, *** p<0.001; Particle WT v Particle NLRP3'^' # p<0.05, ## p<0.01, ###

p<0.001.
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Figure 5.6: Particulate-induced cell death does not require the activation of 
caspases or cathepsin B, BMDC (6.25x10^ cells/ml) were incubated with either 

medium, CA-074-Me (10 pM) or ZVAD-fmk (40 pM) for 30 min followed by alum (25 

mM). After 60 or 120 min, cells were harvested and re-suspended in FACS buffer 

(2.1.5.2). PI (1 pg/ml) was added to samples and cells were analysed for PI 

incorporation by flow cytometry (2.2.3). Cell death is expressed as the percentage of PI- 

positive cells.
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Figure 5.7: Particulate-induced cell death requires particle uptake, (a) BMDC 

(6.25x10^ cells/ml) were incubated with either medium, or cytochalasin D (5pM) for 30 

min followed by alum (25 mM). (b) BMDC (6.25x10^ cells/ml) were incubated with 

either medium, or PS (50 nm or 10 pm). (a,b) After 6 h, cells were harvested and re

suspended in FACS buffer (2.1.5.2). PI (1 pg/ml) was added to samples and cells were 

analysed for PI incorporation by flow cytometry (2.2.3). Cell death is expressed as the 

percentage of cells out of the total cell number that have incorporated PI.
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Figure 5.8: PVA are toxic to splenocytes. Isolated splenocytes (6.25x10^ cells/ml) 

were incubated with either medium alone or alum (25 or 5 mM) for either 60 or 120 

min. After stimulation, cell viability was determined by PI incorporation using flow 

cytometry (2.2.3). Cell death is expressed as the percentage of Pl-positive cells.
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Figure 5.9: PVA synergise with the endogenous danger signal HMGBl to enhance 

IL-1 secretion by BMDC. BMDC (6.25x10^ cells/ml) were pre-incubated with 

medium or PS (430nm; 3 mg/ml) alone for 1 h before the addition of HMGBl (50 

pg/ml) or medium. After 24 h, supernatants were collected and analysed for IL-1 (3 and 

IL-1 a by ELISA. Particles + HMGBl v HMGBl only, *** p<0.001; Control v HMGBl 

alone or Particle alone, ## p>0.01
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Figure 5.10: Immunisation with supernatant from alum-treated splenocytes 

induces enhanced secretion of antigen-specific IL-4, IL-5 and IL-17 in the spleen.

Female C3H/HeN and C3H/HeJ (TLR4 mutation) mice were immunised intra- 

peritoneally with PBS, Ova alone, or Ova with supernatant from untreated splenocytes, 

splenocytes treated with alum (25 mM) or medium with alum alone. Splenocytes were 

isolated and stimulated (2x10^ cells/ml) with medium or Ova (100 pg/ml). After 3 days, 

supernatants were collected and analysed for cytokines by ELISA (2.2.5). Ova alone v 

Ova + adjuvant, * p<0.05.
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Figure 5.11: Immunisation with supernatant from alum-treated splenocytes 

induces enhanced secretion of antigen-specific IFN-y by PEC. Female C3H/HeN 

and C3H/HeJ (TLR4 mutation) mice were immunised intra-peritoneally with PBS, Ova 

alone, or Ova with supernatant from untreated splenocytes, splenocytes treated with 

alum (25 mM) or medium with alum alone. Peritoneal exudate cells (PEC) were 

isolated and stimulated (1x10^ cells/ml) with medium or Ova (100 pg/ml). After 3 days, 

supernatants were collected and analysed for cytokines by ELISA (2.2.5). Ova alone v 

Ova + adjuvant, * p<0.05.
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General Discussion





6. General Discussion

Some of the first vaccine adjuvants tested were particulate in nature. For example, 

Glenny used ‘potash’ alum in the early 1920s as an adjuvant for tetanus toxoid [377], 

Despite the use of particulate vaccine adjuvants (PVA) for over 80 years, the exact 

mechanism of their action remains elusive. This present study investigated the 

mechanism of action of PVA using alum, PLG microparticles and polystyrene 

microparticles. Initial studies focused on the effect of particulates on DC in vitro. 

Following on from these studies, the effects of PVA in vivo both locally and 

systemically were investigated. The overall aim of this study was to improve our 

understanding of how particulates enhance both cellular and humoral immune 

responses.

PVA can activate the NLRP3 inflammasome

Recently, there has been a renaissance of interest in the area of PVA and research in this 

area has led to significant progress in understanding how they boost immune responses. 

One major discovery has been the ability of alum to promote the secretion of IL-ip and 

lL-18 through activation of the NLRP3 inflammasome [105-107, 118, 165, 457-458]. 

Findings from this current study have also demonstrated that alum can activate the 

NLRP3 inflammasome and promote the secretion of lL-1 p and IL-18. In addition, pre

treatment of BMDC with PLG or PS prior to the addition of a TLR agonist enhanced 

secretion of IL-ip and IL-18 suggesting that the ability to activate the NLRP3 

inflammasome is a common feature of all particulates. Furthermore, activation of the 

NLRP3 inflammasome by particulates is dependent on efflux and phagocytosis, 

which results in lysosomal disruption and subsequent release of cathepsin B. These 

results suggest the existence of a general pathway in DC which is activated in response 

to the phagocytosis of particulates. In agreement with this, other particulates including 

asbestos, silica and amyloid-P have all been shown to activate the NLRP3 

inflammasome [104, 106, 134].

Given the ability of PVA to activate the NLRP3 inflammasome, several studies have 

investigated the role of NLRP3 in the adjuvant activities of alum in vivo [105, 107-108, 

118-119]. Despite unanimous agreement with respect to the ability of alum to activate 

the NLRP3 inflammasome in vitro, the role of NLRP3 in the adjuvant effects of alum in 

vivo remains controversial. Several studies have reported a role for NLRP3 in the
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recruitment and activation of innate immune cells, which impacts on antigen-specific 

adaptive responses, as indicated by a reduction in antigen-specific T cell cytokines and 

accumulation of antigen-reactive T cells in local lymph nodes [105, 107]. In agreement 

with these studies, NLRP3'' mice immunised with PLG showed a decrease in the 

number of activated CDllb^ Grl" cells recruited into the injection site. Furthermore, 

production of antigen-specific IL-6 was also significantly reduced in NLRP3'^' mice. 

Taken together, these current findings suggest that PVA activate the NLRP3 

inflammasome in vivo and that this is required for their ability to promote cell-mediated 

responses. In contrast to this however, McKee et al have reported that NLRP3'^' and 

caspase-l'^' mice show no defects in their ability to prime either CD4 or CDS antigen- 

specific cells when immunised with alum and Ova [119].

In addition to cell-mediated responses, studies have reported mixed results with respect 

to the role of NLRP3 in particulate vaccine-mediated humoral responses [105, 107-108, 

118-119]. Some studies have shown a requirement for NLRP3 in alum-enhanced 

antibody production [105, 107-108], while others reported that there were no defects in 

alum-induced humoral responses in NLRP3'^' mice [118-119]. In agreement with the 

latter studies, these current findings have shown that PLG-enhanced antibody 

production was not compromised in NLRP3'^' mice.

The current data suggest that, NLRP3 is required for cell-mediated responses and 

dispensable for humoral responses induced by particulate vaccine adjuvants, which is in 

agreement with some studies and in contrast to others involving alum (Figure 6.1). 

However, a study using a chitosan based particulate adjuvant adds further support to the 

results from the PLG study, demonstrating that while cell-mediated immunity was 

reduced in NLRP3-deficient mice the chitosan-mediated humoral responses were 

unaffected. Furthermore, studies involving chitosan have also demonstrated that the 

nature of the adjuvant system is a key determining factor as to whether or not NLRP3 is 

required. In this case, the combination of a TLR agonist, CpG, with chitosan induced 

enhanced levels of antigen-specific IL-17 and IFN-y in a NLRP3-dependent manner 

(Mori A and Lavelle EC Manuscript in preparation). These results strongly suggest 

that, while NLRP3 is required for the promotion of cell-mediated responses it is 

dispensable for the enhanced production of antibodies. Moreover, they suggest that 

distinct combinations of adjuvants, such as chitosan and CpG, are perceived differently
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by the innate immune system and that this determines whether or not NLRP3 is required 

by the adjuvant.

In Vivo

PVA PVA + Ova

NLRP3 NLRP3 Bcell

0^

Ag-specific IL-6 Ag-specific IgGl

Figure 6.1: PVA activate the NLRP3 inflammasome and are dependent on NLRP3 for 

cell-mediated responses. However, PVA-mediated humoral responses occur 

independently of NLRP3.
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PVA display immunostimulatory activities in vivo

Previous studies have suggested that IL-1 may have the ability to promote the 

development of CD4 helper T cell responses and also boost primary responses when co

injected with antigens [618-619], Furthermore, it has recently been suggested that IL-1 

has the ability to enhance the proliferation of CD4 T cells thus promoting the 

development of helper T cell effector functions [570], Kinetics studies of the 

immunomodulatory effects of alum have demonstrated that, splenocytes isolated from 

IL-IRL' mice 7 days following injection of alum are primed to secrete significantly 

higher amounts of IL-1, an effect which was not observed in WT mice. These 

differences may be due to rapid receptor binding of IL-1 in the WT mice, preventing 

detection of IL-l. The kinetics of this lL-1 production strongly suggests that this 

enhancement of IL-1 by alum may be key to its ability to promote cell-mediated 

immunity. This increase in IL-1 may be important for the alum-promoted expansion of 

CD4 T helper cells and subsequent cell-mediated responses. Moreover, spleen cells 

from NLRP3'^' mice which are unable to produce IL-1 secrete less IL-6 than spleen cells 

from wild type mice when stimulated with antigen ex vivo. In further agreement with 

these results and the findings from the NLRP3'^' study, IL-lRL^" mice display 

differential kinetics in their development of cell-mediated responses when injected with 

alum alone. In general, the enhancement of IFN-y and IL-10 by alum injection occurred 

earlier and was maintained for longer in IL-IRF^' mice immunised with alum in 

comparison to wild type mice. These results suggest that lL-1 may play a regulatory 

role in the activation of cell-mediated responses by alum.

One of the major limitations of alum as a vaccine adjuvant is its inability to promote 

strong cell-mediated responses and its natural bias towards a Th2 phenotype [454, 620]. 

So far, there is no explanation for the Th2 bias observed with alum. It has previously 

been suggested that inflammasome-dependent members of the IL-I family, including 

IL-ip and lL-18 may be responsible [105]. In agreement with this, Eisenbarth et al 

have reported a reduction in the Th2-associated cytokine IL-5 in an alum-dependent 

asthma model in NLRP3’^’ mice, suggesting that activation of the NLRP3 inflammasome 

may be required for the cell-mediated Th2 bias observed with alum [105]. In contrast to 

the cellular immune responses, the antibody profile reported for these NLRP3-deficient 

mice did not suggest that there was a switch in the type of humoral response, but merely 

a reduction in the titres of antigen-specific IgGl and IgE antibodies [105, 107]. One
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study has reported that antigen-specific IgG2c titres, a Th 1-associated antibody isotype, 

were significantly higher in the NLRP3' ’ mice, however, the titres of IgGl were also 

enhanced in the NLRP3' ' mice in comparison to wild type mice [107], Furthermore, it 

has recently been shown that IL-33, a known inducer of Th2 responses, does not require 

processing by caspase-1 in order to become biologically active and is in fact inactivated 

by proteolysis by apoptotic caspases including caspase-3 and caspase-7 [621]. While 

this demonstrates that the NLRP3 inflammasome and caspase-1 are not required for the 

production of bioactive IL-33, it does not however rule out a role for IL-33 in the Th2 

bias of alum. A role for IL-18 in the Th2-promoting effects of alum has been 

investigated and it was reported that IL-18'^' mice produced less IL-4 than their wild 

type counterparts, while the absence of IL-18 had no effect on Th2-associated 

antibodies [622].

Current theories with regard to the Th2 bias observed with PVA suggest that, the Th2 

phenotype is favoured by the production of Th2-promoting factors, such as IL-4, which 

suppress the development of Thl cells [452, 456]. In contrast to this, the current work 

suggests that it is the enhancement of soluble factors with the potential to inhibit the 

development of Thl responses that is the driving force for the Th2 bias. Injection of 

alum alone is sufficient to prime spleen cells to secrete IFN-y. This suggests that alum 

has the ability to promote Thl responses. However, in addition to this enhancement of 

IFN-y, alum also primes spleen cells to produce IL-10. Previous studies have 

demonstrated that, IL-10 has the ability to inhibit the development of Thl responses in 

chronic viral infections, such as lymphocytic choriomeningitis (LCMV) and during 

infection with the intracellular pathogen Mycobacterium avium [561-562]. The result of 

the increase of IL-10 in both of these cases is reduced clearance and increased 

persistence due to defective protective immune responses. Furthermore, it has been 

shown that the co-administration of an IL-IOR blocking antibody with LPS- 

contaminated Ova promoted the development of Thl type responses as characterised by 

high levels of antigen specific IFN-y [563]. Given the ability of IL-10 to prevent the 

development of Thl responses in vivo, it is possible that this early increase in IL-10 

promoted by alum is sufficient to dampen the IFN-y and promotes Th2 responses. In 

agreement with this, studies in the lab have demonstrated that, following intraperitoneal 

injection of Ova with alum, IL-10‘^‘ mice produced significantly higher levels of 

antigen-specific IFN-y than wild type mice (Ewa Oleszycka and Lavelle EC
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Unpublished Data). No effects were observed on the ability of alum to promote 

humoral immunity in IL-10''^' mice. These preliminary findings support the theory that 

the early IL-10 induced by PVA plays an important role in the development of T helper 

cell effector functions.

Findings from these studies suggest that enhancement of IL-1 may be central to the 

ability of particulates to promote cell-mediated responses and that early IL-10 

production promotes the development of Th2 responses and dampens down the 

production of Thl-associated cytokines. Neither of these results however, explains the 

potent humoral immune responses observed with PVA. In agreement with the findings 

of the NLRP3 study, others have demonstrated that alum-induced antibody responses 

occur independently of the TIR adaptor, MyD88, which rules out a role for IL-1 or IL- 

18 [459-460]. Previous studies have shown that alum has the ability to prime B cells 

for MHC class II stimulation via enhanced intracellular Ca2^ levels and promotes the 

accumulation of IL-4-producing Grl^ cells, later identified as eosinophils, which were 

shown to be required for early IgM responses [451-453]. However, studies by Brewer 

et al have suggested that antibody production by particulates occurs independently of 

lL-4, suggesting that these previously identified IL-4 producing eosinophils are not 

required for the production of antibodies [455]. Furthermore, eosinophils have been 

shown to be dispensable in the adjuvant effects of alum as intact antibody and T cell 

responses to alum-adjuvanted Ova have been reported in eosinophil-deficient mice 

[119]. Therefore, studies to date have been unable to identify a central mediator of 

particulate induced humoral immune responses.

In addition to the enhancement of IL-10 observed when PVA are injected 

subcutaneously, these kinetics studies have also demonstrated that PLG induce 

enhanced expression of IL-21 mRNA in spleen cells. A subset of CD4^ T cells 

expressing high levels of CXCR5 with the ability to activate B cells and promote 

antibody production were identified in human tonsillar tissue [327-328]. These cells are 

now known as T follicular helper cells (Tfh) and have previously been shown to 

produce significant levels of IL-21 [578]. Tfh cell development requires IL-21 and 

these cells are thought to play key roles in the formation of germinal centres which are 

essential to the maturation of humoral responses [332, 339]. Furthermore, IL-21 

induces the expression of BLIMP-1 in B cells, promoting their differentiation into 

plasma cells which produce significant amounts of antibodies and a few remaining
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plasma cells act as a continuous source of antibodies, which provides immediate 

protection during subsequent pathogen encounters [339]. More recently, studies have 

shown that IL-21 acts directly on B cells and that IL-2r^' mice display impaired affinity 

maturation along with reduced germinal centre persistence and plasma cell 

differentiation [623-624], Therefore the ability of PLG microparticles alone to promote 

the transcription of IL-21 could potentially promote the development of Tfh cells with 

the ability to promote the development and maturation of B cell responses.

Subcutaneous injection of PLG or alum alone also primes splenocytes to produce 

significant amounts of IL-6. IL-6 itself can induce the production of IL-21 and Tfh 

cells have been shown to require IL-6 for their development [332, 577]. Therefore, the 

combined enhancement of both IL-21 and IL-6 by PVA potentially provides the optimal 

conditions for Tfh cell development. However, NLRP3'^‘ mice showed a significant 

reduction in their ability to secrete antigen-specific IL-6 and had no defect in the levels 

of antigen-specific antibodies produced. Furthermore, previous studies have 

demonstrated that IL-6'^' mice produce normal levels of antibodies when immunised 

with alum [454]. These studies suggest that lL-6 may have a redundant role in the 

production of antibodies in response to particulates. However, the enhancement of lL-6 

was observed very early on in the response and was produced in an antigen-independent 

manner. Therefore, it is possible that this early IL-6 promotes IL-21 expression and the 

development of Tfh cells. Further studies will be necessary in order to identify whether 

or not this enhancement of IL-21 is a common trait of all particles and to investigate the 

role of IL-21 in the adjuvant properties of particulates. However, it is tempting to 

speculate that IL-21 may be the key to particulate-induced antibody responses.

In addition to its immunostimulatory effects, IL-21 has also been shown to exert 

negative effects, such as inducing B cell apoptosis and inhibiting the function and 

maturation of DC [372, 625-626]. More recently it has been suggested that some of the 

suppressive effects exerted by IL-21 are the result of its ability to promote the secretion 

of IL-10 [627]. Furthermore, cells incubated in Thl polarising conditions in the 

presence of IL-21 secreted less IFN-y and showed an increase in their expression of IL- 

10 mRNA, in comparison to cells that were not stimulated with IL-21 [627]. The Thl 

cells stimulated with IL-21 were shown to co-produce IL-10 and IFN-y and these 

double producers showed reduced proliferation in response to antigen [627]. Given the 

ability of IL-21 to mediate suppressive effects through the enhancement of IL-10, it is
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possible that a positive interaction could exist between the initial lL-21 and lL-10 

induced by PVA. The early lL-21 enhancement could promote the induction of lL-10. 

Furthermore, both lL-10 and IL-21 have been shown to have inhibitory effects on the 

development and activities of Thl cells, respectively [563, 627], Therefore, this 

combination may be important in determining the type of effector T cell responses that 

develop in response to particulates. It has also been reported that IL-6'^‘ mice 

immunised with alum show enhanced production of both Thl and Th2 associated 

cytokines suggesting that IL-6 plays a regulatory role in the development of cell- 

mediated responses by PVA [454], Given the ability of IL-6 to promote the expression 

of IL-21 and the fact that IL-21 can promote the secretion of IL-10, these cytokines 

have the potential to regulate each other and in some cases themselves, ultimately 

determining the development of T helper effector cells [332, 577, 627],

The effect ofparticle size on the adjuvant effects of particulate vaccine adjuvants

One of the most interesting findings from these current studies, with significant 

relevance to the design and development of future vaccine adjuvants, is the relationship 

between the size of the particle and the type of immune responses induced. Smaller 

particles (50 nm) promoted significant cellular recruitment into the injection site, 

production of antigen-specific IL-17 and IFN-y, as well as strong humoral responses. 

On the other end of the spectrum, larger particles (10 pm), which were not 

phagocytosed, specifically recruited neutrophils into the injection site, primed cells to 

produce antigen-specific IL-4, IL-5, IL-10 and interestingly IFN-y, although to a lesser 

extent than the other cytokines (Figure 6.2). In addition, these large particles also 

promoted strong humoral responses (Figure 6.2). The bias towards different types of 

cell-mediated responses observed with the smaller (50 nm), and larger particles (10 pm) 

may reflect the different responses that are observed during infection with 

microorganisms that differ greatly in their size. For example, a virus, such as herpes 

simplex virus I (HSVl) specifically promotes strong cell-mediated responses, while a 

parasite, such as Schistosoma mansoni induces a more Th2 type humoral response [628- 

629].
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The size of the particle had a dramatic effect on the type of antigen-specific cell- 

mediated response generated. The superiority of nanoparticles (polystyrene) for the 

induction of strong pro-inflammatory cell-mediated responses has previously been 

reported [547, 549]. These studies demonstrated that these polystyrene nanoparticles 

(40nm) were efficiently taken up by and activated DC specifically, by enhancing 

surface expression of co-stimulatory molecules, such as CD86 [547]. Further studies 

have shown that smaller particles exploit different mechanisms of uptake and are 

therefore targeted to different intracellular compartments. This in turn determines the 

efficiency of antigen presentation and subsequently the type of response that is elicited 

[630]. It is possible that the difference in size results in different cellular targeting, 

differential uptake pathways and altered antigen presentation which would explain the 

superior ability of smaller particles to promote IL-17 and IFN-y. However, this cannot 

explain the ability of larger particles (10 and 30 pm) to promote cellular responses 

distinct from those observed with the smaller particles (50 nm). The larger (>10 pm) 

cannot be phagocytosed by cells therefore the idea of distinct intracellular pathways 

post uptake cannot explain the ability of these larger particles to enhance cellular 

responses in a specific manner. In vitro, larger particles of up to 30 pm in size still have 

the ability to synergise with TLR agonists to enhance the secretion of IL-ip in 

comparison to stimulation with TLR agonists alone which suggests that despite their 

inability to be phagocytosed they can still potentially activate the inflammasome. 

Furthermore, stimulation of BMDC with polystyrene particles alone, regardless of their 

size, is sufficient to enhance the secretion of IL-la. Therefore, it is possible that these 

particles are enhancing local IL-1 production sufficiently to promote the recruitment of 

innate cells into the injection site and the subsequent development of cell mediated 

responses.

The mechanism by which these larger particles activate the inflammasome is as of yet 

unidentified. However, it is possible that ROS may be involved. Frustrated 

phagocytosis occurs when an APC attempts to phagocytose a particle which is too large 

to be engulfed. Previous studies have shown that ‘frustrated phagocytosis’ can enhance 

the levels of intracellular ROS and that the ROS then acts as a signal for formation and 

activation of the inflammasome and subsequent secretion of IL-1 [104]. In agreement 

with the idea of frustrated phagocytosis leading to inflammasome activation, the data 

presented in chapter 3 demonstrated that although larger particles cannot be

257



phagocytosed, APC still attempt to engulf them and these cells can be seen on the 

surface of the particles. Others have also found that APC can be observed attempting to 

phagocytose larger particles by associating with the surface of the particles [359, 631]. 

As previously mentioned, IL-1 has been shown to play a role in the expansion of CD4 

effector functions and it has also been demonstrated that co-injection of IL-1 a enhances 

primary immune responses via direct effects on APC [570, 618-619]. Therefore, larger 

particles may be promoting cell-mediated responses by their ability to activate APC and 

promote ROS production by frustrated phagocytosis thus enhancing lL-1. Furthermore, 

10 pm polystyrene particles preferentially recruit neutrophils, which could also be 

explained by their ability to promote the secretion of IL-1 a, a known neutrophil 

chemoattractant, via enhanced ROS production and subsequent activation of the 

inflammasome [545, 632]. It is also possible that prolonged enhancement of ROS could 

lead to metabolic stress and subsequent cell death, which could also lead to release of 

IL-1 a, further potentiating the pro-inflammatory effects of these particles [633]. These 

current findings indicate that by simply changing the size of the particle the entire 

immune response can be re-directed.

Injection of polystyrene particles of any size enhanced the production of antigen- 

specific antibodies to comparable levels, which suggests that particle size and therefore 

particle uptake is not a determining factor in the promotion of humoral immune 

responses by PVA (Figure 6.2). In addition, no differences in IgGl or IgG2b/c were 

observed between groups suggesting that the size of the particle does not determine the 

type of humoral response that is generated (Figure 6.2). Furthermore, despite the 

distinct cell-mediated responses observed with different sized particles there were no 

differences in the humoral responses suggesting that there is no correlation between the 

cell-mediated and humoral responses promoted by particulates. Several questions 

remain; including, how do the larger particles promote antibody production and what is 

the common pathway that is triggered by all particulates regardless of their size or 

nature that promotes humoral immunity? While there is a potential role for IL-1 in the 

development of cell-mediated responses it is unlikely that IL-1 also plays a role in the 

enhanced production of antibodies. In agreement with this, it has previously been 

shown that MyD88'^' mice show no defect in their ability to promote antibody responses 

when immunised with alum [459-460]. Since injection of PLG enhanced the expression 

of lL-21 mRNA rapidly and enhanced levels of IL6 (chapter 3), these may mediate
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particulate-induced antibody responses. Both IL-21 and IL-6 are required for the 

development of the main cells responsible for B cell help, Tfh cells [327-328, 332]. 

Therefore it is possible that the particulates promote the development of Tfh cells, thus 

contributing to their ability to enhance humoral immunity. Based on this, it will be of 

interest to investigate whether or not all particles can enhance the expression of IL-21 

mRNA regardless of their size.

<200nm >10nm

Thl (IFN-y) (IL-4,IL-5)

Thl7(IL-17)

50nm 30uni

Bcell

Ag specific

IgG,IgGl,IgG2b,IgG2c

Figure 6.2: The effect of particle size on the adjuvant properties of particulates.

The size of the particle determines the type of cell-mediated responses that is induced 

but does not effect the humoral responses.
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The role of particle-induced cell death in the adjuvant properties ofparticulates

Another key characteristic of PVA which has been identified is their toxicity. The idea 

that uncontrolled cell death results in the release of pro-inflammatory endogenous 

danger signals is widely accepted [7, 583], Previous reports have demonstrated that 

injury at the time of infection can boost protective responses [634], Results from 

current findings demonstrate that at high concentrations, particulates are toxic to BMDC 

and spleen cells. Furthermore, this toxicity has been observed in vivo, where areas of 

necrosis can be found around the injection site when particles are injected 

subcutaneously. Further investigations suggest that this is a necrotic type of cell death, 

which results in loss of plasma membrane integrity and the release of endogenous 

danger signals such as HMGBl (Coleman M and Lavelle EC unpublished findings). It 

has also been reported that injection of alum alone is sufficient to increase local levels 

of the endogenous danger signal uric acid [165]. Furthermore, the recruitment and 

activation of inflammatory monocytes as well as T cell proliferation in response to alum 

was dependent on uric acid [165]. Therefore, the ability of particulate adjuvants to 

promote the release of endogenous danger signals via their necrotic effects on cells is 

potentially important to their ability to enhance immune responses. In further support 

of the role of endogenous danger signals in the adjuvant effects of particulates, findings 

from these current studies have shown that supernatants from spleen cells treated with 

alum display adjuvant properties. These results demonstrated that co-administration of 

supernatant from alum treated spleen cells with Ova resulted in enhanced production of 

antigen-specific IL-4, IL-17, IL-5 and IFN-y (Figure 6.3). Furthermore, the 

enhancement of some of these cytokines was dependent on TLR4, which has been 

shown to be required for the signalling of several endogenous danger signals, including 

biglycan and HMGBl [42-44].

In addition to classical danger signals, certain cytokines can be released by necrotic 

cells in biologically active forms, such as IL-la and IL-33 [542, 621, 635]. 

Furthermore, IL-la has been shown to play a key role in the recruitment of neutrophils 

during sterile inflammation, which further supports the idea that IL-la released in 

response to particulates may play a key role in the recruitment of neutrophils and 

possibly other innate cells [545]. IL-la released by injured cells has also been shown to 

be a key mediator of adaptive responses during allograft rejection [636]. Taking into 

account the fact that certain cytokines are only released via necrosis, it is possible that
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particle-mediated cell death may promote the release of pro-inflammatory cytokines, 

such as IL-la and IL-33, which can further potentiate the immune response promoted 

by PVA.

In chapter 5 it was shown that smaller particles are more toxic than larger particles and 

that particle uptake is a necessary step in particulate-induced cell death, suggesting that 

smaller particles may promote enhanced release of pro-inflammatory cytokines, such as 

IL-la from necrotic cells. In addition, smaller particles are also more efficient at 

driving activation of the inflammasome and subsequent release of IL-ip. Therefore, 

smaller particles can promote IL-1 production more efficiently than larger particles. 

This potent enhancement of IL-1 and the toxicity of smaller particles may account for 

their ability to drive a more robust Thl-like response. Furthermore, necrotic cells are 

potent drivers of CTL and delayed type hypersensitivity reactions [585, 594]. In 

addition, current findings have demonstrated that nanoparticles (50 nm) specifically 

promote the secretion of IL-17 and IFN-y when injected intraperitoneally. IL-1 is 

required for the development of Thl7 cells, which adds further evidence to the idea that 

nanoparticles are more efficient drivers of lL-1 and this could explain their specific 

enhancement of IL-17 [290, 292].

Overall, smaller particles are more toxic and therefore have the potential to promote the 

release of endogenous danger signals more efficiently than larger particles, suggesting 

that toxicity promotes the development of a more pro-inflammatory response. In further 

agreement with this, larger particles which are non-toxic and did not cause any local 

necrosis when injected subcutaneously promoted the secretion of mainly Th2-associated 

cytokines, including IL-4, IL-5 and IL-10. Taken together, the toxic nature of PVA, the 

relationship between particle size and cell death and the fact that different sized 

particles induce distinct cytokine profiles in vivo, it is possible that increased levels of 

cell death are related to the enhancement of cytokines, such as IL-17 and IFN-y. 

However, the toxicity of the particulates has no effect on the ability of particles to 

promote humoral responses, suggesting that particle size and relative toxicity are key 

factors that should be taken into account during the development of vaccines and 

adjuvant systems.
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Figure 6.3: PVA are cytotoxic which promotes the release of endogenous molecules 

with proinflammatory effects. Supernatants from PVA-treated splenocytes promote 

the secretion of antigen-specific IL-4, IL-5 and IL-17 when co-administered 

subcutaneously with Ova.

Overall, the results from these studies have contributed significantly to our 

understanding of the mechanism of action of PVA (Figure 6.4). In agreement with 

several other studies, they have re-affirmed the idea that particulates have 

immunostimulatory properties and that they act as more than an antigen depot [119, 

430,451-452, 459]. PVA promote activation of the NLRP3 inflammasome in vivo and 

while this is not required for the enhancement of humoral responses, it is important for 

the recruitment and activation of innate cells as well as antigen-specific cytokine 

responses. Furthermore, IL-1 is also enhanced both locally and systemically post-
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immunisation with particulates and may play a key role in both the initial development 

of cell-mediated responses and the expansion of later cell-mediated responses. The 

enhancement of IL-10 by PVA may help to explain their predominant Th2 bias and 

inability to promote strong cell-mediated responses such as CD8^ T cells. The early 

enhancement of IL-21 and lL-6 may promote the development of Tfh cells, which could 

potentially be central to the enhancement of humoral responses by PVA. The toxic 

effects of these adjuvants promote the release of endogenous danger signals, which also 

have immunostimulatory effects and have the potential to associate with and enhance 

the activity of other pro-inflammatory mediators, such as IL-1 [616]. Furthermore, the 

level of cell death could also contribute to determining the type of T helper cell 

response that is induced by PVA. These studies have identified particle size as a key 

factor in determining the type of immune response induced by particulates. By simply 

changing the size of the particle the type of cell mediated response is completely altered 

without affecting the humoral response. Therefore, the particle size should be 

considered when designing future particulate vaccine adjuvants and vaccines depending 

on what elements of the immune response are most important for protection.
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Figure 6.4: Immunostimulatory effects of particulate vaccine adjuvants.

A better understanding of how particulate adjuvants enhance immune responses will 

help us to overcome one of the major limitations associated with particulate vaccine 

adjuvants, which is their inability to produce strong cell-mediated responses and allow 

for the development of improved adjuvants in the future and subsequently better 

vaccines. Studies like this help us to unravel the specific mechanisms underlying the 

observed effects of particulate vaccine adjuvants on immune responses in vitro and in 

vivo. This, in turn, will lead to the development of more efficient and efficacious 

vaccines.
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