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ABSTRACT

Aluminium adjuvants (Alum) are the only widely approved adjuvants used in
human vaccines, although their mechanism of action remains controversial. It is
generally accepted that adjuvants mediate their effects on the adaptive immune
system cells via innate antigen presenting cells (APCs), in particular dendritic cells
(DCs). In this study the way in which Alum modulates several steps in DC functions

that lead to T cell activation to underpin adjuvant function was investigated.

Using EaGFP/YAe, it was demonstrated that Alum increased the rate and
magnitude of antigen internalisation in an actin-dependent manner by DCs in vitro. It
was observed that Alum caused an initial reduction in presentation compared with
soluble antigen, but eventually increased the magnitude and duration of antigen
presentation that was associated with reduced protein degradation in DCs. Using
costimulatory-independent-DO11.GFP hybridoma, it was shown that Alum enhanced
presentation of antigens derived from protein as well as peptide. As well as having an
antigen targeting effect on DCs, this adjuvant works by mechanism(s) other than
simply antigen delivery as adsorption to Alum is dispensable for boosting their
antigen presenting efficiency. Alum enhanced DC activation characterised by the
enhanced expression of CD86, CD80 and OX-40ligand (L) and the production of
interleukin (IL)-1p, tumour necrosis factor (TNF)-a and IL-6. In in vivo studies
employing adoptive transfer of transgenic T cells and subcutaneous (s.c.) injection,
Alum caused a sustained accumulation of cells leading to draining lymph node
(DLN) shutdown.

In conclusion, it was shown that the dynamic alterations in phenotypic and
functional changes underlie enhanced DC function in response to Alum. Due to
increasing demand for novel adjuvants, a clearer understanding of the mechanisms
that allow these important agents to affect adaptive immune responses will make a

significant contribution to the rational design of future vaccines.
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CHAPTER-1: INTRODUCTION



1.1 Vaccines

Since the age of Edward Jenner, vaccines have revolutionised public health
worldwide, successfully saving the lives of millions of people from infectious
diseases. It has been about 30 years since the World Health Organisation (WHO)
announced the complete control and eradication of smallpox, achieved through the
widespread application of the smallpox vaccine [1]. With increasing vaccine
coverage, the eradication of polio is also nearly complete [2,3]. This can be clearly
observed in the globally decreased incidence of polio associated with increased
immunisation coverage [2] (FIGURE 1.1). In the same way, vaccine immunisation
has reduced the incidence and mortality of many diseases such as diphtheria,
Haemophilus influenzae type b (Hib) infection, hepatitis B viral infection, tetanus,
measles, mumps, neonatal tetanus, pertussis, pneumococcal infection, rubella, and
serogroup C meningococcal infection [2,4]. Therefore, vaccine discovery has been
one of the greatest achievements and one of the most economic and safe

interventions of biomedical science.
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FIGURE 1.1: Poliomyelitis global annual reported cases and Pol3 (third dose of
polio virus vaccine) coverage, 1980-2009.

The graph represents the data reported by the Member States to WHO, and
WHO/United Nations Children’s Fund (UNICEF). It shows decreasing polio cases
around the world are associated with increased immunisation coverage with time
(Adapted from: WHO vaccine-preventable diseases: monitoring system 2010 global
summary [2]).



1.2 Vaccine technologies

The vaccines described above have been produced by a number of different
technologies (TABLE 1.1). These share the common goal of producing a version of
the infectious agent or its antigens, in a form that is less infectious or pathogenic, but
retains effective immunogenicity and ability to protect the host against subsequent

exposure to infection.

1.2.1 Live attenuated vaccines

Live vaccines contain modified live microorganisms that replicate in the host,
causing a mild infection and consequently stimulate the host immune response in a
manner similar to the immune response stimulated by natural infection [5,6]. In these
vaccines, the virulence of the organisms is reduced either via multiple passages in a
nonhuman host such as embryonated eggs or tissue culture cells under suboptimal
conditions of temperature or by chemical mutagenesis [6]. These modified organisms
generate immune responses of high magnitude and long duration, thereby promoting
cellular and humoral memory [5]. In addition, they are sufficient to induce protective
immunity following a low number of immunisations [5,7,8]. The currently existing
live vaccines are effective against polio (Sabin), mumps, measles, rubella,
chickenpox, shingles, rotaviral infection, yellow fever, typhoid (oral ty2la) and
tuberculosis (TB) (BCG, Bacillus Calmette—Guerin) (TABLE 1.1). However, there
are several limitations of live vaccines, firstly they are able to replicate in the host
and can revert to the virulent wild-type strain [9]. In addition, they are able to induce
disease in  immunocompromised  patients and  patients  undergoing

immunosuppressive therapy [7,8].



TABLE 1.1: Types of vaccines prepared by different techniques.

Types of vaccines

Examples of vaccines used for different diseases

Live attenuated

MMR ( Measles, Mumps, Rubella) vaccine, Yellow Fever,

vaccines Vaccinia (Smallpox) and Rotavirus Vaccine, Live Attenuated
Influenza Vaccine (LAIV), Varicella zoster vaccine, Polio
vaccine (Oral, Sabin), Typhoid vaccine (oral, ty21a) and BCG
(Bacillus Calmette-Guerin) vaccine.

Inactivated Polio (Salk), Hepatitis A, Influenza, Cholera (Recombinant

vaccines Cholera B subunit-Whole Cell, WC-rBS) and Plague Vaccine.

Toxoid subunit
vaccines

Diphtheria Toxoid (DT) and Tetanus Toxoid (TT).

Polysaccharide
subunit vaccines

Pneumococcal, Meningococcal and Typhoid (Vi capsular)
Vaccines.

Conjugate
subunit vaccines

Hib (Polysaccharide linked to the TT or DT), Meningococcal
Conjugate Vaccine (MCV) 4 (Polysaccharide linked to the
DT), and Pneumococcal (Polysaccharide linked to the DT or
H. influenzae) Vaccines.

Recombinant
subunit vaccines

Hepatitis B, Human Papillomavirus (HPV) and Recombinant
Rabies Vaccine (V-RG).




1.2.2 Killed or inactivated vaccines

Killed or inactivated vaccines contain whole organisms that are inactivated
by heating and or treating with chemicals such as formaldehyde, glutaraldehyde or
phenol to prevent in vivo growth, but retain most of their epitopes and factors
associated with immunogenicity [5,10]. Polio (Salk) and hepatitis A are standard
inactivated vaccines [9] (TABLE 1.1). Following immunisation with killed vaccines,
there is neither risk of persistent infection nor reversion to a virulent form [7,8].
These vaccines induce potent humoral immunity characterised by long-lasting
antibody production because most of the epitopes and virulence factors are preserved

after inactivation [3].

Though Kkilled vaccines have excellent safety in immunodeficient patients,
they have been associated with adverse side effects. For example, use of the whole
cell killed pertussis vaccine has been associated with inflammation at the injection
site and fever-associated seizures called febrile convulsions [11,12]. Furthermore,
Killed vaccines are poor inducers of cellular immune responses [5]. In addition, a
fairly large number of microorganisms and multiple vaccine doses are required to

maintain detectable antibody levels [7-9].

1.2.3 Subunit vaccines

Subunit vaccines contain purified antigens or extracts of whole organisms.
Subunit vaccines are composed of toxoids, subcellular fragments or surface antigens
[13,14]. DT derived from Corynebacterium diphtheriae and TT derived from
Clostridium tetani are examples of toxoid vaccines, where the bacterial toxin was
isolated biochemically and then the enzyme activity, and associated pathogenicity
were removed by chemical inactivation [14]. Similarly, purified carbohydrate
antigens from Pneumococcus were used in the first polysaccharide vaccine.
However, due to the T cell independent nature of carbohydrate antigens, this vaccine
could not generate a T cell response and failed to work in infants [15]. This problem
was overcome by conjugating polysaccharide antigens to proteins, in particular

toxoid vaccines (TABLE 1.1). This technique gave safe and effective conjugate



vaccines against Hib, Streptococcus pneumoniae and Neisseria meningitidis
serogroup A, C, Y, W-135 [16,17]. Subunit vaccines can be safely given to
immunosuppressed people [5] and one of the main factors driving technology
development towards subunit vaccines is their unrivalled safety profile. However, a
major limitation of these vaccines is their lack of strong immunogenicity and the

requirement for multiple doses for protection [9].

1.2.4 Recombinant vaccines

The inability to cultivate certain pathogens in bulk, for example hepatitis
viruses, has been a major limitation to the mass production of vaccine antigens.
However, these antigens can be produced using recombinant DNA approaches to
isolate antigen coding genes and express these in heterologous expression systems.
For example, recombinant viral vaccines such as recombinant hepatitis B surface
antigen (rHBsAg) and HPV vaccines are produced by inserting genes encoding the
virus surface protein into a yeast expression vector. The modified yeast cell grows
and produces refined HBsAg or HPV capsid protein [18,19]. One important viral
recombinant vaccine is V-RG (Recombinant Rabies Vaccine) that is prepared by
insertion of the rabies glycoprotein gene into live vaccinia virus [20,21]. Although
these approaches have allowed the bulk production of antigens hard to grow, they

suffer equally as subunit vaccines from a lack of immunogenicity.

1.3 Key issues in vaccine development

With increased understanding of pathogen biology, molecular biology,
biochemistry and biotechnology, vaccine development has progressed from trial and
error based empirical vaccine studies towards more rational and reductionist
approaches [22]. Nevertheless, these techniques have had limited success in
developing effective vaccines against emerging diseases like Human
Immunodeficiency Virus/Acquired Immunodeficiency Syndrome (HIV/AIDS) and

re-emerging diseases like TB and malaria [23].



One important limitation of vaccine development is the incomplete
understanding of the components required to form an ideal vaccine. An ideal vaccine
would be safe in humans and animals and would induce immune response of high
antigen specificity, high magnitude and long duration. Therefore, these vaccines
would induce the generation of a large number of memory cells capable of quick and
precise recognition of the specific epitope of an antigen and re-stimulation upon
consequent antigen exposure within the body [24,25]. This would secure the
induction of long-lasting protective cellular and humoral immune responses.
Unfortunately, in many diseases, our knowledge of what the protective response
looks like is incomplete. In addition, we do not know completely how to induce these

responses safely, appropriately, and precisely [26].

One of the major obstacles to continued progress in vaccine development has
been the reduced immunogenicity of refined subunit or recombinant protein vaccines
compared with live vaccines. This may be due a number of factors, such as rapid
clearance from the body, poor recognition by the immune system and failure to
adequately stimulate appropriate immune cells [27]. Therefore, while appropriate and
safe antigen discovery has been the main target of vaccinology in recent years, the
discovery of the substances that increase the immunogenicity of the antigens is also

gaining equal importance. These substances are called adjuvants.

1.4 Adjuvants

The term ‘adjuvant’ is derived from the Latin verb adjuvare which means to
help. In 1926, Ramon coined this term for substances such as bread crumbs, agar,
tapioca, starch oil, lecithin or saponin which, when used in combination with specific
antigens, produced a higher level of immunity than that produced by the antigen
alone [28]. Janeway in 1989 called adjuvants ‘the immunologists’ dirty little secret’;
‘dirty’ because the purified vaccine antigens recognised by T and B-lymphocytes
were contaminated with the undefined components of adjuvants, for example heat
killed mycobacteria, and ‘secret’ because their mode of action remained a mystery
[29].



Using adjuvants in vaccines has several advantages. The limitations of
refined vaccines can be overcome by formulating a vaccine with adjuvants. The
formulation of a vaccine with an adjuvant may reduce the antigen dose and number
of immunisations required to establish protective immune responses [9]. Adjuvants
can also affect the initiation, strength and duration of immune responses. In addition,
they may induce immune responses in immunologically immature children,
immunocompromised individuals and immunologically less responsive, aged people
[30-32].

1.4.1 Clinically applicable adjuvants

Despite a great deal of interest in developing novel adjuvants, there are
currently few adjuvants approved for use in human health. In the United States,
Alum and AS04 (adjuvant system 04) are the only licensed adjuvants and these plus
virosomes and MF59 and ASO3 (oil-in-water emulsion) are licensed in the European
Union [33-36] (FIGURE 1.2). Among these adjuvants, Alum is a dominant adjuvant
used in vaccines since 1920s in the USA and the Europe. This mineral adjuvant is
used in different vaccines such as those against hepatitis A, hepatitis B, polio virus,
HPV, rabies virus, tick-borne encephalitis virus, Bacillus anthracis, Clostridium
botulinum, Clostridium tetani, Corynebacterium diphtheriae, Bordetella pertussis,
Hib, Pneumococcus spp, and foot-and-mouth disease virus [37,38]. AS04 is a
combination of two adjuvants, MPL and Alum (Aluminium hydroxide in Cervarix or
Gardasil used to prevent cervical cancer caused by human papillomavirus (HPV) and
Aluminium phosphate in Fendrix used to prevent hepatitis B virus infection) [39-41].
Two GSK products, Fendrix and Cevarix, were licensed in the Europe in 2005 and
2007 respectively. Gardasil, a vaccine developed by Merck and Co, Inc, was first
approved by the US Food and Drug Administration (FDA) in 2006, whereas
Cervarix was first approved in 2009. MF59 (FLUAD®) is a squalene-based oil-in-
water emulsion developed by Novartis and is used in influenza vaccines. AS03
(Prepandrix), licensed in 2008, is an oil-in-water emulsion developed by GSK and is
used against pandemic influenza caused by H1N1 strain. Virosomes (Inflexal,
developed by Crucell), licensed in 1997, are liposomes, tiny spherical vesicles that
consist of synthetic and natural phospholipid molecules. They are trivalent seasonal



influenza vaccines that contain virosomes, and the influenza surface proteins like
haemagglutin (HA) and neuraminidase (NA) [34,42,43].

EUROPE AS04 (Fendrix)
MF59

Virosomes | AS04 (Cervarix)

l AS03

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

I I

Alum AS04 (Cervarix)

USA

FIGURE 1.2: Chronology of adjuvant licensing in Europe (including UK) and
the USA.

This diagram is derived from various publications [34,42,43].

1.4.2 Alum

1.4.2.1 Range of Aluminium compounds used in vaccines

Alum is by far, the oldest adjuvant in the history of human vaccination. This
adjuvant was first used by Alexander T. Glenny who prepared potassium Aluminium
sulphate or Alum [KAI(SO,).]-adjuvanted vaccines by co-precipitation with DT
dissolved in carbonate buffer [44-46]. Due to the problems in manufacturing
reproducibility [47], the technique of Alum precipitation has been substituted by the
adsorption of vaccines onto preformed Aluminium hydroxide or alhydrogel

(chemically crystalline Aluminium oxyhydroxide) and Aluminium phosphate or



adju-phos gels (chemically amorphous Aluminium hydroxyphosphate) [48,49].
Literatures are found regarding the wide application of other forms of Aluminium
compounds [50] such as Aluminium silicate [51], Algammulin (gamma inulin plus
Aluminium hydroxide) [52], cesium Alum [53], Imject Alum (Aluminium
hydroxide plus magnesium hydroxide) [54,55] have also played a significant space in
the vaccinology benchsides. All of these Aluminium compounds are called ‘Alum’ in
the literature, although this type of chemical definition is incorrect [56].

1.4.2.2 Properties of Aluminium compounds

The solubility of Aluminium hydroxide, Al(OH)3 is extremely low in water,
but it increases in acidic or alkaline media [57]. The molecular formula of this
mineral seems to have an Aluminium atom (with +3 positive charges) at the centre
with three hydroxyl (OH") groups attached to it. However, Stanley Hem’s group at
Purdue University carried out detailed studies of this compound used in vaccine
preparation. Using X-ray crystallography and infrared spectroscopy, this group has
studied a boehmite-like pattern of Aluminium hydroxide called Aluminium
oxyhydroxide AIO(OH) rather than the usual chemical formula, Al(OH)3 in adjuvant
preparations [49,58]. The surface of this adjuvant comprises metallic hydroxyl
groups coordinated to Aluminium (FIGURE 1.3). These hydroxyl (OH) groups can
accept a proton to produce a positive site or can donate a proton to produce a
negative site at the surface [57]. Therefore, the surface charge depends on the pH of
the adjuvant formulations. Aluminium hydroxide has an approximately 11.4 point-
of-zero-charge (PZC) at which this compound carries no charge within it or in its
surface. Therefore, at physiological pH (pH=7.4), this mineral consists of a positive
surface charge. The PZC of Aluminium hydroxide adjuvant can be decreased to an

acidic value by treating this adjuvant with phosphate anions [59].

While studying the structure of Alum, the Hem group has shown a fibrous
primary particle of size 4.5x2.2x10 nm for Aluminium oxyhydroxide [58]. These
particles form a loose and irregular aggregate of 1-10um size [57] that is significant

for phagocytosis by APC [60]. In addition, the very small primary particles of this
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adjuvant has a high surface area (surface area=500m?%g) [58,61] that may enhance

strong protein antigen adsorption [50].

® ®
N

Al Al

FIGURE 1.3: Schematic of surface of Aluminium hydroxide adjuvant.

This diagram is adapted from [57].

1.4.2.3 Adsorption properties of Aluminium adjuvants

The general guideline for adsorption of many protein antigens in both
Aluminium hydroxide and Aluminium phosphate is optimum in the pH interval
between the PZC and isoelectric point (IEP). In this interval, the adjuvant and the
antigen will have opposite electrical charges that increase electrostatic attraction and
adsorption [62]. Therefore, at physiological pH, Aluminium hydroxide can
efficiently bind with an antigen with an acidic IEP and Aluminium phosphate can
efficiently bind with an antigen with an alkaline IEP [63]. This is quite important in
binding or adsorbing the proteins with an acid IEP via electrostatic attraction
between the positively charged Aluminium hydroxide and the negatively charged
proteins [59]. In this context, the proteins or peptides which have higher IEP may
show efficient binding with this mineral adjuvant. Another adsorption mechanism
involves ‘ligand exchange’ between positively charged Aluminium hydroxide and
negatively charged proteins containing (PO4)*" groups [59,62,64]. Ligand exchange

may occur when an electrostatic repulsive force is present [57]. However, this
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mechanism may also reduce adsorption by electrostatic attraction if anions [for
example, (PO4)* ions from buffer] with affinity for ligand exchange with OH™ on
the surface of Aluminium hydroxide [65]. This is because of the lack of available
OH™ groups for ligand exchange as the higher concentration of PO4%>  groups from
buffer treatment already binds with the higher numbers of surface OH  groups
available for other binding options between proteins and Aluminium adjuvants that
may occur via hydrophilic-hydrophobic interaction, van der Waal’s force and
hydrogen bonds [50].

1.4.2.4 Effects of temperature on Aluminium adjuvants

Aluminium adjuvants are irreversibly damaged by freezing and subsequently
thawing. The freezing also results in the loss of the protein adsorption capacity [63].
In the same way, autoclaving causes a slight reduction in pH, viscosity, surface area
of protein and increase in crystallinity and finally reduction in the adsorption
capacity of Aluminium hydroxide. The protein adsorption capacity also decreases
following autoclaving Aluminium phosphate adjuvants though their amorphous

structure does not change [66].

1.4.2.5 Dose of Aluminium compounds in vaccines

In experimental vaccinology, different labs use various ranges of Aluminium
compounds. In the preclinical phase of vaccine development, the dose is empirically
determined, but there are no accepted limits of Aluminium for veterinary vaccines. In
human vaccines, the European limit is 1.25mg elemental Aluminium per dose [67],
whereas the US limit as guided by the FDA is 0.85mg elemental Aluminium per dose
if determined by assay or 1.14mg if determined by calculation on the basis of the
amount of Aluminium compound added or 1.25mg determined by assay provided
that this amount IS safe and effective [67],
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CERSearch.cfm?fr=610.15,
accessed on 23 May 2012).
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1.4.2.6 Side-effects of immunisation with Aluminium compounds

In recent years, researchers have reported various adverse effects of
Aluminium adjuvants such as ‘macrophagic myofascitis’ [68-70] and ‘muscle
granuloma’ following intramuscular immunisation [71] and Aluminium hydroxide
granuloma of the subcutaneous tissue following immunisation [72,73]. These effects
are almost similar [74] and are characterised by dermatologic reactions such as
granulomas, erythema, cutaneous nodules, angioedema and myalgias and fatigue
with increased IL-1 and IL-6 secretion [75,76]. Aluminum-containing vaccines like
Hepatitis B vaccines (Engerix-B) and Anthrax vaccines (BioThrax) produce post-
licensure adverse effects such as idiopathic thrombocytopenia, anaphylaxis and or
other generalised hypersensitivity reactions, facial palsy, Guillain-Barre syndrome,
visual disturbances, asthma and arthritis
(http://www.fda.gov/OHRMS/DOCKETS/98fr/05n-0040-bkg0001.pdf, accessed on
23 May 2012)(http://us.gsk.com/products/assets/us_engerixb.pdf, accessed on 23
May 2012). Recently, Tomlejenovic and Shaw (2011) [77] has reviewed the

neurodevelopmental toxicity comprising long-term brain inflammation and serious
health consequences due to Aluminium compounds in cats, rabbits, mice and
humans.

In spite of few reports of adverse reactions, these adjuvants are not pyrogenic
or carcinogenic or teratogenic [50]. They even reduce the reactogenicity of some
microbial adjuvants such as lipopolysachharide (LPS) [60]. In addition to their
excellent safety records, other factors such as ease of preparation, stability and
immunomodulatory effects have created them to be a dominant adjuvant in the
vaccine industry [63,75,78,79]. Therefore, in the absence of development of new safe

adjuvants, Aluminium adjuvants will continue for many years.

1.4.3 Limitations of clinical adjuvants

Currently available vaccines confer immunity primarily through a humoral
response, characterised by antibody production [80]. While the recently available
clinical adjuvants have been effectively applied in many of these vaccines, they have

broadly failed to initiate protective responses against protein and peptide vaccines
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against HIV, Mycobacterium and Plasmodium. Though the humoral response can be
sufficient in preventing infection by HIV [81,82] and can affect certain stages of
infection by Plasmodium [83], cell-mediated immunity (CMI) is entirely or partially
required to clear these intracellular organisms [84]. In this context, the current
clinical adjuvants fail to induce protective CMI. For example, Alum has been shown
to generate and enhance T helper (Th) 2 type responses characterised by the
production of cytokines such as interleukin (IL)-4 and IL-5 and B cell responses
characterised by the immunoglobulins (Ig) gammal (IgGl) and epsilon (IgE)
production [85,86]. Alum, therefore, is not able to stimulate CMI responses such as
interferon gamma (IFN-y) production and B cell IgG2a production [87,88].
Similarly, virosomes and the oil emulsions (AS03 and MF59) are primarily strong
antibody producing adjuvants [36,89-93]. In contrast to these adjuvants, AS04
adjuvant containing MPL and Alum is well-known for its efficacy to increase the
magnitude and persistence of antibody production and the generation of CMI [94].
This suggests that the addition of MPL to Alum adjuvants converts them from Th2-
into Thl- inducing adjuvants. Therefore, regulating Thl immunity through the
formulations of TLR-based adjuvants may have significant contribution in the

rational vaccine design against intracellular pathogens [95].

1.4.4 Types of adjuvant

The classification of vaccine adjuvants is complex due to the enormous
diversity of compounds and the range of functions they perform. Vaccine adjuvants
have been variously classified on the basis of their particulate nature [96], origin or
sources [27] and mechanism of action [32,97]. Vaccine adjuvants can be classified as

delivery vehicles and/or immunostimulatory substances [98].

Delivery vehicles include mineral salts (Alum), oil emulsion (water-in-oil
emulsion like FCA and oil-in-water emulsion like MF59), liposomes, microparticles,
virosomes and immunostimulatory complexes. These agents are thought to target
formulated antigens to antigen presenting cells (APCs) in the secondary lymphoid
organs (SLOs) and/or slowly release antigen from the site of immunisation [31,32].
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Immunostimulatory substances are thought to directly activate aspects of the
innate and/or adaptive immune responses. These include pathogen associated
molecular patterns (PAMPSs) and damage associated molecular patterns (DAMPS).
PAMPs include LPS, and derivatives such as monophosphoryl lipid A (MPL A),
Mannans, single-stranded (ss) or double stranded (ds) deoxyribonucleic acid (DNA),
ss or ds ribonucleic acid, muramyl dipeptide (MDP) and Cytosine phosphate
Guanine Oligodeoxynucleotide (CpG ODN). These molecules are recognised by
pattern-recognition receptors (PRRs) such as toll-like receptors (TLRs) and
Nucleotide Oligomerisation Domain protein-like receptors (NLRs) and retinoic acid-
inducible gene-1 (RIG-I)-like receptors (RLRs). Therefore, PAMPs target their
specific receptors directly resulting in enhanced adjuvanticity. That is why several
microbial adjuvants such as tripalmitoyl cysteine (Pam3Cys), macrophage activating
lipopeptide of 2kDa molecular mass (MALP-2), S-[2,3-
bis(palmitoyloxy)propyl]cysteine (Pam2Cys), polyinosinic:polycytidylic acid (poly
I:C), BCG, FCA, MPL A, flagellin, imiquimod, resiquimod-848 (R-848), CpG ODN
and haemozoins have been currently developed and are under vaccine clinical trials
[95,99,100] (TABLE 1.2).
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TABLE 1.2: A variety of new adjuvants, their innate immune receptors, ligand
components and sources or origin in nature.

Adjuvants isolated from different sources consist of agonists that bind the innate
immune receptors of APCs and induce or enhance innate and adaptive immune
responses. IPAF: Ice protease-activating factor, NALP5: NACHT [Neuronal
Apoptosis Inhibitory Protein (NAIP), MHC class Il Transcription Activator (CIITA),
Incompability locus protein from Podospora anserina (HET-E), Telomerase-associated
protein (TP1) family] Domain-Leucine-Rich Repeat-, and PYD (Pyrin domain)-

containing Protein 5.

Adjuvants Innate Immune | Ligand Components References
Receptors

Pam3Cys TLR1 + TLR2 Lipoprotein [101]

MALP-2 TLR2 + TLR6 Diacyl lipopeptide [102-104]

Pam2Cys

BCG, TLR2 Peptidoglycans [105-107]

FCA NOD2 (NLR) Muramy! dipeptide

Poly I:.C TLR3 ds RNA [108-110]
MDAS (RLR)

BCG TLR4 LPS [102,107]

MPL A

Flagellin TLR5 Flagellin [111-113]
IPAF
NALP5

Imiquimod, TLR7, TLRS8 SSRNA [114]

Resiquimod-848

(R-848)

CpG ODN TLR9 Unmethylated CpG [115,116]

Haemozoins Haemozoin
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On the other hand, DAMPs include uric acid, HSPs, DNA, RNA, nucleotides,
and adenosine triphosphate (ATP) [117]. DAMPs are recognised by DAMP receptors
(DAMPR) as well as by some PRRs. Though many DAMPs can trigger adjuvant
properties via DAMPRs or PRRs (TABLE 1.3), very few of them, such as HSPs,
have been directly used in vaccine design. For example, HSPs are recognised by
DAMPRs (CD91) leading to enhanced antigen internalisation [118,119] and has been

used to deliver antigens in cancer vaccine development [120].
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TABLE 1.3: Endogenous danger signals (DAMPSs), their receptors and their immunological responses within the host body.

The binding of danger signals released through tissue damage with their receptors lead to immunological effects such as phagocytosis,
APC activation and migration to DLNSs, cytokine production, inflammation and ultimately T cell activation.

Endogenous Danger Signal | DAMP Receptors Effects as Adjuvants References
(DAMPS)
Heat shock proteins (HSP60, | CD91, TLR4, TLR4/TLR2, lectin- | Phagocytosis, DC maturation, Ag presentation, IL-1p, IL-6, IL-12 and | [121-125]
HSP70, HSP90, glycoprotein (GP) | type oxidised low-density lipoprotein | TNF-a production and humoral and cellular immunity, cytotoxic
96, calreticulin) receptor 1 (LOX-1) responses and tumour immunity.
Uric acid crystals TLR2, TLR4, NLRP3 DC migration and Secretion of proinflammatory cytokines. [126]
SSRNA TLR3, TLR7, TLR8 Secretion of proinflammatory cytokines. [127]
DNA TLR9, retinoic acid-inducible gene-I | Secretion of proinflammatory cytokines and IFN-y. [55,127,128]
(RIG-1), DNA-dependent activator
of IFN-regulatory factors (DAI)
Nucleotides P2Y 154611, P2X47 Recruitment of immature DCs by chemotaxis. [129,130]
Sugar metabolites (Uridine | P2Ys IL-8 (CXCLS8) production in monocytes and in human mature DCs. [129,130]
Diphosphate Glucose, UDP)
S100 calgranulin proteins (A8, | Receptor for Advanced Glycation | Monocyte chemoattractant, leukocyte transmigration and inflammation. [131]
A9,A12) (100%  soluble in | End products (RAGE)

ammonium sulphate at neutral pH)

High mobility group box 1 | TLR2, TLR4, RAGE DC maturation, T cell activation and Th1 polarisation. [132,133] [134]
(HMGBL1, Chromatin-associated
protein)
Adenosine Tri-phosphate (ATP) P2X5, P2Y, P2(?) Mycobacteria clearance, acidification of phagosomes, phagosome- | [135,136]
lysosome fusion, production of nitric oxide (NO) and reactive Oxygen
intermediates
Heparin sulfate (Proteoglycans) TLR2, TLR4, NLRP3 NLRP3 stimulation, IL-1p secretion, DCs maturation and T cell priming | [137]
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Adjuvant formulations often contain combinations of delivery systems with
immunostimulators. For example heat killed mycobacteria with water-in-oil
emulsion in FCA and the recently licensed adjuvant AS04 containing Alum with
MPL A [138]. This approach has many advantages, for example the delivery system
allows physical linkage of the vaccine components, which has been shown to be
important for decreasing the dose of immunostimulator and antigen required as well
as often reduces adverse effects associated with free immunostimulator [139]. In this
context, liposomes and microparticles seem to be an excellent example because these
adjuvants can be used to entrap immunostimulatory antigens such as bacterial and
viral components and both adjuvants and antigens can be targeted to the same cell for
the efficient immune responses [140]. This strategy is particularly important for
mucosal vaccination where vaccine antigens are subjected to low pH, enzymatic
degradation, rapid transit and poor absorption [140]. The strategy of using more than
one adjuvant is currently being considered in many clinical trials of HIV, malaria,
TB and cancer vaccines to achieve mixed immune responses [95]. For example,
different adjuvant systems currently devised by GlaxoSmithKline (GSK) Biologicals,
Dynavax, Intercell, Novartis and Chiron contain more than one adjuvant with the aim

of achieving advantages of mixed adjuvant responses [34,141] (TABLE 1.4).
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TABLE 1.4: Combined adjuvant formulations in vaccines currently in
development by various vaccine companies.

Different combined adjuvant formulations are under development (Adapted from
[34,141]. MTP-PE: Muramyl tripeptide phosphatidylethanolamine, IC: Inosine
Cytosine, ISS: Immunostimulatory DNA sequence.

Adjuvant | Formulations Stage of | Current Company

Name Development | vaccine target

ASO1 Liposome+ MPL+ I B GSK
Qs21 HIV

AS01 Liposome+ MPL+ i Malaria GSK
QS21

ASQ2 MPL+O/W I Malaria, TB GSK
emulsion+QS21

ASO3 O/W emulsion+ Licensed Pandemic flu | GSK
a tocopherol

AS04 MPL+Alum i Herpes GSK

Simplex Virus

AS15 Liposome+ MPL+ i Lung cancer | GSK
QS21+CpG melanoma

IC31 Peptide+ I B Intercell
oligonucleotides

RC-529 Synthetic MPL+Alum I HBV Dynavax

ISS Oligonucleotide+Alum | Il HBV Dynavax

MF59 Lipidated MDP+ I HIV, Flu Chiron

+MTP-PE | O/W emulsion Novartis
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1.5 Adaptive Immune Responses

Historically, adjuvant development has largely been empirical. For rational
vaccine development, we need to understand the basic immunology underlying the
induction of immune responses. Understanding this process in more detail will define
where existing adjuvants affect this process, how they can be rationally improved or
combined and reveal new targets for adjuvant development. Vertebrates are
constantly at risk of pathogen invasion and consequently have developed innate and
adaptive immune mechanisms to prevent establishment and fight infection [142]. The
innate immune response is able to recognise a range of invading microbes via a
series of germline encoded receptors [142]. The innate immune system is
characterised by immediate responses, preformed cells and effectors and the lack of
memory [143]. In contrast to innate response, the adaptive response is characterised
by the delayed activation of effectors, the ability to increase specificity for foreign
antigens and immunological memory [143,144]. Importantly, the adaptive immune
system provides immunological memory that vaccines exploit; generating antigen-
specific memory capable of combating future pathogens very quickly and
specifically [26,143,145].

It is becoming increasingly clear that these two systems do not work in
isolation, and particularly relevant to adjuvant design is the increasing evidence
supporting the ability of the innate immune system to shape the ensuing adaptive
response. The innate immune system comprises various APCs such as macrophages,
DCs and B cells. Among them, DCs are the professional APCs which can process the
antigens and present them to the naive T cell to generate adaptive immunity [146].
Therefore, they act as a bridge between innate and adaptive immunity [147]. These
characteristic features of DCs strongly suggest they are a major target of adjuvant
effects [148-150]. Consequently, understanding how DCs are affected by adjuvants
and how these effects impact on the development of T cell responses and the

generation of adaptive immunity is a key aim in vaccine immunology.
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1.5.1 DCs and their development

DCs are found in many different organs and tissues, including skin and
internal organs, circulatory systems and afferent lymphatic vessels [149]. Most of
these DCs originate from haematopoietic stem cells of the bone marrow [151,152]
(FIGURE 1.4). Haematopoietic stem cells have the capacity to divide into common
myeloid precursor or common lymphoid precursor cells. Both of these precursors can
develop into distinct subsets of DCs. Conventional DCs (cDCs) can be developed
from bone marrow precursors during in vitro culture in the presence of granulocyte
macrophage colony stimulating factor GMCSF [153] whereas; plasmacytoid DCs
(pDCs) can be developed in the presence of flt3ligand (FIt3L) [154]. This evidence
came from the study conducted in 1993 by Inaba and colleagues who demonstrated
that mouse BM myeloid precursors had a capacity to produce macrophages,
granulocytes, and DCs in the presence of GMCSF [153]. Clinically, human DCs can
be differentiated from peripheral blood monocytes in the presence of GMCSF and
IL-4 in vitro [155].
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FIGURE 1.4: Development of DCs.

Different DCs can develop from common myeloid progenitor cells (CMPs) or
common lymphoid progenitor cells (CLPs) derived from haematopoietic stem cell.
CLP and CMP both are Flt+ cells and can give rise to conventional DCs or
plasmacytoid DCs depending on the cytokines. cDC: conventional dendritic cell,
pDC: plasmacytoid dendritic cell, GMCSF: granulocyte macrophage colony
stimulating factor, FIt3L: Fms-like tyrosine kinase 3 ligand (Adapted from [154]).
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1.5.2 DCs and their subsets

DCs can be distinguished by specific surface and intracellular phenotypic
markers, immunological roles and anatomical distribution [156,157]. There are
principally two subsets of DCs [158]. Firstly, type-1 interferon-producing pDCs are
found in spleen, BM, thymus and LNs in mice [159,160]. pDCs are spherical and
non-dendritic in immature state and they change into the dendritic form following
exposure to inflammatory stimuli such as viruses and other microbial infections
[161,162]. They highly express plasmacytoid dendritic cell antigen-1 (PDCA-1) and
sialic acid binding immunoglobulin-like lectin H (SIGLEC-H) and moderately
express major histocompatability class Il (MHCII), CD11c and B220 [158]. Mature
pDCs also acquire the properties of antigen processing and antigen presentation and
activate naive T cells and memory T cells [162,163]. These cells are also associated

with viral immunity and autoimmune diseases [146,164,165].

Secondly, cDCs are found all over the body such as in blood, primary and
SLOs and skin. On the basis of cell surface marker expression of CD11c and MHCI|I
in combination with CD4, CD8a, CD11b, and CD205, different cDCs subsets have
now been defined in mouse lymphoid organs [158]. Among these subsets, the
lymphoid CD4 CD8a™®" subsets are found in T cell areas of LNs (FIGURE 1.5) or
spleen. They highly express CD8a, CD11c, CD205 and MHCII and do not express
CD11b and CD4. These subsets of DCs have been reported primarily to cross
present and activate CD8 T cells [166,167]. In addition, these subsets take part in the
induction of CD4+ T cell responses following direct presentation of antigens derived
from viruses, bacteria and parasites to the CD4+ T cells [168-171]. These subsets of
DCs are important in producing IL-12 in vivo following microbial stimulation [172]
and during in vivo infection [173]. However, recent in vivo data support that these
DCs can induce protective Thl responses in an IL-12-independent manner, but
CD70-dependent manner [174] indicating the significance of costimulatory

molecules in type of immune responses.
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FIGURE 1.5: Current understanding of DC migration inside LN following
immunisation.

Immature DCs take up soluble or particulate Ags in the subcutaneous areas and
migrate towards the paracortex of the DLN where DCs present Ag to antigen-
specific T cells and may also transfer Ag to the resident APCs. Soluble antigen can
reach the DLNs without help of DCs. Soluble Ags move via the LN conduit network
and can be taken up by resident DCs. DCs are thought to stick dendrites between the
fibroblastic reticular cells that line the conduits to sample soluble antigens. Class
switched, high affinity humoral responses require B cell antigen presentation, where
B cells acquire antigen from follicular Dendritic Cell (FDC). The acquisition of
antigen by FDC can be greatly enhanced in the presence of complement or antigen-
specific antibodies. HEV: High Endothelial Venule, PVS: Perivenular Space, DLN:
draining lymph node (See text for explanation).

25



cDCs with myeloid lineage can be found in the marginal zone between white
pulp and red pulp of spleen and in LNs [175]. They have two different subsets: CD4"
CD8a expressing high levels of MHCII without any expression of CD8a and CD4
molecules and CD4*CD8a” expressing CD205 and high levels MHCII and CD11b
and CD4 moderately in the absence of CD8a expression [175]. Both subsets migrate
to the T cell areas of SLOs upon stimulation [176] and both take part in T cell
responses in vitro and in vivo [177,178]. These subsets of DCs take part in taking up
pathogens by phagocytosis or their antigens by endocytosis and presenting them to
CD4+ T cells in p:MHCII-dependent pathway [177]. However, no single data
support the defined role of these subsets of DCs in polarising T helper cells into Thl
or Th2 subsets. Studies suggest that these APCs induce either Th1l or Th2 responses
depending on different factors such as the inflammatory adjuvants and the

internalisation, processing and presentation of antigens [177].

Langerhans cells (LCs) (CD4'CD8c'™) are myeloid in origin and are
characterised by the high expression of Langerin, CD205, CD11c, MHCII, CD86,
CD80 and CD40 [158,179]. LCs are one of the important subsets of DCs restricted
mainly to the skin and draining lymph nodes (DLNs) (FIGURE 1.5). This is because
they act as sentinels in the pathogen invading sites like skin surface where they
capture antigens [179,180]. These subsets are fundamental examples of migratory
DCs that can migrate to DLNs steadily even in the absence of inflammatory stimuli

because of their Langerin receptors [179,181,182].

In addition to Langerhans cells, Dermal DCs (DDCs) are also important in
the context of subcutaneous (s.c.) immunisation. This is because DDCs migrate into
the DLNs from the injection site and present p:MHCII complexes to the activated
CD4 T cells that play a role in delayed-type of hypersensitivity [183]. There are two
types of DDCs. Firstly, Langerin positive DDCs are characterised by the expression
of Langerin, MHCII, CD103 and CD45 and the low expression of CD11b and the
lack of expression of CD8a [184-186]. Secondly, Langerin negative DDCs are
characterised by the expression of MHCII, CD11c and DEC-205 and the lack of
expression of Langerin and CD24a [187].
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1.5.3 DCs and antigen uptake

As mentioned above, DCs are central to the induction of adaptive immunity
through their unique ability to activate naive T cells [149]. To initiate an adaptive
immune response, a number of signals are required in naive T cells. Among these
signals, signal 1 is the cognate signal provided by p:MHC complexes expressed on
APCs [188]. To provide this signal from an exogenous antigen, DCs internalise
protein antigens, process them into peptides, load these onto MHC molecules and
export these complexes onto the APC surface [189,190].

Once an antigen is introduced into the body, DCs start their crucial role of
antigen uptake. DCs are ‘voracious eaters’ during their lifetime, feeding on antigens
from their immature to mature age [191,192]. They constitutively take up large
quantities of fluid antigens by macropinocytosis. Macropinocytosis is a process in
which cells undergo membrane ruffling producing large and irregular vesicles (1
3um) [193]. They also take up particulate antigens, such as dying or apoptotic cells,
microorganisms [191] and vaccine antigens adsorbed to particulate adjuvants
[194,195], by phagocytosis. This involves triggering of cell surface receptors that
drive actin polymerisation and active internalisation of particles [196]. DCs can also
efficiently take up very smaller antigens (less than 200nm) by different modes of

pinocytosis such as clathrin or caveolin-mediated endocytosis [195,197].

The processes of internalisation described above are either dependent on, or
are made significantly more efficient, through receptor mediated recognition.
Receptors known to be involved in recognition of microbes, vaccines and adjuvants
include, complement receptors (CRs), Fc gamma receptors (FcyRs) and c type lectin
receptors (CLRs) [191]. Among these receptors, CLRs such as decalectin (DEC205,
LY75, CD205, Lymphocyte antigen 75), Mannose receptor (CD206), Langerin
(CLEC4K, CD207) and DC-SIGN (DC-specific intercellular adhesion molecule-3-
grabbin non-integrin, CD209) recognise carbohydrate structures [198,199]. Antigen
internalisation by CLRs or other receptors enhance antigen presenting efficiency of

DCs but, independent uptake of antigen by these receptors without any TLR ligation
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may induce antigen-specific tolerance [198,199]. The basic function of TLRs is
sensing pathogens and subsequently providing maturation stimuli to DCs, but TLR2
and TLR4 are the important molecules involved both in maturation as well as antigen
internalisation. TLR2 has been shown to target the lipid ligand (such as lipoprotein)
to DCs with subsequent antigen internalisation resulting in cytotoxic as well as Th2
responses [104,200]. TLR4 recognises LPS, initiating redeployment of actin
cytoskeleton to enhance antigen internalisation following stimulation of DCs within
30 to 60minutes in vitro [201]. Therefore, vaccines which consist of LPS or LPS
derivatives such as MPL in AS04 adjuvant may be taken up by resident APCs such

as monocytes and DCs and directly activated [202].

1.5.4 Antigen processing

T cells play a central role in CMI and are activated in response to specific
vaccine-derived, peptide epitopes bound to MHC class Il and class | molecules
displayed on the surface of APCs [203-205]. Therefore, proteins in native states
require denaturation and processing inside cells before they are presented to T cells.
Interestingly, DCs possess highly controlled antigen processing functions utilising
intracellular lysosomal protease systems or cytosolic proteasomal systems that are
optimised for the generation of peptides with MHCII or MHC | binding capacity,
respectively [189-191].

1.5.4.1 MHC Class Il pathway

Once an antigen (FIGURE 1.6A) is internalised, it travels though the
endocytic pathway which consists of increasingly lytic and acidic compartments:
early endosome or phagosome (pH 6.5-6.0) (FIGURE 1.6B), late endosomes or
endolysosomes (pH 6.0-5.0) (FIGURE 1.6C-D) and lysosomes (pH <4.5) [191,206]
(FIGURE 1.6E). These features of endocytic vacuoles are designed to digest and Kill
invading pathogens, however in APC such as DC, these compartments also favour
the progressive generation of antigenic peptides of about 13-18 residues
[189,203,207]. In parallel, in the nucleus (FIGURE 1.6F), the polymorphic MHCII

genes are transcribed [208] and subsequently translated in the rough endoplasmic
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reticulum (RER) (FIGURE 1.6G). Here, the nascent MHCII-complex, which
consists of the MHC Class Il molecules with invariant chain (li), is formed [206]. li
promotes correct assembly of heterodimers, prevents the binding of other peptides or
partly folded proteins and targets delivery of the MHCII-complexes [209] from the
RER via the Golgi complex and trans-Golgi network [210,211] (FIGURE 1.6H) to
either a low pH compartment directly (FIGURE 1.6B) or via the plasma membrane
[212,213] (FIGURE 1.61) or directly to a high pH compartment [214-217]
(FIGURE 1.6E). During migration of MHC class II:li complex in the intracellular
compartments, the li chain is successively degraded by acid proteases such as
cathepsin S, leaving a short fragment of this chain called CLIP (Class Il-associated
invariant chain peptide) [218,219] (FIGURE 1.6D). CLIP physically occupies the
peptide binding groove and prevents any premature binding of peptide [209,218].
Another MHC-like molecule, human leukocyte antigen HLA-DM (H-2M in mice)
(FIGURE 1.6D,E) helps in catalysing the formation of MHC class II:CLIP
complexes and the subsequent release of the CLIP fragment from these complexes
[220,221]. This molecule also assists in binding of antigenic peptides of about 13-18
amino acid residues in the groove [222,223] (FIGURE 1.6E). Finally, this molecule
helps to export p:MHCII molecules to the surface of DCs [191,224] (FIGURE
1.6J,K).
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FIGURE 1.6: Steps involved in antigen processing and presentation by DC in
the context of MHC Class Il: peptide complexes.

Protein antigens are internalised in the phagosomes and are successively processed in
the endocytic compartments with the help of different proteases. A: Protein antigens
being internalised by DC, B: Early endosome with protein antigens+MHCII
molecules with li, C and D: successively acidic endosomes, E: Lysosome, F:
Nucleus, G: RER, H: Golgi complexes, I: MHCII+li complexes exported in plasma

membrane, J: p:MHCII in an exocytic vacuole and K: p:MHCII exported on cell
surface.

30



1.5.4.2 MHC Class | pathway

DCs can also efficiently process endogenous antigens derived from the
viruses or proteins synthesized in the cytosol [225] or defective ribosomal products
(DRIiPs) with prematurely terminated polypeptides and misfolded proteins [226]. In
these contexts, the proteasome (FIGURE 1.7A) plays significant roles for MHC
class | processing. The proteasome is a complex cytosolic protease that contains a
total of 28 units with each 7 a chain subunits in the upper and lower portion and 2
rows of 7 B chain subunits in between the a chains [227]. The proteasome degrades
proteins favouring the production of oligopeptides with the correct length and
structure for binding to the MHC class | peptide binding groove [228].

In parallel, the newly synthesised MHC class I o chain in the ER binds to a
chaperone protein, calnexin, which becomes dissociated following binding of o chain
with B2-microglobulin (FIGURE 1.7B). The resulting MHC class la:3 molecules
bind to calreticulin, tapasin, two subunits of the transporter associated with antigen
processing (TAP) and a thiol-oxidoreductase enzyme called Erp57 [229] (FIGURE
1.7C). Calreticulin acts as a chaperone molecule. Erp57 helps to break and reform
the disulfide bond in the MHC class I-0, domains during peptide loading [229-231].
TAP helps to transport short peptides from the cytosol into the lumen of the RER
[232]. To enhance the speed of peptide loading onto MHC class | molecule, tapasin
stabilises TAP [227,233]. The entered peptide is of short amino acids (about 8-13)
because it interacts in the MHC class | groove which is closed at both ends
(FIGURE 1.7D). Following binding, the peptide-loaded MHC class I molecules
move from the RER to the cell surface (FIGURE 1.7H) via Golgi complex
(FIGURE 1.7E,F,G).
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FIGURE 1.7: Mechanisms of antigen processing by DCs in the context of MHC
class | pathway.

This pathway is guided by proteasome which prepares a specific peptide antigen to
be bound in MHCI molecule. A: proteasome, B: ER showing MHC a: formation,

C:MHC a:B:chaperone complex, D: peptide loading process, E-F: Golgi complexes,
G: exocytic vacuole, H: exported p:MHCI complexes on cell surface.
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1.5.4.3 Cross presentation

Apart from MHC Class Il and Class | pathway, DCs can process exogenous
protein antigens and load them onto MHC | molecules by a mechanism called cross
presentation [234-237]. Studies have suggested that the endocytosed extracellular
antigens are translocated by different mechanisms into the cytosol, where they are
degraded into antigenic peptides by the proteasome and are bound to the MHC Class
I molecule [238]. Cross presentation is important to allow Class I-restricted antigen
presentation on professional APCs to drive naive CD8 T cell activation. This is
particularly important for generating CD8 T cell effector responses against
intracellular pathogens that do not directly infect DCs or for clearing tumours that are
not derived from DCs [234,239-241].

1.5.5 DC maturation

DC maturation involves changes in both location and phenotype of DC,
turning them from cells specialised in surveillance into potent activators of naive T
cells. DCs undergo maturation processes when they get signals such as TLR ligands,
necrosis, inflammatory soluble factors (cytokines), T cell ligands (such as CD40
ligands) and disruption of homotypic contacts between immature DCs [191,242]. DC
maturation is particularly relevant to the study of adjuvant mechanisms, because only
mature DCs are able to induce T cell clonal expansion and prime immune responses
[243]. DC maturation is characterised by the appearance of dendritic processes,
diminished antigen internalisation efficiency and the increased expression of MHC
class 1l molecules, costimulatory molecules (B7-1/CD80, and B7-2/CD86) and
chemokine receptors (CCR7) [244-246]. Among these molecules, MHC class I
molecules take part in antigen presentation, costimulatory molecules take part in T
cell activation and the CCR7 chemokine receptor is involved in migration of cells to
the DLNSs.
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1.5.6 DC migration to the DLNs

DCs continuously migrate to SLOs from the periphery bearing fragments of
apoptotic cells [246]. These cells are non-activated, and may be important in the
maintenance of self-tolerance [241,247]. Following activation signals, DCs migrate
into DLNs at a high rate [151] (FIGURE 1.5). In this context, increased CCR7
expression on DC plays a central role in initiating migration [248]. This is because
the peripheral lymphatic endothelial cells and lymph node (LN) stroma cells
constitutively express the CCR7 ligands, CCL19 (Epstein-Barr virus-induced
receptor ligand chemokine, ELC) and CCL21 (secondary lymphoid tissue
chemokine, SLC). Activated DCs are therefore attracted to migrate towards the
thymus dependent area of DLNs via afferent lymphatic vessels from skin
[151,244,245,248]. When DCs with p:MHCII complexes reach the T cell areas, they
start to present antigen and initiate adaptive immune response [249,250] (FIGURE
1.5).

DC migration from periphery to DLNs is important in the context of vaccines
containing particulate forms of antigen as these are unable to pass directly to the LN
and require internalisation and movement within migrating cells. Particulate antigens
are unable to pass through thin tubes, called conduits that link the floor of
subcapsular sinus with the perivenular space surrounding the high endothelial venule
[251-253]. These conduits radiate out from the HEVs toward the LN capsule [251-
253] (FIGURE 1.5). In these contexts, the peripheral DCs migrate to the DLN where
they directly activate T cells or transfer their antigens to the DLN-resident DCs and
activate them [177,250]. However, soluble antigens derived from microbial debris or
subunit vaccines are not required to be internalised by peripheral DCs because they
can easily pass through the conduits and can be internalised by LN-resident DCs
[183] (FIGURE 1.5). This situation is also important if Aluminium salts containing
vaccines work by releasing antigens at the injection site due to displacement by
citrate anions [62] or fibrinogen [254]. Therefore, antigen released from Alum would
be carried from the peripheral site into the subcapsular sinus and conduit network via

afferent lymph vessels within 15 to 30 minutes of injection as shown for soluble
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antigens in vivo [183]. Consequently, the resident DCs acquire antigen either by
sticking dendrites between the fibroblasts or simply by taking up small amounts of
antigen that leak out of the conduits [255] (FIGURE 1.5). Finally, these conduit-
derived antigens are presented by the resident DCs in the context of p:MHCII
complexes even as early as 30 minutes following s.c. injection [183,256].

1.5.7 T cell activation

Antigen binding alone is insufficient to activate T cells, because the signal
derived from TcR (Signal 1) alone leads to a state of paralysis called anergy, a
condition that makes them unresponsive to a subsequent exposure to antigen [257-
260]. Therefore, another signal, called signal 2 is necessary for the development of
functional T cells. This signal is provided by DCs in the form of costimulation. For
example, the costimulatory molecules CD80 and or CD86 on DCs interact with
CD28 molecules expressed on T cells to provide signals crucial for antigen-specific
T cell growth, activation, expansion and survival [260,261]. Other costimulatory
molecules like CD40 and CD70 also play a significant role in adaptive immune
response [262]. For example, the ligation of CD40 molecules on DCs has been
shown to increase MHC class Il molecules, CD80, CD86, CD70 and CD54
molecules inducing the antigen presenting and costimulatory efficiency of DCs
[263,264]. Recently, CD70, through its interaction with the CD27 molecule
expressed on T cells, has also been described to have T cell costimulatory activity.
This interaction seems to be more important than CD80/86-CD28 interaction in the
survival of antigen-activated CD8 T cells in non-lymphoid tissues [265].

Following activation, naive CD4 T cells can differentiate into a diverse range
of T cell subsets following activation with distinct phenotypes and functions in
immunology [266-269].

1.5.8 Th polarisation

Th polarisation is an important step in ensuring that the emerging immune

response has appropriate effector functions to combat specific types of pathogen.
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Therefore, Th cells undergo polarisation into different subsets such as Thl, Th2,
Th17, T regulatory (Treg) and T follicular helper (Tth) cells [270-272] (FIGURE
1.8). Among these subsets, Thl, Th2, Th17 and Tfh are associated with immunity;

whereas Tregs are associated with antigen-specific tolerance.
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FIGURE 1.8: DC controls the initiation of adaptive immune responses in vivo.

DC presents p:MHCII complexes to naive CD4 T cell resulting in the development
of effector CD4 T cells via Ag-specific expansion. Some of the effector CD4 T cells
develop into memory CD4 T cells, whereas others undergo polarisation into different
subsets depending on the signals derived from cytokines (See text for explanation).

1.5.8.1 Th1l cells

Thl cells predominantly produce proinflammatory cytokines like IFN-y,
TNF-0 and TNF-B. Their induction is favoured by IL-12, I1L-18, I1L-27 and IFN-y
[266] (FIGURE 1.8). The role of Thl cells in CMI has been well characterised
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during infection of mice with Leishmania major. An infection with Leishmania
major is lethal to genetically susceptible mouse strains such as BALB/c, which
correlates with the development of an inappropriate IL-4/Th2 response [273,274]. In
contrast, C57BL/6 mice are resistant to the infection and produce IFN-y-mediated
Th1 responses to clear the infection [273,274]. Thl cells and IFN-y production seem
to be crucial in the protection of the hosts from other intracellular pathogens such as
Listeria monocytogenes [275], and Mycobacterium avium [276]. Th1l responses are
also involved in elimination of tumour cells [277,278]. In addition, IFN-y and Thl
cells are involved in underlying tissue damage and inducing inflammatory bowel

diseases [279] and autoimmune diseases such as rheumatoid arthritis [280].

1.5.8.2 Th2 cells

Th2 cells predominantly produce IL-4, IL-5, IL-10 and IL-13 [267,268].
They are induced by IL-4 [266] (FIGURE 1.8). Helminth infections are ideal
examples of Th2-cell inducers in both humans as well as experimental models
because they are associated with high-level tissue eosinophilia, mucosal mastocytosis
and IgE switching [281-283]. These responses are involved in resisting extracellular
helminths; for example, type 2 cytokines act on mucosal mast cells to expel Trichuris

muris [284] and goblet cells to resist Nippostrongylus brasiliensis [285].

1.5.8.3 Th17 cells

Recently, another important subset of Th cell subset, Th17 has been well
established. Th17 cells produce IL-17, IL-21, and IL-22. They are induced by IL-
6/TNF-B, IL-21/TNF-B and IL-23 [266] (FIGURE 1.8). In mouse models, Th17
responses are associated with resistance to Klebsiella that infects the lung [286], and
intravenous (i.v.) infection of mice with Candida albicans [246]. IL-17, the key
Th1l7 cytokine, has been associated with autoimmune diseases such as multiple
sclerosis (MS), rheumatoid arthritis (RA) and psoriasis [287,288].
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1.5.8.4 Tregs

Immunologists have also described CD4 T cells called T regulatory cells
(Tregs) which can be divided into naturally occurring Tregs (nTregs) and inducible
Tregs (iTregs). nTregs develop in the thymus and constitutively express high levels
of IL-2Ra chain (CD25), cytotoxic T lymphocyte Antigen 4 (CTLA-4) and
glucocorticoid-induced tumour necrosis factor receptor (GITR) [266]. iTregs are
differentiated from naive T cells following ligation of TcR and environmental
antigens bound to MHC molecules by DCs in SLOs [289]. The induced Tregs
(iTregs) produce large amounts of IL-10 and transforming growth factor (TGF)-p
and play role in tolerance [272,290,291] (FIGURE 1.8).

1.5.8.5 Tfth cells

While Th1 and Th2 cells have been described to support B cell responses and
antibody production [292], recently, T follicular helper (Tfh) cells have been
suggested as a distinct T cell subset with the ability to migrate to B cell follicles to
provide help to B cells [293]. Tth cells produce IL-21, which has B cell stimulatory
and differentiation functions [294]. Tfth cells also express CXCR5 and various
costimulatory molecules such as inducible T cell costimulatory (ICOS), CD40 ligand
(CD40L), OX-40 and programmed death 1 (PD-1) that are signature molecules for
follicular localisation and B cell help [293,295-298]. Therefore, Tfh may be
associated with germinal centre formation, B cell activation, long-lived memory B
and plasma cell production and antibody secretion [299,300]. In this way, targeting
the generation of sustained Tfh response may be important in the optimum antibody

production in response to vaccines in future.
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1.6 Effects of adjuvants on immune responses

It is generally accepted that vaccine adjuvants impact on adaptive immune
responses via direct or indirect effects on APCs such as DCs [148-150,301]. Direct
activation of DCs has been well defined for PAMPs at a molecular level using mice
or cells with deficiencies in the TLR/MyD88 signalling pathway. The ability of non-
microbial adjuvants to induce inflammation in vivo has also suggested that indirect
activation of DC in response to this inflammation may also play a significant role in

the activity of these adjuvants.

1.6.1 DC activation

PAMPs robustly activate DCs because these molecules recognise and bind
their respective receptors called PRRs like TLRs, NLRs, and RLRs and induce the
expression of MHCII and costimulatory molecules and the production of cytokines
[302-305]. These cytokines act as adjuvants in vitro and in vivo [86,155,306,307].

TLR1 is present on the plasma membrane of cDCs and macrophages. TLR2
is expressed on the plasma membrane of cDCs, macrophages and lymphocytes
[100,142,308]. TLR4 is expressed on the plasma membrane of cDCs and
macrophages and non-immune cells like fibroblasts and epithelial cells
[100,142,308-310]. TLR5 is expressed on the surface of monocytes, mDCs,
Langerhans cells, T cells and natural killer cells [100,308,311-315] (FIGURE 1.9).
Recognition of PAMPs via TLR1-triacyl lipopeptide [316], via TLR2-
glycolipids/lipopeptides/lipoproteins/lipoteichoic acid/ HSP70/zymosan [102,105-
107,317-319] and via TLR5-flagellin [320,321] signaling results in the activation of
cells via Myeloid differentiation primary response gene (MyD88)-Interleukin-1
receptor-associated kinase (IRAK)-4-TNF receptor-associated factor (TRAF)-6—
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathway
which induces the production of inflammatory cytokines [100,322]. Recognition of
PAMPs such as LPS via TLR4 results in the activation of cells via either MyD88—
IRAK-4-TRAF-6-NF-kB pathway or Toll/interleukin-1 receptor-domain-containing
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FIGURE 1.9: TLR-signaling pathway.
TLR-signalling involving PAMP recognition by cell surface and intracellular TLRs
resulting in various cytokines secretion [100,142,308,323,324] (See text for

description).
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adapter-inducing interferon-f (TRIF)-TRAF-6-NF-kB to produce inflammatory
cytokines or TRIF-TANK-binding kinase (TBK)-1- interferon regulatory factor
(IRF)-3 or TRIF-TBK1-IRF-7 pathway to produce type I IFN cytokines [100,322]
(FIGURE 1.8).

TLR3 is expressed within the endosomal compartment of cDCs and
macrophages and is present on the surface membrane of non-immune cells like
epithelial cells [142]. TLR7/8 are restricted on the intracellular vesicles such as the
ER, endosomes, lysosomes and endolysosomes DCs, monocytes, macrophages,
lymphocytes, Langerhans cells and NK cells [100,314,325,326]. TLR9 is localised
on the endo-lysosomal compartments in human B cells and pDC [308] (FIGURE
1.9). TLR3-dsRNA signaling occurs through the TRIF-dependent manner and
produces both type I IFN via IRF-3 or IRF-7 and inflammatory cytokines via NF-kB
pathway [109,327]. The recognition via TLR7-ssRNA signaling [328] occurs via
MyD88-depending pathway and produces proinflammatory cytokines through
IRAK-4 or TRAF3 pathway and type | IFN via IRF-3 or IRF-7 pathway. TLR8-
sSRNA signaling [308] occurs via IRAK-4-NF-kB pathway to produce
proinflammatory cytokines and IRF-7 pathway to produce type | IFN cytokines.
TLR9-CpG/haemozoins [116,327,329] results in the activation of IRAK-4-NF-kB
signaling to produce inflammatory cytokines and MyD88 signaling to produce Type
I IFN via IRF-7 as well as TBK1-IRF-3 pathway.

RLRs are the cytoplasmic sensors that can sense sSRNA or dsRNA or dsDNA
molecules derived from viruses that trigger anti-viral signaling pathways and
produce type | IFN [308,324,330]. The RLR family has three members; RIG-I,
MDAS and laboratory of genetics and physiology 2 (LGP2). Firstly, the RIG-I
recognises the various viruses such as paramyxoviruses, influenza A virus and
Japanese encephalitis virus. Secondly, the MDAGS recognises poly I:C and RNA of
picornaviruses [308] (TABLE 1.2). Thirdly, immune responses resulting via LGP2
signaling may be both positive as well as negative. The recognition of poly I:C and

vesicular stomatitis virus via LGP2 results in an enhanced type | IFN, but the
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recognition of encephalomyocarditis virus via LGP2 results in the reduction of this
cytokine [331].

In the same way, NLR, one of the cytoplasmic PRRs, recognises the
microbial peptidoglycan [332,333]. The NLR subfamily has been variously classified
such as NALP groups containing NALP1 to NALP14 in humans and NALP1 to
NALP6 and NALP9, NALP10, NALP12 and NALP14 in mice, IPAF (ICE-protease-
activating factor)/NAIP (Neuronal Apoptosis Inhibitory Protein) groups containing
IPAF and NAIP in both humans as well as mice and NOD groups containing NOD1
to NOD5 and CIITA (MHC class Il transcription activator) in both humans as well as
mice [334]. These immune receptors are characterized by the presence of an amino
terminal PYD, caspase activation and recruitment domain (CARD) or baculovirus
inhibitory repeat domain followed by a nucleotide-binding domain, and LRRs at the
C-terminus [334-336]. Interestingly, most of these molecules have been identified as
capable of forming inflammasomes that control the activity of the proinflammatory
caspase-1 and consequently produce inflammatory cytokines such as IL-1f and IL-
18 [334-336]. Notably, inflammasomes have been a subject of interest of many
researchers around the world, especially due to their association in recognition of

danger signals.

In addition to microbial adjuvants, mineral adjuvants have been demonstrated
to induce DC activation. For example, Alum has been reported to induce the
expression of MHC class Il and costimulatory molecules on the surface of the DCs
[337-339]. However the molecular mechanism behind this observation has not been

elucidated.

1.6.2 Inflammation

The use of adjuvants in vaccination is usually associated with some degree of
injection site inflammation, and this process is considered an essential part of
adjuvant function [340]. This is consistent with the ‘Danger Theory’ of immune

activation as proposed by Polly Matzinger in 1994 [341]. According to this theory,
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initiation of the immune response is not dependent on microbial recognition, but
rather on the ability of pathogens or other agents such as adjuvants to cause tissue
damage. The danger signals released from damaged tissues then have the capacity to
drive inflammation and initiate an adaptive immune response [341]. Interestingly,
necrotic cells themselves act as adjuvants [342,343] and may play a role in the
activity of both microbial adjuvants like FCA, and non microbial adjuvants like
Aluminium adjuvants [55]. More recently danger signals or DAMPs released from
stressed and dying cells have been identified (TABLE 1.3). These feature obligate
intracellular materials such as proteins (calreticulin, HSPs and HMGBL1), lipid
moieties (phosphatidylserine), nucleic acids (polynucleotides and oligonucleotides)
and urate and ATP and their degradation products [117,121-124,126,127,131-
137,344-346]. These DAMPs are crucial for innate immunity such as in microbial
clearance and necrotic/apoptotic cell removal. In addition, they trigger and enhance
adaptive immunity such as antigen internalisation, antigen presentation, APC
maturation accompanied by costimulatory and cytokine expression, T cell activation,
T cell polarisation and efficient cellular and humoral immune response induction.
Therefore, DAMPs released by adjuvants or inflammatory responses have crucial
significance in vaccine design [117,342,343]. Interestingly, as described in previous
section, some of the DAMPs can be implicated in the mechanisms of adjuvant action

by targeting their receptors in innate cells such as DCs.

1.6.3 Antigen targeting

An important mechanism by which adjuvants increase the availability of a
vaccine is by targeting antigen to cells of the immune system. This can happen by
modifying antigens to make them particulate, either by forming multimolecular
aggregates as in case of Alum [57,96] or encapsulation as in case of microparticles,
liposomes and virus like particles [347], or by directly targeting antigen to receptors
on the surface of APC (for example, anti-DEC205) [348,349]. In the case of
particulate antigen targeting, the size of the particle has been shown to be important.
Researchers have experimentally proved the qualitative significance of immune

response triggered by different size of the adjuvants. For example, antigen prepared
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in particles with mean sizes of greater than 200nm are targeted for phagocytosis by
Bone Marrow-derived Macrophages (BMDMSs) and produce quantitatively more
efficient presentation than pinocytosis of similar dose of antigen prepared in smaller
particles (<200nm) indicating the exploitation of size of adjuvants in targeting APCs
[350]. Encapsulation of antigenic proteins, peptides, DNA and RNA inside particles,
such as polymer microparticles, liposomes and Virus-like particles, can also protect
these antigens from immediate degradation with the sustained and controlled antigen

release over a period of time [351-354].

Antigen targeting depends not only on the size of the modified antigens, but
also on the receptors present on the APCs. Vaccine adjuvants also target several
types of receptors such as CLRs (DC-SIGN or CD209, Langerin or CD207 and MR
or CD206). These CLRs bind and internalise many microbes, for example, HIV-1
efficiently binds and target DC-SIGN, Langerin [355] and MR [356] resulting viral
internalisation by APCs [357]. When the HIV gag protein antigen is delivered via an
antibody to DEC-205 receptor, cross-presentation becomes 100-fold more efficient
than non-targeted antigen [358,359] suggesting the potential role of antigen targeting

in enhancing vaccine efficacy.

Antigen targeting also influences the antigen processing pathways in APCs.
This is because targeted particulate antigens are taken up via phagocytosis and are
more likely cross-presented than soluble antigens [360,361]. Possible advantages of
particulate delivery are that antigen and adjuvant are delivered to the same cell to
enhance immune responses [347,362]. One of the important antigen targeting
adjuvants is liposome. This adjuvant effectively targets antigenic peptides or DNA to
professional APC to enhance their efficiency of humoral and cytotoxic responses in
vivo [363-366].

1.6.4 Depot hypothesis

The depot hypothesis is the earliest proposed mechanism for adjuvant action,
hypothesised by Glenny, Buttle and Stevens in 1931 while working on DT-
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precipitated in Alum. They excised a portion of skin containing the site of injection
from guinea pigs 3 days after administration of Alum-precipitated DT or soluble DT.
They then homogenised the skin and injected the emulsion into naive guinea-pigs.
The Alum-precipitated DT-recipients were successfully immunised whereas, the DT-
recipients (controls) groups were not, as measured by anti-toxin titers. This
experiment led them to generate a hypothesis that the slow elimination of Alum-
precipitated antigens from the injection site resulted in the associated enhanced
antibody production they observed [45]. Consequently, it gave an idea that the rate of
absorption and elimination of antigens may depend on the strength of interaction
between antigen and adjuvant. Therefore, strong adsorption to an adjuvant may
ensure a high localised concentration of antigen for a period of time [367-369], that
may be sufficient to allow antigen uptake and activation of DCs [370]. Therefore,
several authors have suggested that depot is crucial for enhancing adaptive immune
responses, although precisely how this happens is unclear. Glenny suggested that the
slow release of small amounts of antigen over a long period of time may stimulate
both primary and secondary stimulation from a single injection, generating enhanced
antibody titers [44,45]. White and colleagues suggest that depot causes persisting
inflammation that stimulates immune cells within the regional lymphatic glands, and
partly in the production of a local granuloma, which also contains antibody-
producing plasma cells [369]. Although depot effects are most commonly studied
with Alum and emulsion adjuvants [371-379] particulate adjuvants such as
liposomes and microparticles may form transient as well as long-term depots as part
of their mechanisms for enhanced and sustained adaptive immune responses
[96,380].

1.7 How do Alum adjuvants work?

As highlighted in the FIGURE 1.2, Alum adjuvants have been in continuous
use in human vaccines for over 80 years. Despite this, the mechanism(s) of action of
this adjuvant have remained unclear. A number of Alum-induced effects have been

observed with Alum that may result in improved immunogenicity of vaccines,
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however in many cases these effects are only partially described or lack clear causal
association with adjuvant function. These are described below.

1.7.1 Alum-induced antigen targeting

Very few studies have been conducted to quantify the antigen uptake by APC
in the presence of Alum in vitro. Mannhalter and colleagues in 1985 measured
antigen uptake by human monocytes derived from peripheral blood mononuclear
cells (PBMCs) using radioactively labelled TT antigens. They reported increased
antigen-specific T cell expansion following incubation of monocytes with TT
adsorbed to Alum compared with soluble antigens [381]. Similarly, Morefield and
colleagues in 2005 observed the quantitatively higher uptake by BMDCs of antigen
adsorbed to Alum compared with soluble antigens [194]. Recently, Flach and
colleagues investigated interactions between Alum crystals and DCs using atomic
force microscopy [53]. The authors suggested that Alum binds lipids in the DC
plasma membrane in vitro. Subsequently, lipid sorting occurs, resulting in enhanced
antigen delivery to the cell without Alum internalisation. They also showed that
Alum-stimulated DCs mediate strong binding to CD4 T cells for the enhanced T cell
responses in vivo [53].

To date, two in vivo experiments have shown the MHC class I-restricted
cytotoxic T response elicited by Alum adjuvants. First, in 1992, Dillon and
colleagues reported the induction of long-lasting protective cytotoxic T cell response
in mice primed and boosted with a recombinant influenza protein vaccine formulated
in Alum adjuvants [382]. Then, in 2009, McKee and colleagues found CD8 and CD4
T cell activation by Alum was independent of macrophages, mast cells and
eosinophils [383]. These experiments suggest that Alum adjuvants may have the
potential to direct processing of antigens into MHCI pathway for the activation of
CD8 cells and cytotoxic induction. Interestingly, Alum has been shown to destabilise
and damage the lysosome following actin-dependent phagocytosis in APC [328].
Therefore, if Alum damages lysosomal membrane, the lysosomal antigens may be
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released into the cytosol allowing cross presentation of exogenous antigens via the
MHC class | pathway.

All these studies have analysed the role of Alum adjuvants in antigen
presentation by APCs indirectly via a readout of T cell activation. These studies do
not directly provide crucial steps in antigen uptake, its processing and its presentation
in the context of MHC molecules on the surface of the APCs. Furthermore these
studies have not addressed the issues of duration, and magnitude of Alum-mediated
antigen internalisation and presentation. Only assessing the p:MHCII complexes on
the surface of DCs give the information about the role of Alum in enhancing the

antigen presenting efficiency of DCs.

1.7.1.1 Direct activation of DC by Alum

Several studies have suggested that Aluminium-containing compounds have
direct effects on DC activation as measured by expression of MHC class Il and
costimulatory molecules. Ulanova et al. reported IL-4-dependent increased MHC
class Il and CD86, CD83, IL-1a, IL-13, TNF, IL-4 and IL-6 in human peripheral
PBMC which later on acquired a dendritic cell morphology [339]. Another study
[384] reported the IL-4-independent MHC class Il and costimulatory molecule
upregulation and CD83 expression on human PBMCs. In contrast, Sun and
colleagues did not observe any significant increases in MHCII or costimulatory
molecules expression on murine BMDC:s in the presence of Alum [384]. Sokolovska
and colleagues in 2007 reported the enhanced CD4 T cell activation, with increased
CD86 and CD80 expression following Aluminium hydroxide treatment. They did not
see any effect on CD40 and CD275 expression on BMDCs [338]. They also
highlighted the involvement of Alum in Th2-mediated immune responses with the
induction of IL-4, inflammatory responses with the induction of IL-1pB, IL-18 and
TNF and both proinflammatory and anti-inflammatory responses with the induction
of IL-6. Seubert and colleagues observed the enhanced CD86, MHCII, CD71, CD83
and CCR7 molecules and decreased CD80 and CDl1a molecules on DCs derived
from the CD14 positive monocytes. They also observed the enhanced CCL2, CCL3,
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CCL4, CXCL8, MHCII, CD86, CD71, CD54 and decreased CD14 molecules
accompanied by the increased granularity of the monocytes derived from human
PBMCs [337]. These results suggest that Alum adjuvants act on monocytes and
macrophages and enhance monocyte differentiation toward DCs. These DCs are
equipped with several surface molecules such as chemokine receptors and
costimulatory molecules that enhance their migration from peripheral to DLNs for
the sufficient encounter with T cells. Importantly, if Alum directly induces cytokine
production and costimulation by DC, it becomes impossible to disentangle these
effects from other observed changes in antigen presenting function using T cells as

an indirect readout.

1.7.1.2 Alum-mediated inflammation

Since the discovery of Alum adjuvants, lots of reports have been published on
their inflammatory effects at the injection site. Nodule or granuloma formation
following Alum injection has been reported in several experiments conducted in the
early 1930s [45,367,368], in the 1950s [369,375], in the 1970s [385] and in recent
years [386]. The experiment conducted by White in 1955 provided the first
histological characterisation of the Alum granuloma that contained necrotic
polymorphonuclear leukocytes and DT-fed macrophages [369]. The transient local
environment created in the Alum-injected site recruits immune cells such as
neutrophils, macrophages, monocytes and DCs [376,387]. Following their
recruitment, these cells take part in immunological duties such as antigen uptake,

antigen processing, antigen presentation and inflammatory cytokine production [54].

A key question remains regarding how Aluminium adjuvants (as well as other
non-microbial adjuvants) are recognised by the host immune system. Recently,
Aluminium adjuvants have been described as an inducer of a cytosolic recognition
system, NLRP3 or NALP3 inflammasome [328,388-390]. The inflammasome
activates inflammatory caspases, mainly caspase-1, which catalyse the proteolytic
activation of proinflammatory cytokines such as IL-1p, IL-18 and possibly IL-33 into
their mature forms [334]. IL-18 induces IFN-y production in TcR-independent
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manner from IL-12-primed naive T cells to promote the differentiation of Thl cells
[391-393]. IL-18 is also related to the induction of IL-4 and IL-13 secretion from
CD4 T cells and B cell isotype switching to IgE [394,395]. Similarly, IL-1B is a
strong proinflammatory cytokine that can induce CD28-independent T cell activation
[396]. It is a pleiotropic cytokine and has adjuvant activity in its own right [381,397].
IL-1B is also associated with the recruitment and activation of inflammatory

monocytes and DCs and their migration to the DLNs [54].

There are controversies in the literature about the role of NALP3 in Alum
adjuvanticity. In one study, antigen-specific IgG1 and IL-5 production was reduced
following immunisation of NLRP3-deficient mice with OVA adsorbed to Alum
(Imject Alum) or human serum albumin (HSA) adsorbed to Alum [390] indicating
Alum adjuvanticity through NLRP3-dependent pathway. This study also showed a
reduced innate immune response in the context of reduced airway eosinophilia in
absence of NALP3 signalling indicating its significant contribution in adjuvanticity
[390]. Similarly Kool and colleagues found a reduction in IgE and increase in 1gG2c
and no effect on IgG1 antibody specific to OVA in response to immunisation with
OVA adsorbed to Alum (Imject Alum) in NALP3-deficient mice [388]. They
observed a reduced antigen-reactive T cells in LN and a reduced infiltration of
eosinophil, neutrophil and monocytes and a reduced DC activation and IL-1p
production [388]. In contrast to these studies, Franchi and Nunez found no effect on
immune response in the context of IgA, IgM, IgG or 1gG subclasses in the absence of
NALP3 signalling after immunisation of NALP3-deficient mice with HSA adsorbed
to Alum (Aluminium hydroxide) [112]. Likewise McKee and colleagues, using DT
or Alum (Alhydrogel), proved that the absence of caspase-1 or NLRP3 was not
associated with altered CD4 or CD8 T cell responses, antigen-specific IgG1 and Th2
induction [383]. The difference in the results in these labs may be associated with
the different cells studies, different formulations of Alum, contamination with TLR

agonists or incomplete characterisation of the Alum induced immune response [398].
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FIGURE 1.10: Inflammatory pathway of Alum adjuvanticity.

Inflammatory role (hypothetical) of Alum mediated immune response that consists of
transient inflammatory effects with the induction of NLRP3 molecules and
subsequent proinflammatory molecules release, DNA release following resident cell
death, enhanced antigen presentation following apoptotic and necrotic cell death.

As previously described, Alum may damage the lysosomal membrane of

APC [328]. When the lysosomal membrane becomes destabilised, lysosomal

contents, such as cathepsin B and antigens, are released into the cytosol. Currently
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there are two key predicted outcomes of this process on the resulting immune
response. Firstly, as mentioned above, antigens may become available for
presentation via the class | pathway and subsequent activation of CD8 T cells [191].
Secondly, the release of cathepsin B into the cytosol results in the activation of
inflammasome, subsequent secretion of proinflammatory cytokines [328] and finally
necrosis-like cell death [399]. Alum has been suggested to directly mediate these
effects on APCs [54,388] or may also mediate the death of tissue resident cells which
in turn release DAMP molecules, such as DNA which in turn activate DC and are
associated with IgE isotype switching and IgG1 production [55] (FIGURE 1.10).

In the context of DAMPs, the alarmin IL-33 may play a significant role in
Alum-mediated immune response [400]. IL-33 can be released by either apoptotic or
necrotic cells. The caspases, caspase-3, caspase-7 and calpain are involved in
cleaving pro-IL-33 cytokine during apoptosis although in this form IL-33 does not
appear to have any biological significance [401,402]. However, biologically active
IL-33 is released in a caspase-1, caspase-8 and calpain-independent manner by
necrotic cells rather than active secretion [403,404]. Therefore, a significant
contribution to the effects of Alum adjuvants may be necrosis-mediated induction of
inflammatory responses via elaboration of active 1L-33, although this remains to be

fully elucidated.

1.8 Aims of the thesis

The lack of detailed knowledge regarding the mechanisms of action of
adjuvants is one of the major barriers in developing new vaccines, particularly those
directed against diseases caused by intracellular pathogens. Understanding how
adjuvants work will allow the rational design of improved adjuvants. In the current
experiments, Alum (Aluminium hydroxide) has been used as a model adjuvant to
analyse how it influences the important features of DCs such as antigen uptake,
antigen processing, antigen presentation, costimulation and cytokine production that
ultimately allow the induction of antigen-specific T cell responses. Understanding

the mechanism of Alum adjuvant in determining the magnitude and duration of these
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factors will make a significant contribution to the rational design of effective, safe
and new adjuvants in the future. In summary, in this thesis, experiments have been
conducted to find out the answers to the following questions:
1. Questions related to Signal 1
a. How does Alum affect antigen uptake by BMDCs?

b. How does Alum affect antigen presentation by BMDCs?

c. How does Alum affect the magnitude and duration of antigen uptake

and presentation by BMDCs?

d. How does Alum affect the presentation of antigens derived from

proteins and peptides?

2. Question related to Signal 2

a. How does Alum affect the expression of the various costimulatory

molecules on BMDCs?

3. Question related to Signal 3

a. How does Alum affect the production of various costimulatory
molecules by BMDCs?

4. Question related to T cell responses

a. How does Alum affect the duration and magnitude of antigen-specific

T cell responses?
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CHAPTER-2: MATERIALS AND
METHODS
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2.1 Materials, chemicals and antibodies

Details of all materials, chemicals, buffers, cell culture media and antibodies
(Abs) for flow cytometry, immunocytochemistry and Enzyme-Linked
Immunoabsorbent Assays (ELISA) used in this project have been listed in tables
(TABLE 2.1 - TABLE 2.9).
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TABLE 2.1: Materials used in the experiments.

Materials Company/Provider
6-well cell culture cluster Corning Incorporated, US
(sterile)

Amicon Ultra centrifugal
filters

Millipore, UK

BD 30 G1 precision Glide
R Needle

Becton, Dickinson and Company (BD)
Biosceinces, UK

BD Flacon Cell strainer
(40um Nylon)

BD Biosciences, UK

BD Plastipak-5mL

BD Biosciences, UK

Cell scrapers Costarr®

Corning Incorporated, US

Deoxi-Gel Endotoxin
Removing Column

Thermo Fisher Scientific, UK

HisPur™ Cobalt Spin
Columns

Thermo Fisher Scientific, UK

Polystyrene Round Bottom
Tube (5mL)

BD Biosciences, UK

Sterile filter Minisart
(0.20um)

Sartorius Stedim Biotech, Germany

Syringe-5/10mL

BD Biosciences, UK
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TABLE 2.2: Chemicals used in the experiments.

Chemicals

Company/Provider

2-{N-morpholino-4-ehtanesulphonic acid}(MES)

Sigma Aldrich, UK

7-Aminoactinomycin D (7-AAD)

BD Biosciences, UK

Agar Sigma Aldrich, UK
Alum Brenntag Biosector, Denmark
Ampicillin Sigma Aldrich, UK
Annexin-V Miltenyi Biotec, US

Annexin-V binding buffer

Miltenyi Biotec, US

Benzamidine hexachloride

Sigma Aldrich, UK

Blocking Reagent

Molecular probes, UK

Carboxyfluorescein Succinimidyl Ester (CFSE)

Invitrogen, UK

Cytochalasin D

Sigma, UK

Deoxycholate

Sigma, UK

Deoxyribonuclease (DNase)

Roche Diagnostics GmbH

Dimethyl Sulfoxide (DMSO) (CH3).SO

Invitrogen, UK

Ethylenediaminetetraacetic Acid (EDTA)

Sigma, UK

Fetal Calf Serum (FCS)

Invitrogen, UK

G418

Sigma Aldrich, UK

Hank’s Balanced Salt Solution (HBSS)

Invitrogen, UK

Hen Egg Lysozyme (HEL)

NALGENE, US

Histopaque

Sigma, UK

Hydrogen Peroxide (H20,)

Sigma Aldrich, UK

Imidazole (C3HsNy)

VWR International Ltd, UK

Iscove’s Modified Dulbecco’s complete Media
(IMDM)

Invitrogen, UK

Isopropyl-B-D-thiogalactopyranoside (IPTG) Melford, UK
L-Glutamine, 200mM (X100) Invitrogen, UK
Lipopolysaccharide (LPS) Sigma, UK

Lysis Buffer

eBioscience, UK

Lysogeny broth (LB)

Sigma Aldrich, UK

Mouse serum

Biosera, UK

Paraformaldehyde (PFA)

Sigma Aldrich, UK

Penicillin-Streptomycin, Bioreagent

Sigma Aldrich, UK

Phosphate Buffered Saline (PBS)

Invitrogen, UK

Roswell Park Memorial Institute Media (RPMI)

Sigma, UK

Saponin, from Quillaja Bark

Sigma Aldrich, UK

Sodium azide (NaN3s)

Sigma Aldrich, UK

TritonX100

Sigma Aldrich, UK

Trypan blue solution [0.4%(v/v)]

Sigma Aldrich, UK

56




TABLE 2.3: Antibodies used in flow cytometry.

Antibody and Isotype Company
clone
CD40 (1C-10) Rat 19G2a,k eBioscience

CD80 (16-10A1)

Hamster 1gG2a

BD pharmingen

CD11c (HL3) Hamster IgG1, A2 | BD Pharmingen

CD11c (N418) Hamster 1gG eBioscience
(eBi0299Arm)

CD4 (GK1.5) Rat 19G2b, k eBioscience

DO11.10TCR Mouse 1gG2a, k eBioscience

(KJ1.26)

MHCII APC (I-A/l- | bioRat 1gG2b,k Biolegend

E) (M5/114.15.2)

CD80 (16-10A1)

Hamster 1gG2, «

BD Pharmingen

CD4 (GK1.5) Rat 19G2b, k eBioscience
CD69 (H12F3) Hamster IgG1, A3 | BD Pharmingen
CD86 (GL1) Mouse IgG1, BD Pharmingen
DO11.10 TCR Mouse 1gG2a eBioscience
(KJ1.26)

Ea52-68 IgG2b bio (A-1) eBioscience
(eBioYAe) Southern Biotech
Streptavidin APC - eBioscience

Streptavidin PerCP

BD Bioscience
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TABLE 2.4: Cell culture media used in the experiments.

Culture Media

Components

T cell media

RPMI-500mL

FCS-10% (V/V)

Penicillin-100U/mL

Streptomycin-100pg/mL

L-Glutamate-2mM

E.coli growing

LB agar-25gm in 1000mL deionised

growing media

media water
Ampicillin-100pg/mL
Hybridoma RPMI-500mL

FCS-10% (V/v)

Penicillin-100U/mL

Streptomycin-100pg/mL

L-Glutamate-2mM

G418-1mg/mL

X63 growing IMDM-500mL

media FCS-10% (v/v)
Penicillin-100U/mL
Streptomycin-100ug/mL
L-Glutamate-2mM
G418-1mg/mL

DC media RPMI-500mL

(complete DC GMCSF-10% (v/v)

media) FCS-10% (v/v)

Penicillin-100U/mL

Streptomycin-100pg/mL

L-Glutamate-100pug/mL (2mM)
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TABLE 2.5: Buffers used in the experiments.

Buffers

Components

Lysis Buffer: NPI-10 (pH: 8.0)

NaH,PO,.H,0: 3.45g (50mM)

NaCl: 8.77 g (300mM)

Imidazole: 0.34g (10mM)

Deionised water: 500mL

Wash Buffer: NPI-20 (pH: 8.0)

NaH,PO..H,0: 3.45g (50mM)

NaCl: 8.77g (300mM)

Imidazole: 0.68g (20mM)

Deionised water: 500mL

Elution Buffer: NPI-250
(pH:8.0)

NaH,PO,.H,0: 3.45g (50mM)

NaCl: 8.77g (300mM)

Imidazole: 8.77g (250mM)

Deionised water: 500mL

PBS (1X): pH-7.4 (1,000mL)

NaCl: 8.00g

KCI: 0.20g

Na,HPO4.2H,0: 144g

KH,PO,: 0.24g

Deionised water: 1000mL

FACS (Fluorescence Activated
Cell Sorting) Buffer

PBS: 500mL

FCS (2%) (v/v)

Azide (0.1%) (w/v)

ELISA washing buffer

PBS: 10mM

Tween 20: 0.05% (v/v)

Fixing buffer (4%PFA)

PFA: 4% made in PBS (w/v)

Fc receptor blocking buffer

Supernatant of 2.4G2
hybridoma + Mouse serum:10%
(v/v)+ NaN3:0.01% (w/v)
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TABLE 2.6: Materials, chemicals and antibodies used in sandwich

Materials, chemicals and Dilutions
antibodies
Capture Ab: purified anti- 1/1,000
mouse IL-10 (clone: JES5- (12pL in
16E3) 12mL
coating
buffer).
Standard: Recombinant Y serial
mouse IL-10 (1pg/mL) dilution.
Detection Ab: Biotin- 1/1,000
conjugate anti-mouse 1L-10 (12pL in
(clone: JES5-2A5) 12mL
coating
buffer).
Enzyme: Avidin-HRP 1/250 (48uL
in 12mL
coating
buffer).
Working Solution: 5X 1XAssay
Assay Diluent Diluent
(10mL in
40mL of DI
water).
Substrate:1XTMB solution Working
concentration
(no dilution).
ELISA Coating Buffer 1 packet of
Powder ELISA
Coating
Buffer
Powder in 1L
of deionised
(DI) water.
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TABLE 2.7: Luminex antibodies, chemicals and reagents for 1-plex (IL-33
cytokine) ELISA.

Materials, chemicals and antibodies Catalogue
(Millipore)

Mouse Cytokine/Chemokine Panel Il | MXM8074

Standard

Mouse Cytokine/Chemokine Panel Il | MXM6074

Quality Controls 1&2

Mouse Cytokine Panel I1lIl Detection | MXM1074
Antibodies

Streptavidin-Phycoerythrin L-SAPE9
Assay Buffer L-MAB
96-Well plates with sealers MAG-PLATE
10X Wash Buffer L-WwB

IL-33 MIL33-MAG

¢All reagents were purchased from Millipore, UK.
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TABLE 2.8: Luminex antibodies, chemicals and reagents for 6-Plex ELISAC.

Materials, chemicals and antibodies Catalogue  (Millipore)
Mouse Cytokine Standard MXM8070

Mouse Cytokine Standard MXM8070-2

Mouse Cytokine Quality Controls MXM6070

Mouse Cytokine Quality Controls MXM6070-2

Mouse Cytokine Detection Antibodies MXM1070-2

Streptavidin-Phycoerythrin L-SAPE4

Assay Buffer L-AB

10X Wash Buffer L-wB

IL-1P MIL1B-MAG
IL-6 MCYIL6-MAG
IL-12(p70) MIL12P70-MAG
IL-13 MIL13-MAG
IL-15 MIL15-MAG
TNF-a MCYTNFA-MAG

Al reagents were purchased from Millipore, UK.
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TABLE 2.9: Quality control ranges of cytokines.
The table shows the average standard values of control 1 and control 2 set up while
analysing cytokine concentration by the multiplex experiment®.

Cytokine Quality Control Expected Range
Level
IL-1B Control 1 93-193pg/mL
Control 2 503-1045pg/mL
IL-6 Control 1 106-220pg/mL
Control 2 554-1150pg/mL
IL-12(p70) Control 1 93-194pg/mL
Control 2 475-987pg/mL
IL-13 Control 1 126-378pg/mL
Control 2 585-1755pg/mL
IL-15 Control 1 86-179pg/mL
Control 2 468-971pg/mL
TNF-a Control 1 103-214pg/mL
Control 2 493-1024pg/mL
IL-33 Control 1 1254-2605pg/mL
Control 2 6321-13129pg/mL

® The information was provided by Millipore catalogues.
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2.2 Animals

BALB/c (H-2%) mice, between 6-12 weeks old, were either bred in the
Biological Procedures Unit, University of Strathclyde or purchased from Harlan, UK.
C57BL/6 (H-2"") mice were purchased from Harlan, UK. DO11.10 BALB/c (H-2%"%
mice were bred in the Biological Procedures Unit, University of Strathclyde and in
the Central Research Facility, University of Glasgow. The DO11.10 BALB/c (H-29%)
mice, expressing the DO11.10 TcR transgenic (tg) mice specific for epitope derived
from chicken Ovalbumin (OVA) peptide 323-339 bound to I-A%restricted MHC
class Il [405] were used as CD4 T cell donors [406]. Similarly, six- to eight-week-
old C57BL/6 (H-2"®) and BALB/c (H-2"%) mice were used for the DC culture
experiments. All the procedures were performed according to the UK Home Office

regulations.
2.3 Antigens

2.3.1 Ovalbumin (OVA)

Chromatographically pure egg white Ovalbumin (OVA) was purchased from
Worthington Biochemical Corporation, US and OVA peptide (residues 323-339)

was bought from Cambridge Biosciences, UK.

2.3.2 EaGFP

EaGFP is a chimaeric fluorescent protein antigen [407] produced from a
genetic fusion of Ea peptide to green fluorescent protein (GFP) [408]. Ea peptide
(amino acid residues 52-68) is the immunodominant epitope derived from I-E% alpha
chain and presented by 1-A’—restricted MHC class 11 molecules [216,409,410].

EaGFP antigen was prepared in the lab according to the method described

previously [407]. EaGFP was cloned into a pTrcHis expression vector, downstream

to a strong T7-RNA polymerase-specific T7 promoter. T7-RNA is produced
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following IPTG (Isopropyl B-D-1-thiogalactopyranoside) addition in the bacterial
culture that consequently results in the production of EaGFP [411]. A starter culture
was prepared by taking a single colony of Escherichia coli pTrcHis Ea-GFP, DH5a
in 20mL sterile LB media (TABLE 2.4) containing 100pug/mL Ampicillin and
incubated in a vigorous shaker [200 revolutions per minute (rpm), 37°C for 6hours].
The starter culture was transferred to a 2 litre-flask containing LB and Ampicillin
(100pg/mL) and was shaken vigorously (200 rpm, 37 C for 6hours) and subsequently
checked for the optical density (OD)ego against LB medium. IPTG (1mM) was added
in the culture medium followed by shaking (200 rpm, 37°C for 6hours). Following
IPTG induction, culture was checked for optimum growth of bacteria. The cultures
were split in centrifuge flasks (250ml) and centrifuged in a Beckman Optima
(3,500xg, 30minutes at 4 C). The supernatants were discarded and pellets were
frozen (-18°C) and thawed (x3) for optimal lysis. The pellet was resuspended in
10mL NPI-10 buffer (10mM imidazole), bacterial lysis buffer (TABLE 2.5) with the
addition of 1mg/mL HEL, a pinch of DNAse and a pinch of benzamidine
hexachloride for optimal bacterial lysis. The pellet was centrifuged (7000xg, lhour,
4°C) and green supernatant was collected. The supernatant was passed through a
HisPur Cobalt Spin Columns followed by washing first with NPI-10 buffer (10mM
imidazole) and then with NPI-20 buffer (20mM imidazole) (TABLE 2.5) to
maximise the inhibition of the binding of nontagged contaminating proteins resulting
in greater purity. Then, all bound proteins in the column were eluted out using NPI-
250 (250mM imidazole) (TABLE 2.5). Then, proteins were washed in PBS (3150xg,
4°C, 20minutes) in an Amicon Centrifugal Filter (Amicon Ultra-15) to replace NPI
buffer with PBS. Endotoxin contents of protein were removed by using 1% sodium
deoxycholate in Deoxi-Gel Endotoxin Removing Column and sterilised by passing
proteins through a 0.2um syringe filter. The eluted EaGFP was quantified by

spectrophotometer (NanoDrop 1000 3.7.0) and was ready for use.

2.4 Adjuvants

ALHYDROGELR (Alum) was used as a model adjuvant in the experiment.
This adjuvant consists of 3% Aluminium hydroxide. Different concentrations of
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Alum were mixed with pre-determined concentrations of OVA or OVApeptide323—
339 or EaGFP and incubated at room temperature for 20minutes to allow adsorption.
A sample of the mixture of antigen and Alum was centrifuged (14,000xg, 10minutes)
and the supernatant in triplicate was checked for unbound protein according to the
bicinchoninic acid (BCA) protein assay as described previously [412,413]. The
amount of adsorbed proteins or peptides was determined by subtracting the amount

found in the supernatant from the total amount.

LPS (Escherichia coli 0111.B4) was also used as a control adjuvant in DC
activation and cytokine production assays. DCs were treated with 1ug/mL LPS as a

standard positive control in these assays.

2.5 Preparation of DCs from murine bone marrow

DCs were generated from bone marrow of C57BL/6 or BALB/c mice in
complete DC media (TABLE 2.4), as described previously [152]. The femurs and
tibias were collected in ice-cold PBS. The bone marrow was flushed out with 2mL of
media in a syringe with a 30G precision Glide R needle in a 60mm tissue culture
plate. The cells were passed through the 40 um cell strainer with the help of a
serological pipette. Bone marrow cells were collected in a 50mL centrifuge tube and
washed twice (400xg, 5minutes, 4°C) with complete DC media. The cells were
counted by haemocytometer. A total of 2x10° cells were cultured in a six-well plate
in 2mL total volume per well. At day 3 and 6, cells were fed with each 2mL/well
fresh complete DC media. DC development was examined on a microscope (0.2
Nikon TMS Japan) at each day. Day 7 DCs were used in most of the experiments

unless otherwise stated.

2.6 EaGFP/YAe system

In this study, EaGFP/Y Ae system was used to address the impact of Alum
and particulates on antigen uptake and antigen presentation by BMDCs
[183,216,409,410] (FIGURE 2.1). This system allows assessment of antigen
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uptake/degradation and, in combination with the Y Ae antibody antigen presentation
in situ [183,216,409,410]. When this antigen is internalised by DCs, EaGFP is
degraded and the Ea peptide is presented by I-A® MHC class Il molecules on the cell
surface. These p:MHCII complexes can be detected by staining the cells with YAe
antibody because this antibody can efficiently bind the complex of Ea(52—-68) with I-
A°MHCII [216,409,410]. Therefore, the YAe antibody sees what T cell receptor sees
(FIGURE 2.1). The system is important in the study of antigen internalisation and
presentation because we can evaluate the number of GFP positive cells and level of
GFP in these cells (cells with intact native antigens) as well as number of YAe

positive cells and level of antigen presentation.
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FIGURE 2.1: The Ea:YAe System.

The Ea:YAe System was originally described by Rudensky and colleagues
[216,409,410]. The YAe antibody sees what the TcR sees. This antibody binds
Ea(52-68):MHCII complexes presented by APCs such as DCs. GFP signal
represents the antigen accumulating cells whereas YAe positive signal represents
expression of the surface p:MHCII complexes. Currently, the EaGFP/Y Ae system
has been used to elucidate the roles of Alum in antigen uptake and presentation.
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2.7 Analysis of antigen uptake and presentation

To assess the role of Alum in antigen uptake and presentation, BMDCs were
incubated with different concentrations of EaGFP or EaGFP adsorbed to different
concentrations of Alum in a six well plate containing 2x10° cells/5mL media in each
well. Control wells contained media only. After 24hours incubation, cells were

analysed by flow cytometry.

2.8 Pulse chase assay to analyse kinetics of antigen

presentation

To assess the role of Alum in the kinetics of uptake, degradation and antigen
presentation, a pulse chase assay was performed. BMDCs (3x10%/mL) were pulsed
with EaGFP (100.0ug/mL) or, EaGFP (100.0ug/mL) adsorbed to Alum
(100.0pg/mL) for lhour. Some of the cells were incubated in media and this was
used as a blank control. Cells were harvested, washed in HBSS buffer (400xg,
5minutes, 4°C) and BMDCs were separated from Alum using sterile histopaque
(400xg, 25minutes, 20°C) followed by washing twice in HBSS buffer (400xg,
5minutes, 4°C) (FIGURE 2.2). BMDCs (1.5x10° cells/5mL) were resuspended in
each well of a six well plate containing cDC media and incubated for different chase
periods (Ohour, 24hours, 48hours and 72hours). After each chase period, cells were

analysed by flow cytometry.
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FIGURE 2.2: Separation process of Alum from cells after antigentAlum pulse
period.

(A) Cells are carefully layered on top of a cushion of histopaque. (B) Centrifuge tube
containing histopaque in lower level and HBSS media with cells. Cells were washed
(400xg, 20minutes, 25°C). (C) Most of the cells were found at interface between
upper media and lower media. Some of the cells were observed just below interface
layer. Pellet contained debris and Alum. The cells found in interface layer and below
interface were carefully collected by a pipette and washed (400xg, Sminutes, 4°C) in
HBSS to incubate for different chase periods.

2.9 Role of preadsorption of antigen in Alum uptake and
presentation

To assess the role and mechanisms of pre-adsorption of antigen in Alum
uptake and presentation, a pulse chase assay was used (FIGURE 2.3). BMDCs
(3x10°%) were pulsed with EaGFP (100.0pg/mL), EaGFP (100.0ng/mL) adsorbed to
Alum (100.0pg/mL) or Alum (100.0pg/mL) only for 1hour. Some of the cells were
incubated in media to provide blank controls. These cells were washed in HBSS
buffer (400xg, Sminutes, 4°C) followed by washing first in sterile histopaque (400xg,
25minutes, 20°C) then twice in HBSS buffer (400xg, 5Sminutes, 4°C) (FIGURE 2.2,

2.3). Cells treated with either EaGFP or Alum alone were incubated in Alum and
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EaGFP respectively for lhour. All cells were again washed in sterile histopaque
followed by washing twice in HBSS buffer (400xg, 5minutes, 4°C). Cells (1.5x10°
cells/smL) were resuspended in each well of a six well plate containing cDC media
and incubated for different chase periods. After the indicated chase period, cells were

analysed by flow cytometry.

lhr pulse 1hr pulse 96hr chase
pcs EUGFP > Wash _TMedia_ |\, o _ Media |
pcs TE¢GFP+Alum \  +Media .~ +Media
DCs HeGrP » Wash —>+Alum Wash —>+Media
DCs +Alum » Wash __tEeGFP > \Wash +Media

FIGURE 2.3: Study design for the assessment of impact of preadsorption of
antigen in Alum on antigen presentation by BMDCs in vitro.

DCs were pulsed with EaGFP or Alum or EaGFP adsorbed to Alum for 1hour. Then
cells were washed and again pulsed for 1hour with different sequence of EaGFP or
Alum or media. Cells were washed and incubated in media for 96hours and then
analysed by flow cytometry.
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2.10Role of actin polymerisation in antigen uptake

To study the mechanism of antigen uptake, Cytochalasin D was used. This
drug disrupts the actin polymerisation and inhibits the actin-dependent antigen
internalisation by APCs [414,415]. The stock solution of Cytochalasin D (Mass:
1mg, formula weight: 507.62g/mol) was reconstituted in 500l DMSO to prepare
final concentration of 2mg/mL. The stock solution was aliquoted and stored at -20°C
until use. DC media of each DC culture well plate were replaced with RPMI
containing Penicillin (100U/mL), Streptamycin (100pg/mL) and Glutamate (2mM).
FCS was not included in this media to prevent the constitutive uptake of antigens by
DCs. BMDCs (2x10°/5mL) were incubated with different concentrations of
Cytochalasin D (0, 10, 20, 30ug/mL) in each well of a six-well plate for 2hours.
Then, cells were treated with EaGFP (100pg/mL) or EaGFP (100pg/mL) adsorbed
to Alum (100pg/mL) in each well of a six-well plate for 2hours as this duration is
ample for antigen internalisation by DCs. Controls included treating cells with
EaGFP or EaGFP adsorbed to Alum. The level of GFP in the cells was analysed by

flow cytometry.

2.11 Role of Na*/H" pump in antigen uptake

To study the mechanism of antigen uptake, 5-(N-Ethyl-N-isopropyl)
amiloride (EIPA) was used. This drug strongly inhibits Na*/H* exchange and inhibits
fluid phase uptake of antigen by APCs [416,417]. The stock solution of EIPA (Mass:
25mg, formula weight: 299.76g/mol) was reconstituted in 1,111uL DMSO to prepare
final concentration of 75mM (22.5ug/mL). The stock solution was aliquoted and
stored at -20°C until use. DC media of each DC culture well plate were replaced with
RPMI containing Penicillin (100U/mL), Streptamycin (100pg/mL) and 100pg/mL
Glutamate (2mM). FCS was not included in this media to prevent the constitutive
uptake of antigens by DCs. BMDCs (2x10%/5mL) were incubated with different
concentrations of EIPA (0, 25, 50, 100uM) in each well of a six-well plate for
2hours. Then, cells were treated with EaGFP (100pug/mL) or EaGFP (100ug/mL)

adsorbed to Alum (100ug/mL) in each well of a six-well plate for 2hours as this
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duration is ample for the antigen internalisation by DCs. Some of the controls were
made by treating cells with EaGFP or EaGFP adsorbed to Alum. The level of GFP in

the cells were analysed by flow cytometry.

2.12Hybridoma assay

To study antigen presentation, DO11.GFP hybridoma was used (FIGURE
2.4). This hybridoma was kindly gifted by David M Underhill (Department of
Immunology, University of Washington, Seattle, US). This cell line recognises aa
323-339 of OVA presented by I-A°MHCII in a costimulator-independent fashion
[384]. The DO11.GFP hybridoma has been modified by the introduction of a plasmid
reporting nuclear factor of activated T cells ()NFATeGFP). This construct consists
of a promoter with the NFAT binding site linked to the IL-2 promoter. This promoter
is activated by the binding of NFAT to an NFAT binding site that drives enhanced
GFP (eGFP) expression [418] (FIGURE 2.4). The GFP-expressing DO11.GFP
hybridoma was selected by incubating this cell line in the presence of G418
(Geneticin, Img/mL) in hybridoma growing media (TABLE 2.4) for 2-5days.

Endosome with

OVA antigens
Endosome with
processed Ags and
MHCII molecules
Endosome with
p:MHCII compleses

FIGURE 2.4: Hybridoma assay to study antigen presentation by DCs in vitro.

When DC takes up antigen such as OVA (Ovalbumin), it processes into the
OVApeptide323-339 and presents this peptide bound in MHC class Il molecules
(p:MHCII) to the T cell receptor (TcR) of T cell such as DO11.GFP hybridoma. The
encounter of p:MHCII with TcR and CD4 results in enhanced GFP expression from
this hybridoma.
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2.13Analysis of antigen presentation using the DO11.GFP
hybridoma

To analyse the impact of Alum on antigen presentation, DCs (1x10°cells)
were treated with different concentrations of OVA or OVApeptide323-339 and
OVA or OVApeptide323-339 adsorbed to different concentrations of Alum in a six-
well plate for 6hours. These cells were then incubated with the hybridoma
(1x10°cells) overnight (about 20hours). Then, cells were collected, washed and

stained for flow cytometry.

2.14Costimulation asssay

To evaluate the costimulatory molecules expressed on DC following Alum
treatment, DCs (2x10%/5mL) were incubated with different concentrations of Alum
(0.1, 1.0, 10.0, 100.0, 1,000.0pg/mL) in a six-well plate for different periods. Some
of the wells were incubated with LPS (1.0ug/mL) as a positive control and in media
as a negative control. The cells were stained with different costimulatory and

activation markers of DC and analysed by flow cytometry.

2.15Cell viability Assay

To analyse the impact of Alum the viability of DCs, BMDCs (2x10°/5mL)
were incubated in different concentrations of Alum (0.1, 1.0, 10.0, 100.0, 1,000.0
pg/mL) and in media for 24hours. Cells were collected and washed (400xg,
5minutes, 4°C) with FACS buffer. Some cells were treated with 200uL 4% (w/v)
PFA (TABLE 2.5) for control experiments. They were incubated first in Fc block
(2.4G2 hybridoma supernatant) (TABLE 2.5) to block non-specific binding of Fc-
receptors on the cell surface. Then, cells were incubated with fluorescently labelled
anti-CD11c antibody (1:100 dilution) for 30minutes. Cells were washed in FACS
buffer (400xg, Sminutes, 4°C) followed by washing twice in 2mL of 1XBinding
Buffer (400xg, 5minutes, 4°C). Cells were resuspended in 200pL of 1XBinding
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Buffer. In each tube, 4uL of Annexin-V fluorescein isothiocyanate (FITC) was
added and incubated in the dark at room temperature. Cells were washed twice in
2mL of 1XBinding Buffer (400xg, 5minutes, 4°C). Cells were resuspended in 200uL
of 1XBinding Buffer followed by adding 4pL of 7-AAD solution. Both Annexin-V
FITC and 7-AAD were added either differently or in the same tubes in some of the
controls containing fixed cells with 2% (w/v) PFA. The cells were analysed by flow
cytometry within 30minutes. Apoptotic cells were analysed in the FITC positive
channel, and necrotic cells were analysed in the Peridinin Chlorophyll (PerCP)

positive channel.

2.16 Invivo T cell tracking

LNs were extracted from DO11.10 mice and single cell suspensions
prepared in cRPMI (FIGURE 2.5). The cells were resuspended in HBSS (5x10’
cells in ImL cells) and then fluorescently labelled by incubating with CFSE (0.5pL
CFSE in 1mL HBSS) for 5minutes and then washed and resuspended in cRPMI.
About 25% of the cells were antigen-specific CD4+ T cells (positive for CD4 and
KJ). A total of 3x10° cells in 200pL were injected via the tail vein of BALB/c mice
at day -1. On the next day (day 0), mice were divided into three groups; PBS, OVA
and Alum adjuvanted OVA recipients. Mice were injected subcutaneously in the
nape of the mice with 100pL of PBS, 100pL of OVA (final concentration: 1mg/mL)
and 100pL of OVA (1mg/mL) adsorbed to Alum (final concentration: 1% (w/v)
Alum). At day 1, day 5 and day 10, after immunisation LNs (brachial and axillary)
were extracted from the BALB/c mice and processed for staining. The cells from
LNs were stained with anti-CD4 antibody that recognises CD4 coreceptor and a
clonotypic antibody, DO11.10TCR or KJ1.26 that recognises TcR that recognises
OVApeptide323-339 (TABLE 2.3) and analysed by FACS.
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Day (-1) ©) D (®) (11)

| L]

CDA4 T cell transfer Immunisation Experiment

Antigen-specific CFSE- PBS/OVA/Alum Extract and preparation of single cell suspension
labelled T cells (3x10°cells immunisation in nape of the of DLNs and staining the antigen-specific CD4
from DO11.10 mice) injected ~ BALB/c mice T cells by KJ1.26 and anti-CD4 antibody
through the tail vein of

BALB/c mice

FIGURE 2.5: Study design showing in vivo tracking of transgenic T cells.

Antigen-specific CD4 T cells from DO.11.10 mice were transferred into the BALB/c mice through tail vein at day (-1). In the
next day, antigen or antigen adsorbed to Alum were immunised in the nape of the BALB/c mice. In day 1, day 5, day 11,
BALB/c mice were culled and single cell suspensions were prepared from LNs. Cells were stained with anti-CD4 and DO11.10

TCR KJ1.26 antibody and analysed by flow cytometry.
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2.17Flow cytometry

Cells were collected in 5mL FACS tubes and washed (400xg, 5Sminutes, 4°C)
in FACS buffer [5% (v/v) FCS +0.1% (w/v) sodium azide] and incubated with either
purified anti-mouse CD16/CD32 (1 in 100 dilution) or 100uL Fc block (2.4G2
hybridoma supernatant) (TABLE 2.5) for 30minutes to prevent non-specific binding
via Fc receptors (TABLE 2.5). Then, cells were stained with fluorophore-labelled
antibody (TABLE 2.3) and incubated for 30minutes. Cells were washed with FACS
buffer twice (400xg, 5minutes, 4°C) and analysed on a FACS Caliber (BD
Biosciences). A total of 50,000 events were collected based on forward and side
scatter unless otherwise stated. The results of flow cytometry were analysed by
FlowJo software (FlowJo 8.7.1, Stanford University 1995-96). The level of GFP,
YAe, MHCII and costimulatory molecules present on CD11c positive cells was

analysed by both mean fluorescence intensity (MFI) and percentages.

2.18ELISA

2.18.1Sandwich ELISA

To assess the concentration of IL-10 in supernatants obtained from DCs
incubated in different concentration of Alum, a sandwich ELISA was used. All the
materials and antibodies used in this assay have been listed in TABLE 2.6. First of
all, Corning Costar 9018 ELISA plates were coated with 100uL/well of capture
antibody (purified anti-mouse IL-10) in 12mL coating buffer. The plate was sealed
and incubated overnight at 4°C. Plates were washed with ELISA wash buffer (0.05%
Tween-20 and PBS, 5X), and non-specific protein binding was blocked by
incubation with blocking buffer (200pL per well, 10% (v/v) FCS in PBS, room
temperature, 1hr). The plates were washed with ELISA Wash Buffer (x5) (TABLE
2.6). Using Assay diluents, the standards were diluted as 4,000, 2,000, 1,000, 500,
250, 125, 62.5, 31.25 and Opg/mL with their final volumes 100uL in each well.
Then, the DC supernatant (100uL) obtained from cell culture was added in each

well. The plate was sealed and incubated at room temperature for 2hours. The plate
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was washed (x5) and 100uL detection antibody (TABLE 2.6) was added in each
well. The plate was sealed and incubated at room temperature for lhour. Plate was
washed (x5). In each well, 100pL of horse-radish-peroxidase (HRP)-conjugated
Streptavidin-Avidin was added followed by incubation of plate at room temperature
for 30minutes. Plate was washed (x14) following soaking of wells in Wash Buffer
for 1-2minutes. In each well, 100uL of Substrate Solution (TABLE 2.6) was added
followed by incubation at room temperature for 15minutes. The reaction was
terminated by the addition of 10% (v/v) H,SO,4 and the absorption was determined at

OD4sp using an ELISA plate reader (Molecular Devices).

2.18.2Luminex Assay for cytokines

Luminex consists of internally colour-coded microspheres with two
fluorescent dyes via which several coloured bead sets can be created. Each of the
bead is coated with a specific capture antibody that captures an analyte (cytokine or
protein) from a DC supernatant. Then, a biotinylated detection antibody is treated
followed by incubation with a fluorescent reporter molecule, Streptavidin-
Phycoerythrin (PE) conjugate to complete the reaction on the surface of each
microsphere. Then, a first laser is passed via microsphere resulting in excitation of
internal dyes and indication of microsphere set. The second laser excites PE resulting
in recognition of fluorescent dye on the reporter molecule. Based on this reporter
molecule, each individual microsphere and the concentration of different cytokines

are assessed with a high-speed digital-signal processor.

For the Luminex assay, the protocol provided by Millipore Corporation was
used (Milliplex® MAP Kit, Mouse Cytokine/Chemokine Magnetic Bead Panel,
MCYTOMAG-70K, 96-Well Plate Assay) to analyse IL-1p, IL-12p70, TNF-a, IL-
13, IL-15 and IL-6 (6-plex) in the supernatants obtained from DC culture with
different doses of Alum at different incubation periods. In the same way, to analyse
the amounts of 1L-33 (1-plex), another protocol was used (Milliplex R MAP Kit,
Mouse Cytokine/Chemokine Magnetic Bead Panel I1l, MCYP3MAG-74K, 96-Well

Plate Assay). Therefore, two different plates were used to analyse the cytokine level
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in these assays. Details of all materials, chemicals, buffers, antibodies and quality
control ranges used in Luminex assay have been listed in TABLE 2.7 to TABLE
2.9.

2.18.2.1Preparation of reagents

Each antibody vial was vortexed for 1minute and 60uL of each antibody vial
was diluted in final volume of 3.0mL Assay Buffer. Quality Control 1 and Quality
Control 2 were reconstituted in 250uL deionised water. 60mL of 10X Wash Buffer
(TABLE 2.7) was diluted in 540mL deionised water to prepare Wash Buffer. Mouse
cytokine standard was reconstituted with 250uL deionised water to give a
10,000pg/mL (6-plex) or 100,000pg/mL (1-plex) concentration of standard for all
analytes. Standards were prepared by serial dilution to 10,000, 2,000, 400, 80, 16,
3.2, Opg/mL concentrations for 6-plex or 100,000pg/mL, 20,000, 4,000, 800, 160, 32
and Opg/mL concentrations for 1-plex ELISA. Before putting the standard in
polypropylene microfuge tube, the vial was kept at room temperature for 5-

10minutes and processed for standard controls.

2.18.2.2Immunoassay procedure

In each well of the plate, 200uL Wash Buffer (TABLE 2.7) was added. The
plate was sealed and shaken for 10minutes at room temperature followed by
subsequent removing. Then, 25uL of each Standard or Control was added into the
previously pre-coated magnetic wells followed by putting 25uL of cDC media to the
background, standard and control wells. Then, 25uL of Assay Buffer (TABLE 2.7)
was added to the sample wells followed by addition of 25uL DC supernatant into
each sample wells and then 25uL beads into the entire well. The plate was sealed
with a plate sealer and wrapped with Aluminium foil followed by incubation with
agitation for 2hours at room temperature. The plate was put above magnet for
Iminute to allow complete settling of magnetic beads. The contents of the well were
gently decanted followed by washing with 200uL of Wash Buffer (TABLE 2.7).
This process was repeated three times following shaking for 30minutes and then

reattaching to magnet for 1minute and then subsequent washing the contents gently.
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Then, 25uL detection antibodies were added into each well followed by
incubation with agitation on a plate shaker for lhour at room temperature. 25uL
Streptavidin-Phycoerythrin was added to each well containing the 25uL of detection
antibodies and incubated with agitation on a plate shaker for 30minutes at room
temperature. The contents were removed and washed the plate twice with 200uL of
Wash Buffer and putting over a magnet to allow complete settling of magnetic beads
on the bottom of wells. Finally, 150uL of Sheath Fluid (containing sodium chloride,
sodium phosphate and an antimicrobial component) was added to each well as a
delivery medium of the sample to the laser component of the analyser. The plate was
analysed by MAGPIX® with xPONENT software (Luminex Corporation, Build:
4.1.308.0). The median fluorescent intensity” data and curve-fitting methods

(APPENDIX-I1) were used to assess cytokine concentration.

2.19Data Analysis

Data were analysed using Statistical software packages (GraphPad Prism
version 5.00 for Windows, GraphPad Software, San Diego California, USA). Results
were expressed as mean+S.E.M. unless otherwise stated. In the data with one
independent variable, Tukey Post Test (One Way ANOVA) was used to test
significance between any two different treatment groups unless otherwise stated.
Similarly, in the data having more than one independent variable such as in the dose
response and the kinetics experiments, Bonferroni Post Test (Two Way ANOVA)
was used to test the significance between any two different treatment groups either at
specific dose or at specific time. A P-value of <0.05 was considered as significant.
The letter ‘n” was denoted for the number of replicates in all in vitro experiments;
whereas it was denoted for the number of mice in each treatment group in vivo

experiments.

"Median fluorescence intensity is the total fluorescent emission accumulated in a particular bead
characterised by a specific antigen-antibody reaction among various reaction within the
microsphere.
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CHAPTER-3: EFFECT OF ALUM
ADJUVANTS ON UPTAKE AND
PRESENTATION OF ANTIGEN
BY BMDC
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3.1 Introduction

The recognition of p:MHCII complexes by CD4 T cells is the foremost step
in initiating an adaptive immune response. To allow recognition of these complexes,
APCs such as DCs perform a sequence of events including antigen uptake, antigen
processing, loading of processed antigen onto MHC class Il molecules and finally
presenting these molecules on the DC surface. Antigen presentation by DCs has been
poorly understood in the context of Alum adjuvants. This is because most of the
studies conducted to date have assessed antigen presenting efficiency of APCs using
T cells as an indirect readout. Therefore, in this chapter, the impact of Alum on
antigen uptake and presenting efficiency of DCs has been investigated by directly
measuring the amounts of presented antigens in the context of MHC molecules on
cell surface. To address this, the EGFP/Y Ae system was applied in which EaGFP
was used as a model antigen. EaGFP is a green fluorescent protein antigen which
contains the GFP coupled to Ea, an antigenic peptide. When APCs such as DCs,
internalise this antigen, they become fluorescent. As the antigen is processed inside
the cell, the cell loses this associated fluorescent signal. During processing, the
peptide, Ea, is free to associate with intracellular MHCII molecules for subsequent
presentation on the cell surface. These p:MHCII complexes can then be detected by
staining the cells with Y Ae antibody because this antibody can efficiently bind with
the Ea-I:A"MHCII complex [216,409,410]. The YAe system is important in the
study of antigen internalisation and presentation because we can evaluate the
magnitude and dynamics of GFP acquisition and loss, as well as the number of APCs

and their level of antigen presentation.
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3.2 Impact of Alum on antigen uptake and presentation
by BMDCs

To investigate the impact of Alum on antigen uptake and presentation by
BMDCs, first the suitability of the EaGFP/YAe system was determined. BMDCs
were incubated with EaGFP, Alum-adsorbed EaGFP or in the presence of media or
Alum alone for 24hours. Then, the level of GFP and Y Ae staining within the CD11c
positive population was analysed (FIGURE 3.1A,B). Detection of GFP or YAe
staining was dependent on the presence of EaGFP, incubating BMDC with Alum
alone did not produce any increase in either of these parameters compared with
control cultures (FIGURE 3.2B,C). Adsorption of EaGFP to Alum produced a
significant increase in antigen uptake and presentation (P<0.0001), with about a 5-
fold higher MFI of GFP and a 2-fold higher MFI of YAe compared with cells
incubated in EaGFP alone. Similar results were obtained by analysing the proportion
of GFP or YAe positive cells (FIGURE 3.2C). The results suggest that EaGFP/Y Ae
system is appropriate for the in vitro study of antigen uptake and presentation by

DCs following Alum treatment.
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FIGURE 3.1: Application of the EaGFP/YAe system to reveal the impact of
Alum adjuvants on antigen uptake and presentation by DCs.

BMDCs (2x10°/5mL) obtained from C57BL/6 mice were incubated in media, Alum
(100pg/mL), EaGFP (100pg/mL) and EaGFP adsorbed to Alum (100ug/mL) for
24hours. (A) A total of 50,000 cells were analysed on the basis of FSC (forward
scatter) and SSC (side scatter). (B) DCs were identified by CD11c expression. (C)
Analysis of GFP and Y Ae levels was performed on CD11c positive populations.
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FIGURE 3.2: EaGFP/YAe system can be used to study the impact of Alum on

antigen uptake and presentation.

The data obtained in FIGURE 3.1 were expressed in bar graphs. (A) The overlay
histograms represent the levels of GFP (left) and YAe (right) detected in DCs
following different treatments as indicated in legends. (B) Bar charts show the % of
GFP (upper left) and MFI of GFP (upper right) and the % of YAe (lower left) and
MFI of YAe (lower right) in different treatment groups. Tukey post tests were used
to compare the meanzS.E.M. (n=3) between EaGFP and EaGFP+Alum. ***

P<0.0001.
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3.3 Antigen dose response of Alum in antigen uptake and

presentation

In the previous experiment, the enhancing role of Alum on antigen
internalisation and presentation by DCs at a single antigen dose was analysed. In this
experiment, the effect of Alum on antigen accumulating and presenting efficiency of
DCs over a range of antigen doses was examined. Interestingly, adsorption of EaGFP
to Alum significantly enhanced antigen uptake and presentation compared with
soluble antigen over a range (1-100ug/ml) of antigen doses tested (P<0.001)
(FIGURE 3.3, 3.4A,B). Comparing the antigen dose response curves demonstrated
that, Alum could induce similar antigen uptake by BMDCs at a 100-fold lower dose
compared with soluble antigen (FIGURE 3.4A). Similarly, equivalent levels of YAe
expression were observed on cells incubated with 1ug/mL EaGFP/Alum compared
with 10ug/mL EaGFP alone suggesting that Alum causes a 10-fold increase in
antigen presenting efficiency of DCs in vitro (FIGURE 3.4B). The increased GFP
accumulation and antigen presentation in the context of Ea:MHCII complexes by
DCs even at low dose of antigen (1ug/mL) formulated in Alum adjuvant suggests
that Alum acts as an antigen delivery vehicle in vitro.
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FIGURE 3.3: Alum efficiently targets DCs by enhancing both accumulation and

presentation of antigen by DCs in vitro.

BMDCs (2x10%/5mL) obtained from C57BL/6 mice were incubated with EaGFP
(1.0, 10.0, 100.0ng/mL) and EaGFP adsorbed to Alum (100.0pug/mL) for 24hours.
Cells were stained with anti-CD11c and YAe antibody and were analysed by flow
cytometry. Above histograms show the GFP or Y Ae populations gated from CD11c

positive cells.
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FIGURE 3.4: Alum efficiently targets DCs by enhancing both accumulation and
presentation of antigen by DCs in vitro.

Above histograms show the level of GFP and or YAe positive cells within CD11c
positive population as analysed in FIGURE 3.3. The line graphs were made by the
scatter dot plots and joining the mean values. The line graphs show the proportion of
GFP positive cells or MFI GFP (A) or the proportion of Y Ae positive cells or MFI of
YAe (B). Bonferronni post tests (Two Way ANOVA) were used to compare the
meantS.E.M. (n=3) between EaGFP or EaGFP+Alum-treated groups at specific
dose of EaGFP. ***, P<0.001.
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3.4 Dose response of Alum in antigen uptake and

presentation

In the previous section, a positive effect of Alum in enhancing antigen uptake
and presenting efficiency of DCs was found even at low dose of available antigen.
Next, an attempt was made to analyse the role of different concentrations of Alum on
antigen uptake and presenting efficiency of DCs. Morphologically, Alum
(Aluminium hydroxide) is a particulate adjuvant because it consists of fibrous
primary particles of size 4.5x2.2x10nm that form loose, irregular aggregates of 1—
10um [58], [57]. Therefore, following antigen adsorption in these aggregates, they
are more likely targeted by DCs in particulate manner than soluble antigens [60,194].
Therefore, if Alum is a good antigen targeting adjuvant, it should target antigens

even at lower doses.

To address this issue, BMDCs were incubated with different concentrations
of Alum (0.1, 1, 10, 100, 1000ug/mL)-adjuvanted EaGFP (with constant
concentration of EaGFP=100ug/mL) for 24hours. Interestingly, doses of Alum
between 0.1 and 10ug/mL produced a small, though significant increase in antigen
uptake compared with soluble antigen (FIGURE 3.5A,B). This was reflected in a
corresponding significant increase in presentation of the pEa:MHCII complexes
emphasising the targeting impact of Alum to BMDCs in vitro. Higher doses of Alum
(100 and 1000pg/mL) produced much greater increase in GFP signal in BMDCs,
however the impact on antigen presentation was more modest, with decreased
presentation being observed between 100 and 1000ug/mL Alum (FIGURE 3.6A,B).
The difference in antigen presence and presentation in BMDC implied that the
presence of Alum may affect the rate of antigen degradation. Therefore, to address
the impact of Alum on antigen degradation, in the next step, kinetic analysis of GFP

and Y Ae signals following antigen uptake in vitro was performed.
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FIGURE 3.5: Alum efficiently targets DCs by enhancing antigen accumulating
efficiency of DCs in vitro.

BMDCs (2x10%/5mL) obtained from C57BL/6 mice were incubated with EaGFP
(100pg/mL) and EaGFP adsorbed to Alum (0.1, 1.0, 10.0, 100.0, 1000.0pug/mL) for
24hours. Cells were stained with anti-CD11c and YAe antibody and analysed by
flow cytometry. (A) Overlay histograms show % maximum of GFP in different
treatment groups. (B) The lower line graphs were made by the scatter dot plots and
joining the mean values. The line graphs show the % of GFP+ cells (left) or MFI of
GFP (right) at different Alum concentration. Tukey post test (One Way ANOVA)
was used to compare the level (mean+S.E.M., n=3) of GFP between control (Alum;
0.0ug/mL or EaGFP (100ug/mL)-treated group and increasing concentrations of
Alum. ***; P<0.0001, **: P<0.001, *: P<0.01, ns=not significant.
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FIGURE 3.6: Alum efficiently targets DCs by enhancing antigen presenting
efficiency of DCs in vitro.

BMDCs (2x10%/5mL) obtained from C57BL/6 mice were incubated with EaGFP
(100 pg/mL) and EaGFP adsorbed to Alum (0.1, 1.0, 10.0, 100.0, 1000.0ug/mL) for
24hours. Cells were stained with anti-CD11c and YAe antibody and analysed by
flow cytometry. (A) Overlay histograms showing % maximum of cells positive for
YAe. (B) The lower line graphs were made by the scatter dot plots and joining the
mean values. The line graphs show the % of Y Ae-positive cells (left) or MFI of YAe
(right) at different Alum concentration. Tukey post test (One Way ANOVA) was
used to compare the level (meantS.E.M., n=3) of YAe between control (Alum;
0.0ug/mL or EaGFP (100ug/mL)-treated group and increasing concentrations of
Alum. ***: P<0.0001, **: P<0.001.
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3.5 Role of Alum adjuvants in the kinetics of antigen

uptake and presentation

3.5.1 Kinetics of antigen uptake and presentation in continuous
presence of Alum and antigen

To understand the role of Alum on the kinetics of antigen uptake and
presentation by DCs, | incubated cells with soluble antigen alone or antigen adsorbed
to Alum for different periods of time. Without washing antigens/adjuvants, GFP
(FIGURE 3.7A) and YAe staining (FIGURE 3.8A) were analysed after each
incubation period. In the absence of adjuvant, the level of antigen accumulation by
DCs becomes maximum at 12hours, however, the values are not significant (P>0.05)
compared with that of cells incubated for 1hour, for the % parameter and (P>0.05)
for the MFI parameter indicating antigen uptake becomes almost saturated within
1hour of antigen uptake in vitro (FIGURE 3.7B).

On the other hand, Alum increased the rate and magnitude of antigen
internalisation by BMDCs within 15minutes of antigen treatment (FIGURE
3.7A,B). The level of GFP accumulation decreased by 3 fold at 3hours and became
almost constant until 48hours. Similar results were obtained when DCs were
incubated for 96hours (APPENDIX-I) indicating the impact of Alum on enhanced
rate and magnitude of uptake of antigen. | observed a different pattern of YAe
expression by the cells in this experiment (FIGURE 3.8A,B). Following Alum
treatment, from lhour to 3hours, the numbers of Ea:MHCII complexes as well as the
proportion of cells expressing the Ea:MHCII complexes increased by 3 fold
(FIGURE 3.8B). Consequently, compared with soluble antigen-treated cells, Alum
enhanced the expression of the Ea:MHCII complexes from 6hours to 48hours
incubation periods. Similar results were obtained when DCs were incubated for
96hours (APPENDIX-I) indicating the impact of Alum on enhanced rate and
magnitude of presentation of antigen. Overall, the data suggests that Alum may slow
down antigen degradation and sustain antigen presentation by DCs. Therefore, to

address these issues, the pulse chase studies were performed.
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FIGURE 3.7: Alum increases the rate and magnitude of antigen uptake by DCs.

BMDCs (2x10%/5mL) obtained from C57BL/6 mice were incubated in media,
EaGFP (100pg/mL) and EaGFP adsorbed to Alum (100pg/mL) for different periods.
Cells were stained with anti-CD11c and Y Ae antibody and analysed for GFP by flow
cytometry. (A) Overlay histograms in different treatment groups at different
incubation periods. (B) Line graphs showing kinetics of antigen uptake by BMDCs at
different treatment groups. Bonferronni post tests (Two Way ANOVA) were used by
comparing meanzS.E.M. (n=3) to analyse the significance between EaGFP or
EaGFP+Alum groups at specific time points. Data have been presented as the

meanzS.E.M. of three independent experiments. ***: P<0.001.
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FIGURE 3.8: Alum increases the rate and magnitude of antigen presentation
by DCs.
BK/IDCS (2x10%/5mL) obtained from C57BL/6 mice were incubated in media,
EaGFP (100pg/mL) and EaGFP adsorbed to Alum (100pg/mL) for different periods.
Cells were stained with anti-CD11c and Y Ae antibody and were analysed for YAe
by flow cytometry. (A) Overlay histograms showing the % maximum of cells
positive for YAe at different incubation periods. (B) The line graphs showing the
kinetics of % of YAe-expressing cells (lower) or MFI of YAe (upper) in different
treatment groups. Bonferronni post tests (Two Way ANOVA) were used to analyse
the significance between EaGFP or EaGFP+Alum groups at specific period by
comparing meanzS.E.M. (n=3). Data have been presented as the meantS.E.M. of
three independent experiments. ***: P<0.001.
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3.5.2 Kinetics of antigen uptake and presentation after a pulse
chase assay

To understand the impact of Alum on antigen internalisation, degradation and
presentation by BMDCs, a pulse chase experiment was conducted. From the previous
experiment, it appeared that antigen uptake by DCs in vitro was maximal within
lhour (FIGURE 3.7B). Therefore, DCs were exposed to EaGFP or EaGFP adsorbed
to Alum for a 1hour ‘pulse’, then separated from antigen and Alum and ‘chased’ for

various periods of time.

Notably, a greater proportion of cells were GFP positive (P<0.001) and had a
greater GFP signal (P<0.001), as determined by assessment of mean fluorescence
intensity (Results Not Shown), following treatment with EaGFP adsorbed to Alum
compared with exposure to EaGFP at each chase period tested. Following exposure
to soluble antigen, both the GFP signal and proportion of cells that were GFP
positive returned to background levels within 24hours (FIGURE 3.9, 3.10A). While
there was also rapid decay in GFP in cells exposed to antigen formulated in Alum,
the residual GFP signal was sustained up to 72hours (P<0.0001) following exposure,
suggesting intact antigen is degraded more slowly and persists for longer in the

presence of Alum.

This would suggest that Alum would also affect the rate of antigen
presentation by BMDC. In keeping with this observation, formulation of antigen with
Alum decreased the fraction of Y Ae-positive BMDC immediately after a 1hour pulse
(Ohour; P<0.01) (FIGURE 3.9, 3.10B), which then gradually increased to an equal
level as induced by EaGFP treatment at 24hours (P>0.05). At later time points, Alum
significantly enhanced antigen presentation at 48hours (P<0.001) which was
sustained up to 72hours (P<0.001). Similar trends were observed while analysing the
data on the basis of MFI of the YAe (Results Not Shown).

The data were also analysed on the basis of cells positive for both GFP and

YAe (FIGURE 3.9, 3.10C). In contrast to EaGFP-treated cells which have no
GFP+YAe+ cells within 24hours, EaGFP adsorbed to Alum-treated cells have about
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6% GFP+YAe+ cells by 72hours. This suggests two possibilities: firstly it takes a
long time (more than 72hours) to completely break down the high volumes of
antigen taken up by the APCs following Alum treatment or secondly, it takes a long
time to completely break down the antigens because Alum may slow down antigen
processing. In the same way, in contrast to EaGFP-treated cells which have
undetectable levels of GFP within 24hours, the EaGFP adsorbed to Alum-treated
cells have about 16% of cells positive for intact antigen by 72hours. In summary,
data from these pulse chase experiments suggest that Alum decreases the rate of

antigen degradation resulting in prolonged antigen presentation by BMDCs.
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FIGURE 3.9: Alum increased antigen uptake, reduced degradation and eventually sustained the antigen presenting efficiency of
DCs in vitro.
BMDCs (3x10°/5mL) obtained from C57BL/6 mice were pulsed with EaGFP (100pug/mL) or EaGFP adsorbed to Alum (100.0pg/mL)

for 1hour. They were washed in histopaque and incubated for different chase periods (0, 24, 48, 72hours). Cells were stained with anti-
CD11c and Y Ae antibody and analysed by flow cytometry. CD11c+ cells were gated on the basis of isotype control and then from these

populations GFP+and or Y Ae+ populations were analysed.
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FIGURE 3.10: Alum adjuvants increase antigen uptake, reduce degradation
and eventually sustain antigen presenting efficiency of DCs in vitro.

Data obtained in FIGURE 3.9 were expressed as line graphs. The line graphs show
the proportion of GFP positive cells (A) or the proportion of YAe positive cells (B)
and proportion of cells positive for both GFP and YAe (C) or proportion of cells
positive for GFP and negative for YAe (D). Bonferronni post tests (Two Way
ANOVA) were used to evaluate the probabilities by comparing the meanS.E.M.
(n=4) between EaGFP- or EaGFP+Alum-treated groups at specific chase periods.
***:P<0.001, ns=not significant.
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3.6 Role of Alum in MHC class Il expression

In the above experiment, the positive impact of Alum on antigen uptake and
presentation was observed. While Alum may act to make processed peptides
available for longer, presumably to mediate increased antigen presentation would
require increased cell surface MHCII expression. Therefore, levels of MHC class 11
expression on BMDCs were analysed by incubation with different concentrations of
Alum (FIGURE 3.11). Notably, following Alum treatment an increase in MHC class
Il expression was observed, although these values were lower than in the cells treated
with LPS (FIGURE 3.11B). The expression of MHC class Il molecules was
dependent on the dose of Alum used, with both the highest proportion of the cells
positive for MHC class Il molecules and the highest expression of MHC class 1l
molecules in the cells treated with 100ug/mL of Alum. BMDCs treated with
1000pg/mL had lower MHC class Il expression than the cells treated with 100ug/mL
Alum, but higher than other doses used in the experiment indicating Alum at high
doses sustains MHC class Il expression on the surface of DCs. A similar dose
response was seen for YAe expression in the previous experiment (FIGURE 3.6B),
suggesting a link between increased antigen presentation and increased availability

of MHC class Il molecules following Alum treatment in vitro.
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FIGURE 3.11: Alum increases levels of MHC class Il molecules in dose-
dependent manner in vitro.

BMDCs (2x10%/5mL) obtained from C57BL/6 mice were incubated with media, or
with different doses of Alum (0.1, 1.0, 10.0, 100.0, 1000.0png/mL) and LPS (not
shown) for 24hours. Cells were stained with anti-CD11c, anti-mouse MHC Class |1
antibody and analysed by flow cytometry. (A) Overlay histograms showing %
maximum of cells positive for MHCII at different doses of Alum. (B) The line graph
shows the proportion of MHC class Il positive cells (upper) and MFI of MHC class
Il molecules (lower) at different doses of Alum. Tukey post-tests (One Way
ANOVA) was used to compare the meantS.E.M. (n=3) between untreated
(incubated in media) and cells treated with various concentrations of Alum. ***,
P<0.0001.
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3.7 Requirement for Actin polymerisation in Alum-
mediated antigen internalisation by BMDCs

In the previous experiments, an inductive effect of Alum on antigen
internalisation by BMDCs was observed. This could be due to a quantitative effect of
Alum on EaGFP uptake or Alum inducing a fundamentally different mechanism of
EaGFP internalisation. It has been previously demonstrated that BMDCs take up
soluble antigens via macropinocytosis and particulate antigens via phagocytosis
[191]. The routes and mechanisms of antigen internalisation by APCs are known to

influence the efficiency of antigen processing and presentation of antigens [419].

Therefore, in this experiment, Cytochalasin D was used. This drug inhibits
actin subunit addition to the fast-growing or ‘barbed’ end of actin filaments resulting
from the breakage of actin [420] and inhibits the rate of Filamentous (F)-actin
polymerisation [421-423]. This drug therefore blocks actin-dependent endocytosis
such as phagocytosis and macropinocytosis resulting in reduced antigen uptake and
presentation [196,414]. In addition, it has also been shown to block antigen uptake

via caveolae [424].

Firstly, trypan blue was used to determine the viability of cells following
Cytochalasin D treatment. Cytochalasin D at 10ug/mL caused not more than 5% cell
death of total cells, whereas a concentration of 20-30ug/mL resulted in the death of
30-60% of total cells. Therefore, 10ug/mL trypan blue was used as a standard
concentration of this drug as an inhibitor of antigen internalisation without affecting
death of DCs. Secondly; this drug was used to investigate the effects on antigen
internalisation. Blocking actin polymerisation using Cytochalasin D significantly
reduced antigen internalisation by BMDC (FIGURE 3.12A,B). An approximately a
7-fold decrease in MFI of GFP (P<0.001) and a 2-fold decrease in the proportion of
GFP-accumulating cells (P<0.001) at 10pug/mL Cytochalasin D concentration was
clearly observed. In this study, following Cytochalasin D treatment, there was 16%
reduction in the level of antigen accumulation in DCs incubated in soluble antigen.
By contrast, there was an 86% reduction in the level of antigen accumulation in DCs

incubated in antigens adsorbed to Alum indicating a greater inhibitory effect of
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Cytochalasin D on Alum-treated DCs. The data also suggest that Alum induces
BMDCs to take up the majority of antigens via actin-dependent pathway; however,
Alum induces BMDCs to internalise some amounts of antigen (about 14%) via other
unknown pathways in vitro. In addition, the reduction in soluble antigen
internalisation following Cytochalasin D suggests that macropinocytosis is also an
actin-dependent fluid uptake mechanism [425] that can be inhibited by Cytochalasin
D treatment [426].
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FIGURE 3.12: Alum induces BMDCs to take up majority of antigens via
actin-dependent manner in vitro.

BMDCs (2x10°5mL) obtained from C57BL/6 mice were pre-treated with
Cytochalasin D (0, 10, 20, 30ug/mL) for 2hours. Then, they were incubated in
media, EaGFP (100pug/mL) or EaGFP adsorbed to Alum (100.0png/mL) for 2hours.
Cells were stained with anti-CD11c antibody and analysed by flow cytometry. (A)
Overlay histograms showing the % maximum of cells positive for GFP in different
treatment groups. (B) The line graphs were made by the scatter dot plots and joining
the mean values. They show the % of GFP+ cells (left) or the MFI of GFP (right) at
different Cytochalasin D doses in different treatment groups. Bonferroni post tests
(Two Way ANOVA) were used to compare the meantS.E.M. (n=3) of EaGFP-
treated samples and EaGFP+Alum-treated samples at specific concentration. ***,

P<0.001.
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3.8 Impact of Na'/H" on Alum-mediated antigen
internalisation by BMDCs

To investigate the role of macropinocytosis in antigen internalisation in the
presence and absence of Alum and EIPA was used [416,417,427]. These agents
inhibit Na'/H* channels enhancing acidification in the immediate vicinity of
lamellipodia, blocking the cytoskeleton rearrangements required for
macropinocytosis [417,428,429]. In contrast to phagocytosis, which requires the
engagement of specific receptors, macropinocytosis is constitutive and allows
immature DCs to take up large amounts of soluble antigens rapidly and non-

specifically [430].

Using a trypan blue exclusion assay, the effects of different concentrations of
EIPA were tested on the viability of cells. At a concentration of 25uM, about 5%
cells died, but from 50-75uM, cell death ranged from 40-80% of total cells.
Therefore, |1 took 25uM as a standard EIPA concentration in this experiment.
Addition of EIPA at a 25uM concentration reduced both GFP positive cells (55%
reduction) as well as MFI of GFP accumulation (29.5% reduction) by cells incubated
in soluble antigens (FIGURE 3.13). By contrast, addition of this inhibitor at each
dose reduced the very low proportion of cells (6% reduction) with highly reduced the
GFP accumulation (=38% reduction in MFI) following incubation in soluble antigens
adsorbed to Alum. The data indicate that EIPA has little effect on GFP accumulation
without any impact on the proportion of cells incubated in Alum compared with cells
incubated in soluble antigens. The data suggest that Alum has a minor impact on
antigen accumulating efficiency of DCs via macropinocytosis depending on Na*/H*
channels. By contrast, Alum induces the majority of antigen accumulation in a

Na'/H*-independent manner or macropinocytosis-independent manner by BMDCs.
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FIGURE 3.13: Alum induces BMDCs to take up small amounts of antigens via
Na+/H+-dependent manner in vitro.

BMDCs (2x10%/5mL) obtained from C57BL/6 mice were pre-treated with EIPA (25,
50, 100uM) for 2hours. Then, they were incubated in media, EaGFP (100pug/mL) or
EaGFP adsorbed to Alum (100.0pg/mL) for 2hours. Cells were stained with anti-
CD11cPE antibody and analysed by flow cytometry. (A) Overlay histograms
showing the % maximum of cells positive for GFP in different treatment groups. (B)
The bar graphs showing the reduction in % of GFP+ cells (upper) or the reduction in
MFTI of GFP (lower) in different treatment groups (n=1). Ea-EaGFP, Am-25, Am-50,
Am-100 means concentrations of Amiloride in uM.
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3.9 Role of pre-adsorption of antigen in Alum-mediated
antigen presentation

From the previous studies, the positive impact of Alum on uptake of antigen
by DCs was observed, the phenomenon of which predominantly occurs through an
actin-dependent manner in vitro. The most likely explanation for this effect is that
Alum adsorbed antigen is internalised more efficiently because it is particulate,
which would be critically dependent on physical association between antigen and
adjuvant. Therefore, an attempt was made to find out whether adsorption of antigen
to Alum is necessary for enhanced antigen uptake and presentation by DCs. The role
of Alum adsorption in antibody titers has been previously studied by using different
types of antigens that are non-adsorbed to Aluminium compounds [431]. Their
experiments highlighted that pre-adsorption is not necessary in the production of
antibody titers in vivo [431]. However, the role of preadsorption of proteins in
antigen presentation has not been elucidated, therefore, the pulse chase technique
described above was used to examine the role of Alum/antigen association in the

mechanisms of antigen presentation.

To analyse this, DCs were incubated with EaGFP or Alum for 1hour, washed
and incubated with Alum or EaGFP respectively for 1hour, and washed and chased
for 96hours. Positive controls were made by pulsing DCs with EaGFP or EaGFP
adsorbed to Alum for 1hour (FIGURE 3.14).

Surprisingly, the data clearly indicates that preadsorption of antigen to Alum
is not required to enhance the antigen presenting efficiency of DCs (FIGURE 3.14,
3.15). When cells were treated sequentially with Alum or EaGFP, levels of antigen
presentation were at least equivalent to those observed with Alum adsorbed EaGFP,
and these levels were significantly greater (P<0.0001) than seen with soluble antigen.
Interestingly, the sequence of antigen/adjuvant exposure did not affect this response
(FIGURE 3.15).

Similarly, compared with soluble antigen-pulsed DCs, the percentage of
GFP+YAe+ cells was a 7-fold higher in Alum-pulsed DCs (P<0.0001), a 2-fold
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higher in soluble antigen-pulsed DCs followed by Alum-pulsed DCs (P<0.0001) and
a 4-fold higher in Alum-pulsed DCs followed by soluble antigen-pulsed DCs
(P<0.005) (FIGURE 3.15). The data also suggest that there are still some
unprocessed antigens in the cells treated with Alum-nonadsorbed group indicating

the possibility of increasing more presentation in time-dependent manner.
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FIGURE 3.14: Pre-adsorption of antigen in Alum is not necessary to enhance
the antigen presentation by DCs in vitro.

BMDCs (3x10°5mL) obtained from C57BL/6 mice were pulsed with EaGFP
(100pg/mL) followed by pulse with Alum (100.0ug/mL) or EaGFP (100.0ug/mL)
followed by Alum (100.0pg/mL) for 1hour and then incubated for 96hours. Positive
controls were made by stimulating DCs with EaGFP (100.0png/mL) or EaGFP
adsorbed to Alum (100.0pg/mL) for 1lhour, followed by 96hours incubation. Then,
DCs were stained with anti-CD11c and YAe antibody and analysed by flow
cytometry. The histograms show the proportion of GFP and or Y Ae positive cells in
CD11c+ populations.
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FIGURE 3.15: Pre-adsorption of antigen in Alum is not necessary to enhance
the antigen presenting efficiency of DCs in vitro.

The data obtained in FIGURE 3.14 were expressed in overlay histograms (A) and
bar charts (B). (A) Overlay histograms showing the % of GFP (left) and % of YAe
(right) populations within CD11c populations in different treatment groups. (B) The
bar charts show the MFI and % of CD11c populations positive for YAe in different
treatment groups (n=3). To compute the probability values, the two-tailed‘t” Test was
used by comparing the meantS.E.M. between EaGFP-treated group and other
treatment groups. ***: P<0.0001, **:P<0.001, *P<0.01.
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3.10Analysis of antigen presentation using a T cell

hybridoma

In the previous experiments, an enhancing role of Alum was observed on
antigen uptake and presentation by DCs. To confirm these findings, a T cell
hybridoma reporter system was employed to address the issue of antigen presentation
in vitro. In this assay, the DO11.GFP hybridoma that recognises the OVA peptide (aa
323-339) in the context of I-A% was used. Antigen recognition was finally reported
by NFAT-driven, GFP expression [418].

3.10.1D011.GFP hybridoma in antigen presentation assay

To determine the suitability of the DO11.GFP hybridoma to investigate the
impact of Alum on antigen presentation, BMDCs were first treated with OVA,
Alum-adsorbed OVA or in the presence of media followed by co-culture with the
hybridoma for 24hours. Antigen-specific T cells were identified by CD4 and the
clonotypic antibody, KJ1.26, and the level of GFP expression analysed (FIGURE
3.16). Incubation of the DO11.GFP hybridoma with OVA treated BMDC resulted in
GFP expression which increased following co-culture with Alum/OVA-treated DCs
(P<0.01). The results suggest that DO11.GFP hybdridoma are appropriate for the in

vitro study of antigen presentation by DCs following Alum treatment.

The enhanced activation of the hybridoma confirms that Alum impacts on
antigen presentation as described previously using the YAe assay. The studies above
also suggested that Alum may impact on both the processing of antigens as well as
the expression of MHC class Il molecules. Therefore the OVApeptide323-339 was
used to investigate the role of Alum in antigen presentation independently of
processing. This peptide can directly bind MHC class Il molecules internally and on
the surface of BMDC as it does not require further processing [432]. Remarkably, the
data demonstrate that Alum adjuvants can efficiently enhance presentation of peptide
antigens (P<0.0001) (FIGURE 3.17). This suggests that Alum can enhance antigen

presentation with or without requirement for processing of antigens. In the latter
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case, increasing surface expression of MHC class 1l molecules by Alum may be the

default mechanisms of enhanced antigen presentation in vitro.

111



(A)

1000 104
>
8004 - 103-
g0
SSC CD40%
400
101
200 7]
0 T T T 100 T — 1
0 200 400 800 1000 100 101 102 103 104
FSC KJ
(B)
100 .
—_— Media
80
m— OVA-1mg/mL
60-1
% |
Max 47 M
20
. J
100 1|01 102 1;)3 104
>  eGFP
©)
s *
£ 100- e 5, 80 =
= =
T 80 G 601 =
_E‘ 60 S 40
40 )
A =
= 20
% 20 = .
e G T T T T T T
= Media OVA OVA+Alum Media OVA OVA+Alum

FIGURE 3.16: Detecting antigen presentation using the DO11.GFP hybridoma.

DCs (1x10%mL) obtained from BALB/c were treated with OVA (Img/mL) or OVA
adsorbed to Alum (100pg/mL) and incubated with hybridoma (1x10%/mL) overnight.
Hybridoma were stained with anti-CD4 and KJ1.26 antibody and analysed by flow
cytometry. (A) Forward and side scatter characteristics of DO11.GFP (left) and
characteristics of dot plots of hybridoma (CD4+KJ+) (right). (B) Overlay histograms
showing % of maximum of eGFP expressing cell line incubated in different groups.
(C) The bar graphs showing proportion of eGFP-expressing hybridoma (left) and
MFI of eGFP (right) in different treatment groups. *:P<0.05 after comparing
meantS.E.M. (n=3-6) between OVA- and OVA+Alum-treated groups by unpaired

‘t’ test.
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FIGURE 3.17: Detecting antigen presentation using the DO11.GFP hybridoma.

DCs (1x10%mL) obtained from BALB/c were treated with OVApeptide323-339
(1pg/mL) or OVApeptide323-339 adsorbed to Alum (100ug/mL) and incubated
with hybridoma (1x10%/mL) overnight. Hybridoma were stained with anti-CD4 and
KJ1.26 and analysed by flow cytometry. (A) Overlay histograms showing % of
maximum of eGFP expressing cell line incubated in different groups. (B) The bar
graphs showing proportion of eGFP+ve hybridoma (left) and MFI of eGFP in
different treatment groups. ***:P<0.0001 after comparing mean+S.E.M. (n=3)
between OV Apeptide- and OVApeptide+Alum- groups by Tukey post test.
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3.11Discussion

In this chapter, the enhancing role of Alum in antigen uptake and presentation
by BMDCs has been elucidated. The previously described EaGFP/YAe system
[183,407] was applied to directly track antigen internalisation, degradation and
presentation in BMDCs and the impact that Alum adjuvants have on the magnitude
and kinetics of these processes. The fluorescent protein moiety in the chimaeric
EaGFP antigen allowed tracking of antigen uptake and degradation. This approach
confirmed previous in vitro studies demonstrating the ability of Alum to enhance
internalisation of antigens by APCs [194,381].

In the current experiment, antigen internalisation by DCs started within
15minutes with its sustained accumulation till 96hours indicating Alum increases the
rate and magnitude of antigen internalisation by DCs in vitro. The data confirm that
Alum acts a delivery vehicle enhancing the the magnitude and duration of antigen
accumulation by the cells. It has been observed that even a low dose of Alum such as
100ng/mL is sufficient for the enhancement of antigen presentation by DCs, with
higher doses of Alum further increasing this response in vitro.

In this study, Alum-mediated internalisation of antigen was highly dependent
on actin polymerisation; in contrast to previous studies [53], addition of Cytochalasin
D significantly reduced antigen uptake. This drug hampers actin-dependent
endocytosis such as phagocytosis, macropinocytosis and caveolae-mediated
endocytosis [414,415,424]. Therefore, it may be possible that antigens are
predominantly engulfed in F-actin-dependent manner, although other several routes
of entry may contribute to Alum-mediated antigen internalisation. In this context,
DCs were pretreated with EIPA that reduces Na*/H*-dependent macropinocytosis.
Interestingly, following EaGFP adsorbed to Alum treatment, this drug had a minor
impact on antigen accumulating efficiency of DCs indicating most of the antigens are
taken up by DCs in Na'/H'-exchange-independent manner, most probably via

phagocytosis.
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The increased antigen internalisation may be the outcome of several factors
such as the size of antigens [194,195,433]. This is because antigens of smaller sizes
such as antigens that elute from the adjuvant surface are usually pinocytosed. In
contrast, antigens of large sizes such as antigens adsorbed to adjuvants are
phagocytosed [194]. Interestingly, the shorter proteins or peptides are known to
adsorb to Alum (Aluminium hydroxide) by electrostatic interactions between
proteins and the positively charged Aluminium hydroxide resulting in the
modification of soluble antigens into particulate form [60]. These particulate forms,
similar to liposomes and microparticles, have large surfaces with charged,
hydrophobic and receptor-interacting properties [434]. Therefore, compared with
soluble antigens, particulates efficiently interact with APCs resulting in enhanced
phagocytosis as observed in the current experiment. As well as going through the
internalisation process, the soluble antigens may be trapped inside the irregular
aggregates of large sized (1-10um) Aluminium hydroxide particles formed by
fibrous primary particles [49,57,58,431]. These primary particles in the aggregates
are loosely associated and are readily broken [194] with the subsequent release of
antigens in tissue culture media. As release of antigens in media is a time-dependent
phenomenon, initial antigen uptake may consist of trapped antigens in Alum particles
via phagocytosis. Subsequently, low amounts of soluble protein released from Alum
may be taken up by DCs via macropinocytosis [431]. More recently, Alum has been
suggested to drive a process called ‘abortive phagocytosis’ [53]. In this situation,
Alum causes lipid-sorting in the DC plasma membrane which facilitates soluble
antigen entry into DCs. In this event, the Alum crystal is not internalised by the DC
[53]. However in the same study Alum particles were identified inside DCs [53]
indicating that DCs are efficient in phagocytic uptake of particulates similar to the

present study.

By using the EaGFP/Y Ae system, it was possible to demonstrate that Alum
has a significant impact on the rate of degradation of antigen within DCs. While the
GFP signal was completely extinguished within 24hours of administration of soluble
antigen, formulation in Alum allowed intact antigen to persist for up to 72hours.

Degradation of antigens by lysosomal proteases is an essential step in liberating
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peptide antigens from proteins, and agents that interfere with this process, such as
protease inhibitors or inhibitors of lysosomal acidificaiton have been shown to
reduce antigen presentation [207,435]. This would suggest that slowing of antigen
degradation by Alum may result in poorer peptide loading and antigen presentation
on MHC class Il molecules. However, by virtue of the ability of the Y Ae antibody to
directly recognise Ea:MHCII complexes, it was possible to show that Alum actually
enhances the magnitude and duration of antigen presentation by BMDC from less
than 24hours observed with soluble antigen, to at least 72hours. In agreement with
our data, previous work has demonstrated that limiting the susceptibility of antigens
to lysosomal proteolysis actually acts to increase antigen presentation and
immunogenicity [436]. In terms of adjuvant activity in vivo, slowing down antigen
degradation and increasing antigen persistence makes physiological sense. It takes
hours for peripheral DCs to migrate to DLNs where naive cognate T cells are
resident. Furthermore, functional interactions between DCs and T cells are thought to
occur over the following 48hours or more [183] and blockade or interruption of this
interaction is known to block the development of effective T cell responses
[437,438]. The reduction in the rate of antigen degradation as observed could
therefore lead to a temporal increase in availability of peptide for binding to MHCII
in peptide loading compartments resulting in increased duration and magnitude of
antigen presentation, as it was also observed. However, it remains unclear at this

point, exactly how this mechanism works.

In the current study, it was also demonstrated that exposure to Alum/EaGFP
induces increased cell surface MHCII expression on BMDC. Similarly, previous
studies have shown the high expression of MHCII molecules following Alum
treatment in human PBMCs in vitro [337,339,439]. Interestingly, in the current
study the dose response of Alum induced MHCII expression was similar to that
observed when detecting Ea:MHCII complexes using the YAe antibody. Previous
studies have demonstrated that inhibition of lysosomal proteases enhances the
stability of p:MHCII complexes and lead to increased accumulation MHCII
complexes on the DC surface [440]. Therefore, if Alum was to block lysosomal

proteolysis, as suggested by the antigen persistence described above, this would
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explain the increased cell surface MHCII expression, although further studies would

be required to validate this hypothesis.

The positive impact of Alum on antigen presentation by DCs by using
DO11.GFP hybridoma has also been elucidated. By using this hybridoma, it was
possible to show an enhancing role of presentation of protein antigens by DCs as
measured by costimulator-independent CD4 T cell activation. Thus, as well as YAe
system, DO11.GFP hybridoma system suggested that Alum enhances antigen
presentation. When the OV Apeptide323-339 was used in the experiment, there was
significantly enhanced antigen presentation by hybridoma indicating that Alum can
enhance antigen presentation with or without requirement for processing of antigens
in vitro [432]. In the context of enhanced antigen presentation without effect on
processing, increasing surface expression of MHC class 1l molecules by Alum may
be the default mechanisms of enhanced antigen presentation in vitro. The hybridoma
experiment here suggests that Alum can affect loading of peptides that does not
require further processing. Interestingly, these events may take place on the plasma
membrane of BMDC [441]. In addition, it can affect processing of peptide antigens
derived from proteins and loading of these antigens on MHCII molecules as
described in the EaGFP/Y Ae assay. In summary, the current study shows that Alum
might be a crucial adjuvant to enhance the efficacy of both protein and peptide based

vaccines.

This is first report in which it has been found that preadsorption of antigens is
not necessary to enhance antigen presenting efficiency of BMDC by Alum in vitro.
The current study challenges the notion that antigen must be adsorbed to an
Aluminium-containing adjuvant to enhance immune response [442]. This clearly
supports the previous in vivo reports [431] in which the authors have found an
enhanced antibody titer by non-adsorbed antigens formulated in Alum [431]. In
another study by Flach and colleagues (2011) [53], they pretreated DCs with CsAl
for 2 hours and transferred these DCs in mice. Subsequently they found similar
amounts of serum 1gG1 in mice immunised by these techniques and in mice

immunised by standard in vivo protocols of subcutaneous injection of OVA and CsAl
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indicating an initial effect of Alum on DC. Current studies were performed by
changing the sequence of incubation of antigen and Alum with washing of DC in
between; the sequence of incubation had no impact on antigen uptake or presentation
either. They further suggest that Alum either directly affects the function of APC that
allows increased uptake and presentation of antigen, for example by binding to the
surface of DC and mediating effects there or through changing the DC phenotype. In
the first case, the previous studies by Flach and colleagues, with Alum inducing
abortive phagocytosis is particularly relevant [53]. However, their studies are based
on scanning electron microscope (SEM) rather than transmission electron
microscope (TEM) that could detect the presence of Aluminium inside cell. The
phagocytosis of Alum particles has been clearly shown by Hornung and colleagues
(2008) [328] who have even shown the rupture of phagosome probably due to
overload. This proof also comes from the current study in which most of the antigens
are phagocytosed in an actin-dependent manner as Cytochalasin D inhibition greatly
inhibited antigen uptake by BMDC in the presence of Alum. In addition, it is
difficult to imagine that this effect could occur when incubating DC with antigen
followed by Alum. If a kinetic study coupled with EaGFP/YAe had been done, it
would be easy to compare the magnitude and duration of internalisation, degradation
and presentation of antigens by Alum. Even cellular studies on TEM would allow
understanding the mechanisms of Alum engulfment. At least, from the current study,
it can be summarised that Alum may also have direct effects on DC phenotype, for
example increasing Class Il MHC expression on the surface of antigen as shown
here. Currently a limited range of effects of Alum on the phenotype of DC have been
understood, therefore in the subsequent chapter the aim is to further characterise

these effects.
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CHAPTER-4: IMPACT OF ALUM
ON THE ACTIVATION STATE OF
BMDCs
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4.1 Introduction

In the above experiments, the positive role of Alum in the induction of
antigen uptake and antigen presentation was addressed. While these data suggest that
Alum may play a crucial role in antigen-specific T cell activation, antigen
presentation alone is not sufficient to induce T cell activation. This is because in the
absence of costimulatory signals (signal 2), the encounter of TcR with p:MHCII
complexes may lead to a state of tolerance called anergy [257,261,443]. Therefore,
the activation or maturation state of DC characterised by expression of costimulatory
molecules plays a determining role in the induction of T cell clonal expansion
because only activated or mature DCs are able to perform this function [243]. Thus,
costimulation is the key determining factor of whether a naive T cell becomes
activated or becomes tolerised [261]. In addition to costimulatory molecules,
activated or matured DCs are characterised by the capacity to produce cytokines,
which also play a crucial role in T cell expansion [191]. Importantly, understanding
which costimulatory molecules and cytokines are, or are not, affected by Alum will
be helpful in rationally modifying Alum to improve its adjuvant potential in vaccine
design. Therefore in this chapter, the impact of Alum was analysed on the expression

of costimulatory molecules and the production of cytokines by DCs in vitro.
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4.2 Impact of Alum on the expression of costimulatory
molecules by DCs

As already described, DCs must express costimulatory ligands which bind
costimulatory receptors expressed on T cells for effective T cell activation.
Therefore, the impact of Alum on the expression of major costimulatory molecules
by DCs was analysed. CD86 and CD80 are the primary costimulatory molecules that
take part in T cell responses [444]. Both of these molecules share about 25%
sequence homology and bind the same receptors, CD28 and CTLA-4 expressed on T
cells [445]. Both of them provide the most important costimulatory signals to T cells
[446] resulting in IL-2 production, T cell activation, T cell expansion and survival
[447] and T cell-dependent B cell help for the class switching [448]. It has been
suggested that CD86 and CD80 molecules can substitute for each other during
antigen-specific CD4 T cell activation and expansion [449]. However, studies using
CD80 and CD86 gene deficient mice have shown that these molecules do not have
any overlapping functions [450]. Alternative costimulatory molecules include
members of the TNFR superfamily such as CD40 [451] and OX-40L [452]. CD40 is
particularly important in B cell activation [264]. However, stimulation via CD40 has
also been shown to enhance the efficiency of DCs in expanding T cells [453] and in
T cell survival [454]. In addition, CD40 triggering by Th cells has been shown to
modulate efficiency of DCs in activating cytotoxic T cells [455,456]. OX-40L
(CD252) has been shown to be an important target for adjuvant action because
signalling via this molecule is necessary in priming T cells [457] as well as in
generating sufficient additional signals to maintain a sustained primary CD4 T cell
response [452]. This molecule provides an additional event in optimal clonal
expansion during primary CD4 T cell response especially in the late phase response
following initial interactions of B7-CD28, Intercellular Adhesion molecule (ICAM)-
Lymphocyte Function-Associated Antigen (LFA) and CD40-CD40L [452].

In this section it has been addressed whether Alum adjuvant affects
costimulatory molecule expression on DC. This is clearly a significant question that
could facilitate the rational modification of this adjuvant; however previous studies

have only partially addressed this issue.
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4.2.1 Impact of Alum on CD86 costimulatory molecule expression
by BMDCs

Across a range of doses, Alum induced an increase in CD86 molecule
expression, although these values were lower than in the cells treated with LPS
(P<0.0001) (FIGURE 4.1A,B). The expression of CD86 molecules was dependent
on the dose of Alum used, with both the highest proportion of the cells positive for
CD86 molecules and the highest expression of CD86 molecules on the cells treated
with 100.0pg/mL of Alum. BMDCs treated with 1000.0pg/mL had lower CD86
expression than the cells treated with 100.0pg/mL Alum, but higher than other doses
used in the experiment. Similar results were obtained when analysing the proportion
of BMDCs expressing CD86 molecules in vitro (TABLE 4.1). While the data
suggest that Alum can induce CD86 expression on BMDC and therefore may
provide signal 2 during CD4 T cell activation, these levels were significantly lower
than those induced using LPS (P<0.0001).
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FIGURE 4.1: Alum increases the expression of CD86 molecules on the surface
of DCs

BMDCs (2x10°/5mL) obtained from C57BL/6 mice were incubated with 0.1, 1.0,
10.0, 100.0, 1000.0pg/mL Alum, LPS (1.0ug/mL) or media for 24hours. Cells were
stained with anti-CD11c and anti-CD86 antibody and analysed by flow cytometry.
(A) Overlay histograms showing the % of maximum of cells positive for CD86,
within the CD11c+ population. (B) Line graphs showing the proportion of CD86
positive cells (left) and the MFI of CD86 (right) on CD11c+ DCs. Tukey Post Test
was used to compare values (meanzS.E.M., n=3) between control (Alum; 0.0pg/mL)
and increasing concentration of Alum. ***: P<0.0001, **: P<0.001.
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4.2.2 Impact of Alum on CD80 costimulatory molecule expression
by BMDCs

Alum induced an increase in the proportion of CD80 molecule-expressing
BMDCs at low doses such as at 0.1pg/mL (FIGURE 4.2A,B) (P<0.001) and at
1.0pg/mL (P<0.01). Similar results were obtained when analysing the level of CD80
expression using MFI values. In contrast, at higher doses (100.0ug/mL) of Alum, the
level of CD80 expression on BMDC was reduced (P<0.001) althought there was no
significant effect on the proportion of cells expressing CD80 (P>0.05). The data
indicate that low doses of Alum may be sufficient to enhance the expression of CD80
costimulatory molecules on BMDCs in vitro. However, even at these optimum doses,
Alum was relatively poor at inducing CD80 expression on BMDC in comparison
with LPS (P<0.0001) (TABLE 4.1).
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FIGURE 4.2: Low dose of Alum increases the expression of CD80 molecules on
the surface of DCs.

BMDCs (2x10°/5mL) obtained from C57BL/6 mice were incubated with 0.1, 1.0,
10.0, 100.0, 1000.0pg/mL Alum, LPS (1.0pg/mL) or media for 24hours. Cells were
stained with anti-CD11c and anti-CD80 antibody and analysed by flow cytometry.
(A) Overlay histograms showing the % of maximum of cells positive for CD80,
within the CD11c+ population. (B) Line graphs showing the proportion of CD80
positive cells (left) and the MFI of CD80 (right) on CD11c+ DCs. Tukey Post Test
was used to compare values (meantS.E.M., n=3) between control (Alum; 0.0pg/mL)
and increasing concentration of Alum. **: P<0.001, *: P<0.01, ns: not significant.
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4.2.3 Impact of Alum on CD40 costimulatory molecule expression
by BMDCs

The data show that the level of CD40 expression as well as proportion of
CD40-expressing cells decreased significantly following treatment with Alum at low
doses such as 0.1pg/mL (P<0.001), 1.0 pg/mL (P<0.01) and 10.0 pg/mL (P<0.01)
(FIGURE 4.3A,B). Higher doses of Alum (100.0 — 1000.0pg/mL), did not affect
expression of these molecules. Overall, the data suggest that Alum has a broadly
negative effect on CD40 expression by BMDC. In contrast, LPS induced a
significant increase in both proportion of CD40 positive cells as well as MFI of these
molecules (P<0.0001) (TABLE 4.1).
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FIGURE 4.3: Alum has a broadly negative effect on CD40 expression by BMDC
in vitro.

BMDCs (2x10°/5mL) obtained from C57BL/6 mice were incubated with 0.1, 1.0,
10.0, 100.0, 1000.0pg/mL Alum, LPS (1.0pg/mL) or media for 24hours. Cells were
stained with anti-CD11c and anti-CD40 antibody and analysed by flow cytometry.
(A) Overlay histograms showing the % of maximum of cells positive for CD40,
within the CD11c+ population. (B) Line graphs showing the proportion of CD40
positive cells (left) and the MFI of CD40 (right) on CD11c+ DCs. Tukey Post Test
was used to compare values (meantS.E.M., n=4) between control (Alum; 0.0pg/mL)
and increasing concentration of Alum. ***: P<0.0001, **: P<0.001, *: P<0.01, ns:
not significant.
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4.2.4 Impact of Alum on OX-40L (CD252) costimulatory molecule
expression by BMDCs

Interestingly, Alum had a biphasic effect on the expression levels of OX-40L
by BMDCs, with low doses significantly decreasing expression (0.1pg/mL;
P<0.0001, 1.0pg/mL; P<0.0001 and 10.0pg/mL; P<0.001) and higher doses
significantly increasing expression (100.0 pg/mL; P<0.0001 and 1000.0pg/mL;
P<0.00001) (FIGURE 4.4A,B). Similarly, Alum significantly decreased the
proportion of OX-40L-expressing cells following incubation with Alum at low dose
(0.1-10.0pg/mL). However, at higher doses (100.0-1000.0pg/mL), Alum did not
increase the proportion of OX-40L-expressing BMDCs in vitro, indicating that Alum
caused an increase in OX-40L expression by the whole BMDC population, rather
than in a subset of cells. LPS significantly enhanced both the proportion of OX-40L-
expressing BMDCs compared with Alum at all doses (P<0.001) and the level of OX-
40L expression compared with low doses of Alum (0.1-10.0 pg/mL, P<0.001) only.
The level of expression (MFI) of this molecule was not significantly different
between Alum (100.0-1000.0 pg/mL)-treated BMDCs and LPS-treated BMDCs
(P>0.05). The data suggest that high doses of Alum seems to be as effective as LPS
in the induction of OX-40L molecules on BMDCs in vitro (TABLE 4.1).

128



(A)

100
8 [— LPS-1.0pg/mL
% Max \w
S ‘ Alum-1000.0pg/mL
1 Alum-100.0pg/mL
“0 1 Media
20 [ 1 Isotype
0 T T T T T "
100 10! 102 103 104
» OX40L
(B)
Sk ns ns 251
20 Fekek
2 20 g
? *%k >'<15.
s S
=} Tk g = i/ -
o\° 10 E p— Hkk
5.
050 01 10 100 1000 10000 00 01 1.0 10.0 100.0 1000.0

Dose of Alum (pg/mL)

Dose of Alum (pg/mL)

FIGURE 4.4: Alum has a biphasic effect on the expression of OX-40L by

BMDC:s in vitro.

BMDCs (2x10°/5mL) obtained from C57BL/6 mice were incubated with 0.1, 1.0,
10.0, 100.0, 1000.0pg/mL Alum, LPS (1.0pg/mL) or media for 24hours. Cells were
stained with anti-CD11c and anti-OX40L antibody and analysed by flow cytometry.
(A) Overlay histograms showing the % of maximum of cells positive for OX-40L,
within the CD11c+ population. (B) Line graphs showing the proportion of OX-40L
positive cells (left) and the MFI of OX-40L (right) on CD11c+ DCs. Tukey Post Test
was used to compare values (meanS.E.M. n=4) between control (Alum; 0.0pug/mL)
and increasing concentration of Alum. ***: P<0.0001, **: P<0.001, *: P<0.01, ns:

not significant.
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4.3 Summary of the impact of Alum on the expression of
costimulatory molecules by BMDC

In summary, the impact of Alum has been addressed on the activation or
maturation state in the context of influence on the expression of selected
costimulatory molecule expression by BMDCs. The results demonstrate that Alum
treatment has an enhancing role on CD86 expression at all doses tested, on CD80
expression at 0.1-1.0pg/mL, on OX-40L at 100.0-1000.0pg/mL and an inhibitory
role on CD40 and OX-40L expression at 0.1-10.0pg/mL and no effect on CD80
expression at 10.0-1000.0pg/mL and on CD40 expression at 100.0-1000.0pg/mL
(TABLE 4.1). The results reveal a complex effect of Alum on BMDCs that is
dependent on both dose and the costimulatory molecule being examined.
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TABLE 4.1: Summary table of effects of Alum on DC costimulatory molecule
expression.

These values were calculated by using Tukey Post Test and by comparing the MFI
(meanxS.E.M.) of costimulatory molecules between DCs incubated in media and
DCs incubated in various concentrations of Alum (0.1-1000.0 pg/mL). Symbol:
+=P<0.01; ++=P<0.001; +++=P<0.0001 (For enhanced values). -=P<0.01;--
=P<0.001; ---=P<0.0001 (For reduced values) and 0=P means not significant.

Costimulatory Dose of Alum (pg/mL)
molecules 0.1 1.0 | 10.0 | 100.0 | 1000.0
CDS86 ++ ++ +++ +++ +++
CD80 ++ + 0 - 0
CD40 -- - - 0 0
OX-40L --- --- - +t +++
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4.4 Impact of Alum on the production of cytokines by
BMDCs

In the previous section, the diverse (both positive and negative) effect of
Alum was expressed on the expression of costimulatory molecules. The data suggest
that Alum plays a complex role in activating BMDCs and this may impact on
subsequent T cell activation. However, the role of soluble cytokines (signal 3) on T
cell activation and differentiation is essential, though redundant, with the same
activity of different cytokines depending on situation [188,458,459]. Signaling via
cytokines has various effects on DC, such as increasing antigen presenting function
[306], inducing their migration to the DLNs [460-463], direct effects on T cell
activation [458] and consequently the polarisation of various CD4 T cells into Thil,
Th2, Th17, Tth and Treg cells [266,270,271]. Therefore, signaling via these soluble
factors released by APCs is important in determining the outcome of immune

responses and their duration and magnitude in vitro and in vivo.

In this section, the effect of Alum was observed on the production of
cytokines such as IL-1p, IL-6, 1L-10, 1L-12p70, IL-13, IL-15, TNF-a, and 1L-33 that
are known to be produced by BMDCs. Among these molecules, IL-1p, IL-6, IL-
12p70, TNF and IL-33 are proinflammatory and have previously been associated
with potent adjuvant activity mediated though pleiotropic biological effects
[397,464-468]. Inflammatory cytokines such as IL-13, TNF-a and IL-12 play an
important role in antigen presentation and T cell responses. IL-1p is translated as
pro-IL-1p that undergoes caspase-1-dependent maturation resulting in the secretion
of the mature form of IL-1p [334,335]. This cytokine has been traditionally proposed
to act as a signal 3 for the full activation of T cells [458]. Similar to IL-1p, TNF-a is
a potent proinflammatory cytokine. This cytokine is involved in cell proliferation and
apoptosis and necrosis [469]. In addition, it has been reported to act as a signal for
DC maturation [155]. Several in vitro studies have described the direct effect of
Alum on DCs to enhance production of cytokines such as IL-1p, 1L-18 [338,470].
Both TNFa and IL-1f play a significant role in DC migration because both of these
cytokines can induce trafficking of DCs to DLNs following s.c. administration [460-
463]. These cytokines decrease epithelial (E)-cadherin messanger RNA (mRNA) and
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protein expression in DCs resulting in the detachment of cells from neighbouring
cells and matrix components [471] thereby increasing the efficiency of DC
mobilisation. Both cytokines have been shown to regulate lysosomal protease
activity in DCs and affect p:MHCII presentation [306]. These activities may be
associated with the increased activity of cathepsin S and cathepsin B by these
cytokines [306]. IL-33, a newly discovered proinflammatory cytokine, shares
structural and functional characteristics with the IL-1 cytokine family [472]. This
cytokine signals via a heterodimer receptor complex with an IL-33-specific ST2L
(IL-1 receptor-like 1 molecule or IL-1R1) accompanied by another subunit, IL-1R1
accessory protein [473]. 1L-33 has been shown to trigger the activation and
maturation of DCs [474]. In addition, IL-33-activated DC has been shown to
promote T cell expansion and Th2 polarisation [475]. IL-12p70 is a heterodimer that
consists of covalently linked p35 and p40 subunits encoded by two different genes
[476]. This cytokine has been classified as an excellent adjuvant that targets adaptive
immunity [97]. This is because it has been reported to drive cytotoxic T cell
induction and Th1 polarisation via IFN-y production [476-479]. Therefore, IL-12 has
been considered in clinical scenarios such as in cancer therapy where CMI is critical
[97].

IL-6 is a pleiotropic cytokine that regulates immune and inflammatory
responses via the heterodimeric receptors subunits (gp130 and IL-6R) [480,481].
This cytokine has been suggested to be important in Tfh cell generation and in B cell
activation and differentiation and antibody production [469]. It has been shown that
on IL-6 exposure, DCs enhanced presentation of cryptic T cell epitopes derived from
native HEL [482]. This may be attributed to the influence of IL-6 on modulation of
peripheral or early endosomal pH [482] and on enhancement of lysosomal enzymes
such as cathepsin S [483].

IL-10 is an anti-inflammatory cytokine that inhibits expansion of T cells and
IL-2 production [484] and induces antigen-specific nonresponsiveness [485].
Although IL-10 does not have any impact on MHC class Il formation or antigen

loading [484,486], it has been shown to prevent newly synthesized MHC class 11
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molecules from reaching the plasma membrane of monocytes with a subsequent
reduction in p:MHCII presentation [306,486].

IL-13 potently suppresses IFN-y production by Th2 cells via regulatory
effects on DCs [487]. IL-13 is produced by Th2 cells [267] and by immature
monocyte-derived human DCs after incubation with allergen [488] or by human DCs
after incubation in PMA/ionomycin [489]. IL-13 derived from human DCs has been
reported to enhance a strong Th2 response via secretion of 1L-4 from Th2 cells [488].
IL-15 is a survival factor for murine DCs [490] where both mRNA of IL-15 as well
as IL-15Ra are expressed and the levels of both IL-15 and the IL-15R are enhanced
by LPS [491]. IL-15 enhances expression of CD86, CD40 and MHC class Il, MHC
class I-related chains o and B on DC surface accompanied by the release of IFN-y

and enhances CD8 T cell expansion and activate NK cells [491,492].

Although many of the cytokines identified above have associated adjuvant
activity, their induction and consequently role in the activity of Alum adjuvants have
not been comprehensively characterised. Therefore understanding the impact of
Alum on the production of these cytokines would be crucial to know the antigen
presenting functions of DCs, their mobilisation in DLNs with the consequent effects
on T cell activation. Therefore in this section, the cytokine production by DCs has

been investigated at different times and at different concentrations of Alum.

4.4.1 Impact of Alum on IL-18 production by DCs

In the current study, DCs incubated with a range of doses of Alum (0.1-
1000.0pg/ml) for 24hours did not produce any IL-1pB cytokine (FIGURE 4.5A) in
contrast to other studies [338,470]. Similar to previous studies [338,470], LPS
significantly induced the production of IL-1p by DCs within this period (FIGURE
4.5A). Notably, the time dependent production of IL-1B was observed in response to
a fixed dose of Alum (100ug/mL), corresponding to the highest level of GFP and
highest level of YAe staining on the antigen presenting assay described in
CHAPTER-3. Alum was able to induce cytokine induction following longer
incubations with DC, with IL-1B production increasing by 8 fold from day 2 to day 3
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and by 7 fold from day 3 to day 4 (FIGURE 4.5B). LPS treatment produced a very
distinct time dependent pattern of IL-1f production, with significant production
occurring from day 1 to day 2, then, sharply decreased after incubation for 4days. At
day 4, compared with LPS-treated cells, the level of IL-1B was more than 2-fold
higher in Alum-treated cells (P<0.001) (APPENDIX-I111).
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FIGURE 4.5: Alum induces the production of IL-1p by DCs in time-dependent
manner in vitro.

BMDCs (2x10°%/5mL) produced from C57BL/6 mice were incubated in media, OVA
(100pg/mL), LPS (1pg/mL) and different concentration of Alum (0.1-1000pg/mL)
for different days. DC supernatants were analysed by Multiplex ELISA to assess the
level of IL-1B. (A) Upper bar charts show the concentration of IL-1 in supernatants
obtained in DCs following incubation for 24hours in different treatment groups
(mean£S.E.M., n=3). Tukey post test was used to assess the P values by comparing
the concentration of IL-1p between individual group and LPS-treated group. (B)
Lower line graphs show the concentration (mean+S.E.M., n=3) of IL-1p in cells
incubated in media or Alum (100pg/mL) at different days of incubation.
Bonferronni post test was used to assess the P values by comparing the concentration
of IL-1pB between media or Alum-incubated DCs at specific time. ***: P<0.001, **:
P<0.01.
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4.4.2 Impact of Alum on TNF-a production by DCs

In contrast to LPS-treated cells, DCs incubated with different doses of Alum
for 24hours did not produce any TNF-a (FIGURE 4.6A). The time dependent
production of this cytokine in response to 100pg/mL Alum was however, noted at
day 2 and day 3 and consequently, at day 4, the level of this cytokine following
Alum treatment was significantly higher compared with DCs incubated in media
(P<0.001) (FIGURE 4.6B). The data obtained with DCs incubated with LPS or LPS
adsorbed to Alum was inconsistent because of the large standard errors
(APPENDIX-III).

137



(A)

2000
*k*
e
= 15004
E
g
£ 1000
3
L
=z
= 500

(B)
--@--- Media - Alum
250- * %%

_ 2001
E
S 150 *kk
= * %k %k
& 1004
4
T oo Eeee $omemmees s ’

0 ,

1 2 3 4

Incubation period (Days)

FIGURE 4.6: Alum induces the production of TNF-a by DCs in time-dependent
manner in vitro.

BMDCs (2x10°%/5mL) produced from C57BL/6 mice were incubated in media, OVA
(100.0pg/mL), LPS (1.0pg/mL) and different concentrations of Alum (0.1-
1000.0pg/mL) for different days. DC supernatants were analysed by Multiplex
ELISA to assess the level of TNF-a. (A) Upper bar charts show the concentration of
TNF-a in supernatants obtained in DCs following incubation for 24hours in different
treatment groups (mean+S.E.M., n=3). Tukey post test was used to assess the P
values by comparing the concentration of TNF-a between individual group and LPS-
treated group (B) Lower line graphs show the concentration (mean+S.E.M., n=3) of
TNF-o in cells incubated in media or Alum (100pug/mL) at different days of
incubation. Bonferronni post test was used to compare the concentration of TNF-a
between media or Alum-incubated DCs at specific time. ***: P<0.001.
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4.4.3 Impact of Alum on IL-6 production by DCs

Similar to a previous study [338], BMDC did not produce IL-6 in response to
different concentrations of Alum at 24hours (FIGURE 4.7A). In contrast, LPS
significantly induced the production of high concentrations of IL-6 within this
period. The production of this cytokine in response to incubation with 100ug/mL
Alum was increased by 2 fold from 2 to 3days of incubation periods and by 8 fold
from 3 to 4days of incubation periods (FIGURE 4.7B). The concentration of IL-6 in
Alum-treated DCs was significantly higher (P<0.001) compared with that of DCs
incubated in media (FIGURE 4.7B). The data obtained in LPS or LPS adsorbed to
Alum-treated groups were very variable (APPENDIX-I11I).
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FIGURE 4.7: Alum induces the production of IL-6 by DCs in time-dependent
manner in vitro.

BMDCs (2x10°%/5mL) produced from C57BL/6 mice were incubated in media, OVA
(100.0pg/mL), LPS (1pg/mL) and different concentration of Alum (0.1-
1000.0pg/mL) for different days. DC supernatants were analysed by Multiplex
ELISA to assess the level of IL-6. (A) Upper bar charts show the concentration of
IL-6 in supernatants obtained in DCs following incubation for 24hours in different
treatment groups (mean+S.E.M., n=3). Tukey post test was used to assess the P value
by comparing the concentration of IL-6 between individual group and LPS-treated
groups to calculate P values (B) Lower line graphs show the concentration
(meanzS.E.M., n=3) of IL-6 in cells incubated in media or Alum (100.0pg/mL) at
different days of incubation. Bonferronni post test was used to calculate P value by
comparing the concentration of IL-6 between media or Alum-incubated DCs at
specific time. ***: P<0.001.
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4.4.4 Impact of Alum on IL-10 production by DCs

Similar to the results obtained previously [338], in the current study, DCs
produced very low amounts of IL-10, with this level becoming undetectable
following 1 to 4days of incubation with different doses of Alum (FIGURE 4.8A,B).
In contrast to these previous results [338], LPS significantly induced the production
of high concentration of IL-10 in each incubation period. Compared with LPS-
treated cells, LPS adsorbed to Alum treatment showed decreased IL-10 production
by DCs at day 1, though no significant effect was observed with increasing
incubation periods (FIGURE 4.8B, APPENDIX-I11).
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FIGURE 4.8: Alum reduces LPS-mediated IL-10 production by DCs in vitro.

BMDCs (2x10°%/5mL) produced from C57BL/6 mice were incubated in media, OVA
(100.0pg/mL), LPS (1.0pg/mL) and different concentration of Alum (0.1-
1000.0pg/mL) for different days. DC supernatants were analysed by sandwich
ELISA to assess the level of IL-10. (A) Upper bar charts show the concentration
(meanzS.E.M., n=3) of IL-10 in supernatants obtained in DCs following incubation
for 24hours in different treatment groups. Tukey post test was used to assess P values
by comparing the concentration of IL-10 between individual group and LPS-treated
groups (B) Lower line graphs show the concentration (meanzS.E.M., n=3) of IL-10
in cells incubated in media or Alum (100.0pg/mL) at different days of incubation.
Bonferronni post test was used to assess P values by comparing the concentration of
IL-10 between LPS and LPS+Alum-incubated DCs at specific time. ***: P<0.001,
ns=not significant.
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4.45 Impact of Alum on IL-12p70 production by DCs

DCs incubated at different concentrations of Alum for 24hours did not
produce any cytokines, similar to a previous study [338] (FIGURE 4.9A). Unlike the
cytokine responses noted above (IL-1, TNF, IL-6), this cytokine was not induced by
Alum following incubation for longer periods (FIGURE 4.9B). In contrast, LPS
significantly induced the production of IL-12p70 at all incubation periods.
Interestingly, the level of IL-12p70 enhanced by LPS was significantly decreased by
LPS adsorbed to Alum treatment at each incubation period (FIGURE 4.9B).
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FIGURE 4.9: Alum reduces the LPS-mediated IL-12p70 production by DCs in
vitro.

BMDCs (2x10%/5mL) produced from C57BL/6 mice were incubated in media, OVA
(100.0pg/mL), LPS (1.0pg/mL) and different concentration of Alum (0.1-
1000ug/mL) for different days. DC supernatants were analysed by Multiplex ELISA
to assess the level of IL-12. (A) Upper bar charts show the concentration
(meanxS.E.M., n=3) of IL-12 in supernatants obtained in DCs following incubation
for 24hours in different treatment groups. Tukey post test was used to assess the P
values by comparing the concentration of IL-12 between individual group and LPS-
treated groups (B) Lower line graphs show the concentration of IL-12
(mean£S.E.M., n=3) in different treatment groups at different days of incubation.
Bonferronni post test was used to assess the P values by comparing the concentration
of IL-12 between LPS and LPS+Alum-incubated DCs at specific time. ***: P<0.001.
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4.4.6 Impact of Alum on IL-13 production by DCs

DCs incubated at different concentrations of Alum for 24hours did not
produce IL-13 (FIGURE 4.10A). Similarly, increasing the duration of incubation did
not affect the production of 1L-13 by DCs at 100.0pg/mL Alum (FIGURE 4.10B).
In contrast, LPS significantly induced the production of IL-13 cytokine by DCs at the
first and second days of incubation periods (FIGURE 4.10B). Interestingly, the
level of IL-13 in LPS-incubated DCs was significantly higher than DCs incubated
with LPS adsorbed to Alum for 1 or 2days of incubation (P<0.01-0.001) (FIGURE
4.10B, APPENDIX-III).

145



(A)

40+
+* % %

< 305 el
E
o
£ 204
:
=

104

NP S - - P~ = I -

AR\ oS T P B R I 2
b‘o\\g,\!s'sﬁQQ

4 SEFLFS ST
Lol N v@“y}é“
(B)
@ Media == AlUM —p = LPS —— LPS+Alum
50+

401

w
(=)
i

IL-13 (pg/mL)
= 8

(=]

Incubation period (Days)

-10-

FIGURE 4.10: Alum reduces the LPS-mediated IL-13 production by DCs in
vitro.

BMDCs (2x10°%/5mL) produced from C57BL/6 mice were incubated in media, OVA
(100.0pg/mL), LPS (1pg/mL) and different concentration of Alum (0.1-
1000.0pg/mL) for different days. DC supernatants were analysed by Multiplex
ELISA to assess the level of IL-13. (A) Upper bar charts show the concentration
(meanzS.E.M., n=3) of IL-13 in supernatants obtained in DCs following incubation
for 24hours in different treatment groups. Tukey post test was used to assess the P
values by comparing the concentration of IL-13 between individual group and LPS-
treated groups (B) Lower line graphs show the concentration (mean+S.E.M., n=3) of
IL-13 in different treatment groups at different days of incubation. Bonferronni post
test was used to assess the P values by comparing the concentration of IL-13 between
LPS and LPS+Alum-incubated DCs at specific time. ***: P<0.001, **: P<0.01,
ns=not significant.
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4.4.7 Impact of Alum on IL-15 production by DCs

In this study, the production of IL-15 by DCs was not observed even after
cells were incubated with either various concentrations of Alum, or in LPS, or in
LPS adsorbed to Alum.

4.4.8 Impact of Alum on IL-33 production by DCs

IL-33 production was not observed in DC supernatants in response to
incubation of BMDC with Alum, LPS or LPS adsorbed to Alum.

4.5 Summary of influence of Alum on the production of
cytokines by BMDCs

From the above data, several points were observed regarding cytokine
production by DCs in vitro. Firstly, Alum at any dose used in this study does not
induce the production of IL-1B, TNF-a, IL-6, IL-10, IL-p70, IL-13, IL-15, and IL-33
by DCs within 24hours. Secondly, Alum induced the production of IL-1p and IL-6
on DCs robustly after 3days of incubation; whereas the production of TNF-a was
observed following 4days of incubation. Thirdly, Alum does not have any effect on
the production of IL-10, 1L-12p70, and IL-13 by DCs at any incubation periods.
Fourthly, Alum reduces the LPS-mediated production of IL-10, IL-12p70 and IL-13
by DCs. Finally, DCs do not produce IL-15 and IL-13 cytokines in vitro. Even, LPS
or different doses of Alum do not impact on the production of these cytokines by
DCs (TABLE 4.2, APPENDIX-I11).
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TABLE 4.2: Summary table of effects of Alum on cytokine production by DCs.

These values were calculated by comparing the concentration (meantS.E.M.) of
cytokine level (pg/mL) in between DCs incubated in Alum (Opg/mL) and in Alum
(100ug/mL) at different incubation periods. Symbol: ++=P<0.01; +++=P<0.001 (For
enhanced values), and 0=P means not significant.

Cytokines | Incubation period (Days)

1 2 3 4
IL-1PB 0 0 ++ +++
TNF-a 0 +++ +++ +++
IL-6 0 +++ +++ +++
IL-12p70 |0 0 0 0
IL-10 0 0 0 0
IL-13 0 0 0 0
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4.6 Impact of Alum on death of DCs

In the above experiments, the positive impact of Alum was observed on the
expression of costimulatory molecules and the production of cytokines by DCs. The
production of inflammatory cytokines such as IL-1p, TNF-a and IL-6 by DCs was
observed in time-dependent manner, requiring incubation for more than 24hours.
This suggested that these cytokines were not being produced directly in response to
Alum, but could be produced indirectly, perhaps due to apoptotic or necrotic cell
debris induced by incubation with Alum. It has been described that necrosis is one of
the signals that trigger the maturation state of DCs [242] with the consequent release
of DNA as well as other DAMPs that are able to induce DC activation and act as
adjuvants [55]. Therefore, to analyse the impact of Alum on apoptotis and necrosis of
DCs, Annexin- V and 7-AAD were used. These chemicals can label apoptotic cells

and necrotic cells respectively (FIGURE 4.11).

In the present study, Alum at different concentrations caused significant
increase in apoptosis of DCs in vitro (10pg/mL; P<0.01, 100pg/mL; P<0.0001)
(FIGURE 4.12A). Compared with apoptosis observed in media, Alum at
1000upg/mL did not induce any apoptosis (P>0.05). The reason behind this was
associated with the lack of many cells in the group treated with Alum (1000pg/mL),
because the decreased proportion, numbers and the level (MFI) of CD11c positive
cells were detected in this group (Results Not Shown). Notably, Alum at any dose
used in this study did not cause necrosis of DCs. This was evaluated by comparing
the proportion of 7-AAD positive DCs between each treatment group (FIGURE
4.12B). Interestingly, these results indicate that Alum might affect the viability of

cells via apoptosis pathway.
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FIGURE 4.11: Gating strategy of apoptotic and necrotic bodies observed in BMDCs following incubation in 4% PFA.

BMDCs (2x10%/5mL) produced from C57BL/6 mice were incubated for 24hours and stained with CD11c antibody and then labelled
with Annexin- V and or 7-AAD before analysing by flow cytometry. A total of 50,000 cells were collected on the basis of forward and

side scatter characteristics. (A) Histograms showing 7-AAD vs Annexin-V in various treatment groups. (B) Positive controls prepared
by the addition of 4% PFA and staining with either Annexin-V or 7-AAD.
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FIGURE 4.12: Alum causes apoptosis of DCs in vitro.

The flow cytometry data obtained in the above experiments (FIGURE 4.11) were
analysed by line graphs (A) and (B). Above line graphs show the proportion
(meanzS.E.M., n=3) of apoptotic (A) or necrotic (B) DCs following incubation in
various concentrations of Alum (0.0 — 1000.0pg/mL). Tukey post tests were used to
evaluate probability values by comparing the mean proportion (mean+S.E.M.) of
apoptosis or necrosis between the cells incubated in media (Alum=0.0png/mL) and
successive concentrations of Alum.
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4.7 Discussion

The data in this chapter clearly demonstrated that Alum differentially affected
expression of DC activation markers such as CD86, CD80, OX-40L and CD40 in
vitro and, that this was dose dependent. Furthermore, Alum had an impact on
cytokine production including IL-1pB, IL-6 and TNF-a that was time-dependent and

also affected cell viability, inducing apoptosis of DCs in a dose-dependent manner.

Firstly, it was observed that Alum enhanced the expression of the
costimulatory molecule CD86, had some postive impact on CD80, while reducing
the expression of CD40. A previous study by Sun and colleagues did not observe any
effect of Alum on these three costimulatory molecules on CD11c positive BMDCs
derived from BALB/c mice after 24hours incubation with Alum adjuvants [384]. As
these studies were performed with a single dose of Alum, the current study extends
these findings demonstrating dose dependent effects of Alum, particularly in the
context of CD86 expression. This agrees with previous in vitro studies conducted by
Sokolovska and colleagues [338]. However, this group also observed that Alum had
no impact on CD40 and induced CD80, whereas in this chapter it has been seen that
Alum inhibited CD40 and both inhibited as well as increased CD80 expression
depending on dose of Alum. These results are difficult to resolve as similar
concentrations and similar incubation periods of Alum were used. Recent studies by
Flach and colleagues did not find any effect of Cesium Alum (CsAl at 5mg/mL
concentration) on CD86, CD80 and CD40 expression on BMDCs derived from
C57BL/6 mice following 24hours incubation [53]. The different patterns of induction
of different costimulatory molecules by Alum in these in vitro studies conducted by
Sokolovska and colleagues [338], Sun and colleagues [384] and Flach and colleagues
[53] and in the current in vitro study could be due to differences in host strains. For
example, the expression of maturation markers such as CD86, CD40 and Stat4, an
IL-12-inducing gene, are quantitatively higher in spleen-derived DCs of C57BL/6
compared with BALB/c mice [493]. Similarly, another study conducted by Ulanova
and colleagues showed a dose-response effect of Alum in the induction of CD86 and

CD40 molecules on monocytes derived from human PBMCs after 48hours [339].
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Similar to the current experiment, the dose-dependence has been further shown by
decreased CD80 and increased CD86 costimulatory molecule expression on human
macrophages derived from PBMCs after 48hours [439]. Furthermore, the time-
dependent manner of expression of costimulatory molecules in various cell subsets
has been proved by Seubert and colleagues who showed a time-dependent increase in
CD86 with the decrease in CD80 molecules on monocytes derived from human
PBMCs [337]. The different results from these studies emphasise the importance of
comprehensive analysis of variables such as incubation period, concentration and

structural form of Alum and phenotypic markers analysed.

Following Alum treatment, the expression of both CD86 and CD80
molecules were influenced differentially with a clear dose-response of Alum on
CD86 and with a small but significant effect of low dose of Alum on CD80. It may
be possible that signaling via CD86 molecule is enough for the priming of naive CD4
T cell by Alum. While it has been suggested that CD80 and CD86 can substitute for
each other during priming of naive CD4 T cells [449], this finding is controversial
[450]. In this context, CD80 has been suggested to act as an initial ligand that binds
CD152 and maintains immune tolerance. These resulting inhibitory effects are over-
ridden by the enhanced expression of CD86 molecules on DCs due to inflammatory
stimuli that results in the immune response [450]. Further evidence of discrete
functions of these costimulatory molecules came from their potentiality to polarise T
cell responses into either Thl or Th2. Studies show that CD86 costimulation
appeared to direct the immune response toward Th2 development, whereas CD80
costimulation biased toward a Th1 response in murine model [494]. These results are
consistent with the default role of Alum in Th2 response perhaps acting via induction
of CD86 on DC.

In addition to these molecules, OX-40L seems to be an important target of
Alum adjuvant in vitro. Alum showed a biphasic dose response on OX-40 ligand
expression by DCs, with induction at higher doses. As results obtained using the
EaGFP/YAe system revealed high doses of Alum also sustained antigen

presentation, this would suggest that high doses of Alum may induce optimal signal
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1 and signal 2 in responding CD4 T cells. Therefore, in addition to CD86, Alum may
provide additional costimulatory signals via OX-40L to optimise the initiation and
generation of long-lived CD4 T cell responses [452].

While signaling via CD40 is significant in B cell activation [264] that is also
important in Alum-mediated antibody responses, the current in vitro experiment
showed inhibition of expression of this costimulatory molecule. It is difficult to
analyse this result of CD40 inhibition by Alum because this experiment system is
artificial and even a single cell may behave differently in vivo. Further studies
involving kinetics of expression of these molecules allow understanding the

magnitude and duration of CD40 costimulation.

Alum also significantly induced the production of proinflammatory cytokines
such as IL-1B, TNF-a and IL-6 by DCs in a time-dependent manner. Interestingly, all
of these inflammatory cytokines have several functions on DCs such as modulation
of antigen presentation [306,482,483], mobilisation of DCs to the DLNs [460-
463,471], direct activation of antigen-specific T cells [294,396] and importantly
inflammation. While these inflammatory cytokines have important roles in DC
function and adjuvant activity, TNF-a and IL-6 have previously been shown to be
dispensable for Alum action in vivo [495]. It is therefore proposed that IL-1B may be

a default cytokine to play a role in immune response mediated by Alum in vitro.

IL-13 and IL-33 are translated as pro-forms that undergo caspase-1-
dependent maturation resulting in the secretion of the mature form of the cytokine
[334,335]. Interestingly, Alum has been shown to activate caspase-1 (encoded by
Caspl) via the NLRP3-inflammasome [328,388-390,496]. Caspase-1 is also involved
in programmed cell death, apoptosis or pyroptosis [497]. In the current study,
apoptosis of Alum treated DCs could be observed within 24hours, without any clear
impact on necrosis. Interestingly, it required longer incubation periods (3 — 4days)
for significant levels of IL-1p to be detected following Alum treatment, suggesting
that the induction of this, and other inflammatory cytokines, TNF-o and IL-6, though

not IL-33 could be secondary to cell death. As mentioned above, previous studies
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have suggested that Alum adjuvant induces the breakdown of the phagosomal
membrane, reduction in intracellular potassium level, and consequently NALP3-
inflammasome activation [328]. The NALP3 signaling results in the activation of
caspase-1, which is required for the production of mature IL-1p from pro-IL-1p
[464-467,498]. However, while some studies implicate NALP3-mediated signaling
in adjuvant activity [328,388-390], more recently this has become contentious
[53,55,383,496]. The studies in which the authors [53,55,383,496] have concluded
the indispensibility of this inflammasome in Alum adjuvanticity came from the
experiment conducted on mice deficient in NLRP3 or Caspase 1. Therefore, the
variations may be associated with the different formulations of vaccine adjuvants
such as Alum, contamination with TLR agonists or incomplete characterisation of

the Alum induced immune response [398].

It has alternatively been suggested that the release of host-DNA from dying
cells may act as an endogenous danger signal or alarmin, that could indirectly
mediate the Alum adjuvant signal [55,400]. The released DNA from necrotic bodies
has been shown to enhance Th2 responses via TLR9-IRF3-dependent pathway by
activating inflammatory DC or via IRF3-independent pathway by activating Tth
responses or Tfh responses that affect the B cell responses accompanied by IgE
isotype switching and IgG1 production [55]. In addition to these effects, signals
derived from necrotic cells induce the release of biologically functional IL-33
[403,404] that is thought to act similarly [400,499], though its production was not
detected in the present studies. However, the timing of the current studies suggests
that inflammatory cytokine production by DC could be the result of bystander cell
death during the culture. To investigate this question directly, further studies using
agents (Caspase inhibitors) that block programmed cell death in vitro or mice lacking
molecule (Caspase 17°) that controls programmed cell death in vivo will be

informative.
In addition to these effects, death of cells may have several consequences in

the immune responses. Firstly, before a cell undergoes apoptosis, the breakage of

lysosomal membrane also underlies the modulation of antigen processing pathway.
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Following the lysosomal membrane breakdown, lysosomal antigens are released into
the cytosol where they are processed via MHCI pathway. This may be one of the
causes why Alum enhances the CD8 T cell activation in vivo [383]. Secondly, both
necrotic and apoptotic bodies are phagocytosed by APCs such as DCs [191]. When
necrotic cells are engulfed by DCs, they are processed and presented on both MHCII
as well as MHCI to both CDAT cells as well as CD8T cells respectively in the first
antigen encounter. Following the second encounter, CD4 T cells lead to a delayed-
hypersensitivity response and CD8 cells lead to cytotoxic responses. In contrast,
apoptotic cells engulfed by DCs are processed via MHCI pathway which provides
activation of CD8 T cells in the first encounter and consequently provides cytotoxic
responses under the help generated by activated Thl cells or provides tolerance
responses under no help signals by these cells [500]. Therefore, understanding these
mechanisms will be important in rational design of vaccine adjuvants that lead to

death of cells.

While Alum influenced proinflammatory cytokine-producing efficiency of
DCs, it did not affect the production of IL-10, IL-12p70 or IL-13 at any dose used in
the experiment and at any incubation period. However, Alum significantly decreased
the LPS-mediated IL-10, IL-12p70 and IL-13 production by DCs in time-dependent
manner. Previous studies have suggested that Alum could neutralise LPS via a
ligand-exchange mechanism as well as decreasing LPS induced signaling in vivo
[501]. At pH more than 2 (for example, pH: 7.4), strong attraction occurs between
positively charged Aluminium hydroxide and negatively charged LPS that contains 2
easter-bound phosphate groups within lipid A portion [501,502]. Because IL-10
downregulates MHC class Il expression by DCs [306,486], its regulatory effects on
antigen presentation by Alum has been shown to have an adjuvant effect [503].
Inhibition of LPS induced IL-10 by Alum could similarly act to enhance the adjuvant
effect of LPS or other immunostimulatory adjvuants associated with IL-10

production, for example MPL A as part of the AS04 vaccine formulation [202].

In conclusion, Alum can enhance the DC activation characterised by the

enhanced expression of CD86, CD80 and OX-40L expression in a dose-dependent
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manner and enhanced the production of IL-1B, IL-6 and TNF-o by DCs in a time-
dependent manner in vitro. Alum also affected the cell viability in the context of
apoptosis that may be related to the production of above inflammatory cytokines in
vitro. These molecules are crucial in changing DC phenotype from antigen sampling

to antigen-presenting cell and in determining the functional outcome of T cell

responses.
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CHAPTER-5: IMPACT OF ALUM
ON CD4 T CELL RESPONSES IN
VIVO
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5.1 Introduction

Despite our current knowledge and understanding of immunology, the study
of vaccine adjuvants remains largely empirical. Reductionist approaches, such as
analysing adjuvant effects on key immune system cells in vitro as described in
previous chapters, will help define the features of adjuvants that are critical for their
function. However, adjuvants ultimately interact with a complex physiological,
anatomical and immunological system within the vertebrate body. Even a single cell
may behave differently in vitro under different experimental situations, therefore
understanding how cells behave in vivo and what interactions with their environment
and with adjuvants underlie these functions are important immunological questions.

Importantly, these can only currently be fully understood in vivo.

In the previous chapters, the increased uptake and presentation of antigens
(signal 1) and dose response of Alum of the expression of costimulatory molecules
(signal 2) and kinetic response of Alum of cytokine production (signal 3) by DCs
have been well-presented in vitro. As already described, the former two signals,
signal 1 and signal 2, are required for T cell activation [257], the latter signal (signal
3) is essential to boost T cell responses [188,459]. Though it has been suggested that
an antigen pulse of a few hours is sufficient to support subsequent T cell division
[504], the continued engagement of the peptide:MHCII-T cell receptor (p:MHCII-
TcR) complex is required for enhanced T cell expansion [438,505,506]. Therefore, if
Alum adjuvants work by influencing duration and magnitude of the antigen
presentation in vitro, it may have significant contributions in T cell responses in vivo.
Interestingly, Alum adjuvant has previously been reported to act as a depot, allowing
for slow release of antigen, and consequently enhancing the duration and magnitude
of the antibody response [45]. In this context, the duration and magnitude of T cell

responses is crucial to understand adjuvant-derived responses in vivo.
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5.2 Impact of Alum on magnitude and duration of the
Immune response

It is widely believed that duration and magnitude of immune response in the
context of T cell immune response is crucial to understand vaccine as well as
adjuvant-derived responses in vivo. To address this issue, an adoptive transfer system
was used [507]. Adoptive transfer of TcR transgenic cells into a naive recipient with
the same genetic background allows the detection of precursor T cells in sufficient
numbers to study their characteristics and functionality during an immune response
[507]. To investigate the effect of Alum on the magnitude and duration of the
adaptive immune response, antigen-specific DO11.10 CD4 T cells were transferred
to BALB/c mice followed by PBS, OVA and OVA adsorbed to Alum immunisation
after 1 day. Then, DLNs were extracted from these mice at days 1, 5 and 11 post-
immunisation. Using flow cytometry, total numbers of viable accumulated cells,
antigen-nonspecific and antigen-specific CD4 T cells in DLNs and the divided

antigen-specific CD4 T cells in vivo were analysed (FIGURE 5.1).

Higher numbers of viable LN cells were observed in mice immunised with
OVA adsorbed to Alum at days 1, 5 and 11 compared to the mice exposed to OVA
or PBS alone (P<0.001) (FIGURE 5.2A). Interestingly, Immunisation with OVA
adsorbed to Alum caused a significant increase in total CD4+ T cell numbers at all
days post-immunisation compared with mice immunised with OVA (P<0.001)
(FIGURE 5.2B). Subsequently, the magnitude and duration of the antigen-specific T
cell responses enhanced by Alum were analysed on the basis of proportion
(FIGURE 5.2C) and numbers (FIGURE 5.2D) of antigen-specific T cells as
recognised by CD4+KJ+ cells. Immunisation of mice with OVA adsorbed to Alum
caused a significant increase in antigen-specific T cell numbers at day 5 post-
immunisation compared with mice immunised with OVA (P<0.001) (FIGURE
5.2D). Similar data were observed when they were analysed on the basis of the
proportion of cells positive for CD4+KJ+ (FIGURE 5.2C). These data indicate that
Alum induces an increase in antigen-specific CD4 T cells only at day 5 post-
immunisation, while it induces accumulation of total CD4 T cells in DLNs at all days

post-immunisation. In conclusion, these data demonstrate that Alum induces an
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increase in the total cellularity, as well as an increase in the total number of antigen-

specific T cells in DLN.
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FIUGRE 5.1: Dot plots showing staining of total CD4 + and antigen-specific
CD4+ T cells.

Antigen-specific CD4+KJ+ T cells from DO.11.10 mice were transferred into the
BALB/c mice at day (-1). The next day, OVA or OVA adsorbed to Alum were
administered via s.c. injection. After 5days, mice were culled and brachial and
axillary DLNs were used to prepare single cell suspensions. DLN cells were stained
with anti-CD4 and DO11.10 TCR KJ1.26 antibody and analysed by flow cytometry.
The above histograms represent the characteristics of cells derived from DLNs
following day 5 post-immunisation with Alum. The cells were gated based on light
scatter characteristics (FSC vs SSC) of the cells (upper) from which either CD4+
(middle) or CD4+KJ+ cells (DO11.10 Tg, lower) were distinguished.
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FIGURE 5.2: Alum enhances the recruitment of both total cells as well as total CD4+ and antigen-specific CD4+ T cells in DLNs.

OVA-specific CD4+KJ+ T cells from DO.11.10 mice were transferred into the BALB/c mice at day (-1). The next day, OVA or
OVA+Alum were administered via s.c. injection. After days 1, 5 and 11, mice were culled and brachial and axillary DLNs were used to
prepare single cell suspensions. DLN cells were stained with anti-CD4 and DO11.10 TCR KJ1.26 antibody and analysed by flow
cytometry. The line graphs show the total cell count collected in DLNs (A), the total numbers of CD4+ cells in DLNS (B), the % of
CD4+KJ+ cells in DLNS (C) and the total numbers of CD4+KJ+ cells in DLNS (D) at different days post-immunisation. Data have
been presented as the meanS.E.M. (n=3 mice per group). Bonferronni post tests (Two Way ANOVA) were used to assess the P values
by comparing the number of cells (meanzS.E.M.) between OVA and OVA adsorbed to Alum immunised mice at specific day post-

immunisation. ns: not significant, ***:P<0.001, **: P<0.01, ns: not significant.
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5.3 Impact of Alum on duration and magnitude of
antigen-specific CD4 T cell expansion

The increase in antigen-specific T cell numbers observed noted above could
be attributed to increased cell accumulation and/or increased cell proliferation. To
investigate the impact of Alum on antigen-specific CD4 T cell proliferation, CFSE
dilution [508,509] was measured within CD4+KJ+ cells (FIGURE 5.3). In the
current study, the fraction of antigen-specific CD4 T cells that had divided in groups
immunised with OVA plus Alum was not significantly different compared with
soluble OVA-immunised groups at day 1 or day 11 post-immunisation (P>0.05).
However, at day 5 post-immunisation, a significantly higher proportion of cells had
undergone division in the OVA plus Alum- versus OVA-immunised groups
(FIGURE 5.4A). The numbers of undivided cells were significantly higher in OVA
plus Alum-immunised groups compared with soluble OVA-immunised groups
(P<0.01) at day 1 and day 5 post-immunisation (FIGURE 5.4A). These undivided
cells presumably reflect the ability of Alum to induce T cell recruitment that occurs
at day 1 and day 5 post-immunisation. In contrast, increased number of divided cells
at day 5 post immunisation demonstrates the ability of Alum to induce antigen-
specific CD4 T cell proliferation. In addition, the numbers of divided and undivided
T cells (FIGURE 5.4A) were very low compared with the total numbers of cells
accumulated in DLNs (FIGURE 5.2A) at all days post-immunisation. These data
suggest that Alum can induce recruitment of T cells to the DLNs and induce

activation and division of antigen-specific cells.

In the same way, the numbers of cells in each generation was also considered
as a parameter reflecting antigen-specific CD4 T cell expansion following Alum
immunisation (FIGURE 5.4B). At 0 generation, the numbers of CD4+ T cells were
statistically higher at 1 day post-immunisation with OVA adsorbed to Alum
compared with OVA-immunised groups. At this period, cell division after the 0
generation was not observed indicating all cells do not undergo further division in
mice immunised with OVA adsorbed to Alum by this stage. Notably, the pattern of
division of CD4+ T cells was almost similar in mice immunised with Alum at day 5

and 11 post-immunisation as assessed by the significant increased numbers of
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divided cells from the second to fifth generation and from the 0 to sixth generation
respectively (FIGURE 5.4B). However, the numbers of cells undergoing division
were higher in mice immunised with Alum at day 5 post-immunisation compared to
mice immunised with Alum at day 11 post-immunisation indicating that most of the
cells divide by day 5 post-immunisation. These results suggest that Alum has a major

impact on CD4+ T cell expansion only at day 5 post-immunisation in vivo.

In summary, the current in vivo experiments show that following s.c.
immunisation, Alum produces an increase in cellularity of the DLN, including an
enhanced accumulation of CD4+ T cells and this is accompanied by an increase in

the numbers and expansion of antigen-specific T cells.
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FIUGRE 5.3: Alum immunisation enhances antigen-specific CD4+ T cell
division in vivo.

The data obtained for antigen-specific transgenic DO11.10 cells in the experiment
described in FIGURE 5.1 was analysed. The above overlay histograms show the %
maximum of cells with CFSE dilution for different groups of mice immunised with
PBS, OVA and OVA adsorbed to Alum at day 1, 5 and 11 post-immunisation.
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FIGURE 5.4: Alum immunisation does not sustain antigen-specific CD4+ T
cells expansion in vivo.

(A) Line graphs showing the % of divided antigen-specific T cells (CD4+KJ+) on
different days post-immunisation. (B) Bar graphs showing numbers of divided
CD4+KJ+ cells in each generation (0 to 7) in different mice at day 1 (upper), day 5
(middle) and day 11 (lower) post-immunisation with PBS, OVA and OVA adsorbed
to Alum. Data have been presented as the mean+S.E.M. of triplicate reading in each
group.*: P<0.05, **: P<0.01, ***: P<0.001, ns=not significant, calculated using
Bonferronni post test after comparing values (meantS.E.M.) between OVA- and
OVA-+Alum-immunised groups.
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5.4 Discussion

The previous chapters investigated how Alum affects antigen uptake and
presentation, costimulatory molecule expression and cytokine production by DCs in
vitro. These processes lead to the initiation of activating signals in naive T cells
leading to induction of the adaptive immune response. To investigate the impact of
Alum on T cell responses in vivo requires the ability to track naive, antigen-specific
T cell development. As the precursor frequency of antigen-specific T cells in the
resting host is vanishingly small [255], an adoptive transfer of low numbers of OVA-
TcR transgenic T cells in to naive recipients was employed. The kinetics and
magnitude of accumulated antigen-specific CD4 T cells could then be assessed

through the use of the clonotypic antibody, KJ1.26.

It was noted that Alum substantially increased the total number of viable cells
and the total number of CD4+ T cells per LN at all time points analysed post-
immunisation compared with soluble antigen. These results suggest that Alum
enhances the duration and magnitude of immune responses in the context of
accumulation of CD4 T cells, as well as other LN cell populations such as B cells,
DCs, macrophages, monocytes. This phenomenon has been described as LN
‘shutdown’. LN shutdown is primarily associated with the increased rate of entry of
lymphocytes from the blood and decreased output of these cells via the efferent
vessels [510]. Interestingly, TNF, IL-1B and IL-6, studied in the previous chapter
(CHAPTER-4), are among the different adhesion molecules, chemokines and
cytokines that are involved in increasing lymphocyte trafficking and retention of
lymphocytes within LNs during antigen stimulation [510-513]. Although these
cytokines play a crucial role in lymphocyte trafficking into DLNs, Alum
adjuvanticity in the context of antibody responses was not affected by a targeted
mutation in TNFR-1, the major receptor for TNF-a or IL-6, indicating the lack of
these cytokines on Alum adjuvanticity [495]. However, IL-1p performs a similar
role, increasing cellular traffic into DLNs as described previously [460-463]. In the
previous chapter (CHAPTER-4), the production of this cytokine by DC was
demonstrated in response to incubation with Alum. IL-1B has also been shown to

enhance the detachment of cells from neighbouring cells and matrix components
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[471] and increase the migration of antigen-laden monocytes to DLN [54]. The
enhanced cellular trafficking of APC to the LN and the effects of LN shutdown can
therefore increase the probability of antigen-specific T cells encountering their
cognate p:MHC complexes during an immune response. This can be observed in the
increased total number of cells, including CD4+ T cells recruited in DLNs at all days
post-immunisation. The total number of antigen-specific T cells was enhanced only 5
days post-immunisation of OVA adsorbed to Alum which corresponded to maximum

proliferation of these cells.

By day 11 after Alum/OVA immunisation, levels of antigen-specific CD4 T
cells were reduced and there were few proliferating cells remaining in the LN. This
suggests firstly that the activated and proliferated cells detectable at day 5 have left
the LN. In this context, expression of CD69, an activation marker of T cells and
expression of sphingosine 1-phosphate receptor type (S1P;) plays a crucial role.
Following T cell activation, interaction with CD69 leads to internalisation and
degradation of S1P; which results in the exit of lymphocytes into efferent vesicles
and into circulation [511,514]. However, there remained undivided, antigen-specific
T cell in the DLN, suggesting that the signals for T cell activation and proliferation
are no longer present at this time point. Therefore, even if slow elimination of
antigen occurs following immunisation with antigen adsorbed to Alum as described
by Glenny and colleagues [45], this antigen is incapable of stimulating antigen-
specific T cells. This is supported by the currently published article by Hutchison and
colleagues [379] who failed to observe activation of antigen-specific T cells
transferred into recipient mice later than 5 days post-immunisation with OVA
formulated in Alum. These studies further demonstrated a lack of antigen persistence
and presentation in APC populations in the DLN [379]. Remarkably, B cells were the
first APCs to present Ea:MHCII complexes within 6-12hours after immunisation,
then, cDCs presented these complexes within 12—-24hours following Alum+EaGFP
immunisation, and pDCs presented antigens within 48-72hours after Alum
administration in DLNs in vivo. The consequent study did not find any difference in
antigen uptake and presentation by B cells, cDCs and pDCs due to injection site
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ablation 2 hours after EaGFP administration suggesting the lack of depot in Alum
adjuvanticity [379].

Another strong support against the depot have been discussed by Noe and
colleagues (2010) who conducted a study to show the relation between antigen
retention at the site of injection and antibody titers in rat sera following 5 weeks after
primary immunisation and 2 weeks after boost [515]. The authors injected rats with
n-labelled alpha casein (IDCAS) antigen adsorbed to AH or IDCAS adsorbed to
AP or non-adsorbed IDCAS antigen formulated in phosphate-treated AP (PTAP) or
IDCAS solution subcutaneously. They observed antigen retention in the following
order IDCAS+AH>IDCAS+AP>PTAP=IDCAS and the antibody titers in the order:
PTAP=IDCAS+AP>IDCAS+AH>>IDCAS suggesting indispensible of antigen
retention in Alum-mediated immune responses [515]. This is in contrast to report
published by de Veer and colleagues (2010) [376]. They found that Aluminium
adjuvants reduce slow release of the antigen from the site of immunisation into
afferent lymph though Alum adjuvanticity depends on retention of antigen at the site
of injection and the consequent trafficking of cells [376]. Interestingly, antigen
retention has not been observed in the experiment involving immunisation of mice
with radioactively labelled with **C TT adsorbed to Aluminium phosphate adjuvant

[374] indicating no relation of Alum on retention.

In summary, Alum enhanced the magnitude and duration of accumulation and
retention of CD4+ lymphocytes in DLNs. However Alum only induced increased
antigen-specific T cell numbers in the DLN at day 5 and did not alter the duration of
antigen-specific T cell activation beyond this time point. The current data may
probably challenge the previously hypothesised depot effect [45,367,378] indicating

that there are other mechanism(s) involved in Alum adjuvanticity in vivo.
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CHAPTER-6: CONCLUSIONS
AND FUTURE STUDIES
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6.1 Conclusions

In conclusion, it has been identified how Alum modulates several key steps in
DC functions that lead to T cell activation which could therefore underpin adjuvant

function. These can be summarised in the following steps:

A. Influence of Alum on Signal 1

In the current thesis, the influence of Alum on the detailed mechanisms of
uptake and presentation of antigens (Signal 1) by BMDC has been studied. Firstly,
formulation of antigen in Alum results in an increased rate and magnitude of antigen
internalisation in an actin-dependent manner by BMDC in vitro, consistent with the
hypothesis that Alum acts as an antigen delivery system (FIGURE 6.1A1, A2).
Subsequently, it has been demonstrated that Alum slows protein degradation, thereby
increasing the duration of peptide availability intracellularly (FIGURE 6.1B). Then,
it has been shown that Alum enhances the rate, magnitude and duration of expression
of p:MHCII complexes on the DC surface, with an accompanying increase in MHCII
expression (FIGURE 6.1C1). In addition, by using the DO11.GFP hybridoma
system, it has been found that Alum increases the presentation of antigens derived
from both OVA protein and OVApeptide323-339, indicating that Alum can enhance
antigen presentation with or without the requirement for processing of antigens in
vitro. These studies also prove that increasing surface expression of MHC class 11
molecules by Alum may be the default mechanism of enhanced antigen presentation

in vitro.

While Alum enhanced antigen uptake and presentation in a way similar to a
delivery vehicle, it has also been observed that this adjuvant works by mechanism(s)
other than simply antigen delivery as adsorption to Alum has been dispensable for
boosting antigen presenting efficiency of DCs in vitro. The result also challenges the
concept that antigen must be adsorbed to an Aluminium-containing adjuvant to

enhance immune responses [442].
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B. Influence of Alum on Signal 2

As well as having a direct impact on antigen presentation by BMDC, Alum
has impact on the activation or maturation state in the context of expression of
selected costimulatory molecules (Signal 2) (FIGURE 6.1C2). Alum selectively
increases the expression of CD86, CD80 and OX-40L and decreases the expression
of CD40 on the surface of these cells in a dose-dependent manner in vitro. These
results suggest that Alum is able to induce the activation of CD4 T cells via the
former three costimulatory molecules and is efficient to bias Th2 response perhaps
acting via induction of CD86 [494] and to initiate and generate long-lived CD4 T
cells via induction of OX-40L [452] on DC.

C. Influence of Alum on Signal 3

Alum not only affects the antigen presenting and costimulating efficiency of
BMDCs but also affects the cytokine production (Signal 3) by these cells. Alum
increases the production of IL-1p, TNF-o and IL-6 by BMDC in a time-dependent
manner suggesting that this adjuvant plays a role in modulation of antigen
presentation, mobilisation of APCs to the DLNSs, direct activation of antigen-specific
T cells and inflammation (FIGURE 6.1D). These inflammatory roles of Alum in the

context of production of cytokines may be linked to the apoptosis or necrosis.

D. Influence of Alum on T cell responses

While the current study does not directly address whether the ‘depot effect’
would be the usual mode of mechanism of action of Alum adjuvant, it shows an
increased accumulation of cells into DLNs, known as ‘LN shutdown’ by Alum
adjuvant. The significant point of the thesis is that Alum did not prolong antigen-
specific T cell expansion in vivo questioning the ‘depot effect’ of Alum. Therefore,
LN shutdown seems to be a default mechanism of action of this adjuvant and this be
possibly due to the increased production of inflammatory cytokines such as IL-6,

TNF-o and IL-1B by DC following treatment with this adjuvant.
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In summary, these findings suggest that Alum plays a role in increasing the
uptake and presentation of antigens, the expression of costimulatory molecules and
the production of inflammatory cytokines by BMDC leading CD4 T cell responses.
However, there are no evidences to support a role for a depot effect in the function of
Alum in other studies [375,376,379,515] similar to the present experiments have
been unable to find any evidence.
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FIGURE 6.1: Hlustrative conclusion of mechanisms of Alum adjuvants in vitro.
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6.2 Future studies

In the studies presented in this thesis, the impact of Alum on the cell biology
of BMDC has been characterised in vitro. However, several remaining questions

have to be addressed in future. They are described below:

A. Remaining questions related to antigen presentation (Signal 1)

The first issue is how Alum influences antigen processing. This is important
as recent studies suggest that adjuvants can influence the breadth of peptide
recognition in a vaccine, in addition to well characterised effects on magnitude and
quality of T cell response [348,516]. To fully understand the processing of antigen in
the context of p:MHC complexes, four issues are important.

Firstly, how Alum slows down processing of antigen inside endosomes is not
completely understood. This can be studied, for example by a time-dependent
experiment using protease inhibitors that block antigen processing in late endosomes
[348] or use of chloroquine that raises endosomal pH and inhibits antigen processing

in late endosomes [517].

The second issue to be addressed is where does Alum induce a peptide
loading step in DCs, i.e., in early endosomes or in late endosomes or on plasma
membrane [441]. This can be studied by using cycloheximide that inhibits MHC
class 11 synthesis by blocking translation elongation [518] or Brefeldin A that blocks
the transport of MHC class 11 molecules from ER to the Golgi bodies [519] or using

fluorescently tagged antigens and/or antibodies followed by confocal imaging.

Thirdly, it is an important question whether Alum allows cross presentation
of externally treated protein antigens. This question is important because of the
influence of Alum on phagocytic activity of DCs in the current in vitro experiment
(CHAPTER-3) and cytotoxic responses generated by Alum in the previous in vivo
experiments [382,383]. This question can be addressed by using the same kind of
approach as EaGFP/YAe. For example, a monoclonal antibody (T cell AntiGen
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monoclonal  antibody) specific for MHC class | (H-2K")-SIINFEKL
(OVApeptide257-264) can be used to detect the p:MHCI complexes [520]. In
addition, an anti-peptide antibody that binds cognate peptide (SIINFEKL) and blocks
MHC class | pathway [521] can be used as a negative control in the study of the

impact of Alum in the presentation of p:MHCI complexes.

Finally, it is not clear why preadsorption of antigen in Alum is not necessary
to boost antigen presenting efficiency of DCs in vitro. Therefore, if Alum does not
work as an antigen delivery vehicle, an alternative mechanism of action remains to
be elucidated. In this context, Flach and colleagues (2011) have found that initial
interaction of Alum with DC membrane leads to lipid sorting and consequently
enhances antigen uptake by DC without Alum being internalised [53]. Though their
results are based on SEM, TEM would be the best tool to observe Alum particles
inside cells which would prove the hypothesis that Alum enhances adsorbed antigens
via phagocytosis in an actin-dependent manner [53]. This would also prove
Hornung’s idea (2008) that Alum induces breakage of phagosome following antigen
uptake in actin-dependent manner and consequently enhances production of IL-18
[328]. Therefore, further studies should be conducted to confirm the presence or
absence of Alum particles inside BMDC by TEM.

B. Remaining questions related to costimulation (Signal 2)

While the current experiments have descrbed the role of Alum in the
expression of costimulatory molecules on DC, analysis of only 4 costimulatory
molecules did not give us complete understanding of costimulation. For example,
costimulatory molecules such as CD70 and CD83, other than those studied in this
thesis are gaining significant interest for vaccinologists because both molecules play
roles in adaptive immune responses. For example, CD70-CD27 ligation has been
suggested to control the priming, expansion and memory function of CD8+ T cells
[522]. This ligation seems to be more important than CD80/86-CD28 in survival of
antigen-activated CD8 T cells in non-lymphoid tissues [265]. The study of this

costimulatory molecule will therefore be important to further understand the
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mechanisms of Alum adjuvant in MHC class I-mediated activation of naive CD8 T

cells.

In the same way, the membrane-bound CD83 molecule drives activation and
proliferation of naive CD8 T cells in vitro [523] and peripheral CD4 T cells in vivo
[524]. Though wild type DCs and CD83” DCs are equally able to induce
proliferation in mixed lymphocyte reaction (MLR) assays, several studies have
shown the significance of this molecule in antigen presentation. MHC class 11 and
cell surface CD86 levels are significantly decreased on the surface of APCs from
CD83/ mice [525,526]. In contrast, the transgenic overexpression of CD83 leads to
enhanced cell surface MHC class Il and CD86 expression by mouse B cells [527]
indicating the possible role of this molecule in antigen presentation and T cell
activation. In the context of vaccine adjuvant, the impact of Alum on CD83 has been
previously studied in human PBMCs [339,439]. For example, Ulanova et al., 2001
reported that a 2-day exposure of whole PMBCs to Aluminium hydroxide (5pg/mL)
induces monocytes to acquire CD83 expression, a typical DC morphology, and an
increased expression of MHCII molecules and CD86 [339]. Rimaniol et al. 2007 has
reported the increased CD83 expression from macrophages after cells were incubated
with 3pg/mL for 3days [528]. Their study in 2004 found the positive impact of Alum
adjuvant (from 1-10ug/mL) in dose-dependent manner in CD83 expression from
macrophages after they were incubated for 2days [439]. They also reported that
incubation at 2pg/mL initially increased CD83 positive cells at 15hours, and then
increased at 36hours with its reduction after 120hours indicating the phenotypic
change of macrophages into a mature DCs-like structure [439]. These studies also
conclude that the waay Alum modulates the function of DCs by influencing CD83
molecules will be crucial in rational vaccine design. In addition, the comprehensive
analysis of variables such as incubation period, concentration and structural form of
Alum and the types of costimulatory molecules will furnish the answers related to

costimulation on BMDC influenced by this adjuvant.
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C. Remaining questions related to cytokine production (Signal 3)

In the current thesis, the influence of Alum has been addressed on selective
cytokine production. However, how this adjuvant affects the production of other key
pro-inflammatory cytokines such as IL-1a, IL-8, and IL-18 by BMDCs is not known.
Therefore, further studies would be critical to understand the cumulative production
of these cytokines by BMDCs. In addition, detailed studies should be conducted to
assess the level of IL-33 cytokines by different ways such as flow cytometry other
than by ELISA.

D. Remaining questions related to death of cells

In this thesis, the influence of Alum has been addressed in death of cells
especially via apoptosis and necrosis pathway. While Alum induced apoptosis of
DCs, necrosis has not been found within 24hours incubation. Therefore, further
studies involving the kinetics of apoptosis and necrosis of DCs following Alum
treatment would tell us its effect on proinflammatory cytokines. In addition, studies
involving mice lacking NALP3 inflammasomes (NALP3” mice), agents that block
programmed cell death and cell culture involving using of necrotic bodies produced
by Alum will be helpful to understand the mechanism of inflammation, apoptosis and

bystander effects of Alum via the necrosis pathway.
E. Remaining questions related to depot effects of Alum

The current in vivo studies have limitations regarding the hypothesis that
Alum enhances LN shutdown. This study clearly show that Alum does not enhance
magnitude and duration of the antigen-specific CD4 T cell expansion, but it does not
show whether it affects CD8 T cell expansion in vivo. Therefore, tracking antigen-
specific CD8 T cells will give us understanding how these adjuvants affect the
magnitude and duration of immune responses in the context of cytotoxic T cell

induction.
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Another issue of Alum-mediated response is inflammation at the injection
site. To understand the slowly released antigens from the injection sites into the
DLNs, EaGFP/YAe system can be used [407]. Performing an experiment which
involves injection of animals with EaGFP adsorbed to Alum following preparation
of single cell suspension of excised portion of immunised sites and finally analysing
the magnitude and duration of the GFP and Y Ae staining will clearly demonstrate the
depot effect of Alum. Though similar type of study has been conducted recently
[379], a different kinetic study and transfer of APCs that engulf Alum particles will

allow us to know the lifecycle of adsorbed antigens in the injection site.

While the current study directly shows LN shutdown to be due to the
recruitment of antigen-nonspecific CD4 positive cells, it does not show which
subsets of lymphocytes other than CD4 positive population are affected by this
process. LN shutdown increases the probability that an antigen-specific T cell will
encounter its cognate antigen presented by APC in the inflamed LN draining the site
of vaccine administration [510,511,513]. Therefore, targeting those cells responsible
for LN shutdown is important in designing vaccines. In addition, studies involving
the detailed information about chemokines (for example, CCR7), cytokines (for
example, inflammatory cytokines) and S1P; molecules involved in Alum-mediated
LN shutdown and antigen-specific T cell expansion will provide answers in vivo.
Understanding the mechanism(s) of Alum adjuvant in controlling the expression and
production of these proteins and consequently in determining the magnitude and
duration of these responses will make a significant contribution to the rational design

of effective, safe and new adjuvants in future.
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APPENDIX-I

Kinetics of antigen uptake and presentation

MFI of YAE+CD11c+

MFI of GFP

DCs= 2x10%/5mL media
EaGFP=100 ug/mL
Alum=100 ug/mL

Incubation period=96 hours
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Curve-fitting data of Multiplex ELISA
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APPENDIX-II

Mean concentration (mean+S.E.M.) of cytokine level (pg/mL) in DCs (C57BL/6
mice) incubated with Alum (100pg/mL) or LPS (1pg/mL) or LPS+Alum

(100pg/mL) in vitro.

Cytokines | Incubation | Media Alum LPS (1ug/mL) LPS
period (1pg/mL)+Alum
(Days) (100pg/mL)

IL-1p 1 13.16+5.78 | 20.40£1.96 577.23£20.42 4290.92+197.84

2 13.48+3.19 | 31.19+1.39 1599.39+131.03 10000.00+0.00

3 12.02+0.00 | 259.82+13.91 | 1103.49+86.01 4677.35+£158.78

4 13.57+1.55 | 1662.96+4.47 | 708.87+£57.67 2203.40+33.29
TNF-a 1 60.70+5.22 | 78.88+1.40 2302.24+64.26 1625.23+109.34

2 61.96+1.87 | 129.07+8.03 4452.29+1276.68 3768.60+557.13

3 59.77+2.88 | 91.36+0.34 1761.30+265.78 1676.93+182.69

4 59.94+2.50 | 226.05+0.86 1426.53+136.02 1046.18+36.63
IL-6 1 19.02+1.67 | 18.37+£0.39 317505.40+174027.60 21312.01+£1028.82

2 16.29+0.93 | 72.40+50.38 10000.00+0.00 10000.00+0.00

3 18.18+1.89 | 269.99+6.02 173765.20+163765.20 61807.87+£9956.48

4 23.76+£0.42 | 2215.93£15.41 | 317349.30+146050.00 24317.86+£732.23
IL-12p70 1 0.89+0.44 0.00+0.00 19.68+0.97 11.19+1.30

2 0.44+0.44 0.00+0.00 44.27+1.81 20.34+2.37

3 0.18+0.18 0.00+0.00 25.99+2.10 11.75+1.48

4 0.00+0.00 2.026+0.70 20.66+3.33 13.92+2.70
IL-10 1 45.00+16.46 | 5.67+£5.67 392.33+£26.87 198.00+21.39

2 38.00+38.00 | 0.00+0.00 607.00+8.54 563.67+32.00

3 0.00+0.00 0.00+0.00 433.67+45.32 365.67+49.72

4 0.00+0.00 0.00+0.00 583.67+£16.76 610.00£25.17
IL-13 1 0.38+0.19 0.19+0.19 30.63+1.90 18.33+2.18

2 2.83%£2.26 0.19+0.19 35.29+4.13 12.08+4.87

3 0.19+0.19 0.38+0.19 6.58+2.67 2.64+2.36

4 1.14+0.88 0.00+0.00 4.15+2.17 3.23+0.99
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