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Summary

Despite the remarkable success of vaccination, there are a range of human and veterinary
diseases that are in need of new vaccines. The rational design of vaccines against these
diseases relies on increased understanding of the immunological mechanisms that contribute
to vaccine immunity, the development of novel vaccine delivery systems and the
characterisation of immune stimulants that are able to increase vaccine efficacy. Vaccine
formulations incorporating stimulants that target innate immune receptors have been shown
to significantly increase vaccine induced immunity. When incorporated into liposome-based
delivery systems, the TLR ligands CpG and poly(l:C) are able to induce protective, long
lasting cellular and humoral immune responses in mice. However, the cellular targets of these
liposomal adjuvant formulations and the in vivo mechanisms of immune induction remain to

be elucidated.

The early immune response to vaccination is characterised by activation of cells present at the
injection site and their subsequent migration to the local lymph node via the afferent
lymphatics. The immunological signals received by innate cells at the peripheral injection site
are conveyed to lymphocytes in the local lymph node, leading to the generation of an
adaptive immune response where antigen specific lymphocytes emigrate via the efferent
lymphatics to perform their tailored effector function. Examination of the afferent and
efferent lymphatic compartments during the innate and adaptive phases of an immune
response permits the quantification and characterisation of the in vivo biological mechanisms

triggered following vaccination.

By directly cannulating the ovine lymphatic vessels, the results of this thesis demonstrate that
the addition of poly(l:C) or CpG to a liposomal vaccine formulation enhances the immediate
inflammatory response at the site of injection, improves antigen uptake by innate cell
populations and induces genetic signatures associated with interferon-mediated antiviral
immune responses in afferent lymph. The liposomal adjuvant formulations also increased the
production of antigen-specific antibodies in the circulation following vaccine challenge. The
results additionally show that CpG and poly(l:C) target distinct pathways in afferent lymph to
induce their immunological effects, where CpG uniquely increased dendritic-cell associated

antigen transport and induced the maturation of monocytes and dendritic cells 72h after
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injection. CpG also induced the persistence of gene programs involved in cell migration,
intracellular DNA sensing and cytotoxic immunity in afferent lymph at this time point. These
immunological effects were not observed with liposomal poly(l:C) or liposomes alone. This
further translated into an extended period of lymph node cell shut down, the induction of
IFNy positive T cells in efferent lymph and enhanced production of antigen-specific
antibodies after injection of liposomal CpG when compared to liposomal poly(l:C) and
liposomes alone. The development of a preliminary mathematical model of DC trafficking
and T cell activation in the local lymph node showed that all liposomal formulations induce a
sufficient number of antigen positive DCs to scan the T cell receptor repertoire and that the
adjuvanted formulations induce at least a four-fold excess of antigen positive DCs than
required. This model was further utilised to simulate the effect of reducing antigen dose,
revealing the optimal number of antigen positive DCs entering the lymph node for an

effective immune response and the contribution of DC migration kinetics on vaccine efficacy.

The work presented within this thesis provides a comprehensive analysis of the real time in
vivo kinetics of cell migration, antigen uptake and gene expression induced by the innate
adjuvants poly(l:C) and CpG when incorporated into a liposome-based delivery system. The
results demonstrate that liposomal vaccine formulations require the addition of adjuvants to
enhance their immunogenicity and that poly(l:C) and CpG target distinct pathways in the
lymphatic system to induce their immunological effects. This work quantifies the
immunological signals that connect the peripheral injection site with the local draining lymph
node, revealing that the cellular and transcriptional immune response induced by adjuvants at
the site of injection influences adaptive and memory immune outcomes. Collectively, this
body of research enhances our understanding of the complex immune response to vaccination
and quantifies the in vivo immune mechanisms induced following injection with liposomal

adjuvant formulations in a vaccination setting comparable to that administered to humans.
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CHAPTER ONE

General Introduction




Chapter One: General Introduction

1.1 Vaccination: the global picture

Vaccination is the most successful and cost-effective medical intervention for the control of
infectious disease in human and veterinary medicine (1, 2). The remarkable success of
vaccination in recent years is due to increased access to current vaccines and the development
of novel research strategies to create new vaccines for major diseases. Global access to
immunisation has increased considerably since the establishment of the Global Alliance for
Vaccines and Immunisation (the GAVI Alliance) in 2000. The GAVI alliance contributed to
preventing 4.8 million future deaths in 2010 and has currently immunised 370 million
children that would have otherwise been left unvaccinated. The Bill & Melinda Gates
Foundation is a significant player in vaccine research and development. Working closely with
their global partners, the foundation provides significant funding for the creation of new
vaccines for the worlds three biggest Killers; human immunodeficiency virus (HIV), malaria
and tuberculosis (TB), which together kill more than 5 million people each year. In addition
to these three global threats, there are a range of other human bacterial, viral and parasitic
diseases that are in need of vaccines, including meningococcus group B, dengue fever and
leishmaniasis (Table 1). Recently, there has also been significant interest in the development

of therapeutic vaccines against a range of cancers, allergies and addictions (3).

Table 1. Prophylactic and therapeutic vaccines under investigation or development.

Bacterial Viral Parasitic Therapeutic
diseases/organisms | diseases/organisms | diseases/organisms treatments
Clostridium difficile | Cytomegalovirus Fascioliasis Allergic rhinitis

Chlamydia Dengue fever Hookworm Alzheimer’s
Escherichia coli Ebola Leishmaniasis Breast cancer
Helicobacter pylori Epstein-Barr Lymphatic filariasis Cocaine addiction

Leprosy Hepatitis C Malaria Colorectal cancer
Meningococcus B Hepatitis E Schistosomiasis Lung cancer
Pseudomonas HIV Melanoma
Staphylococcus Influenza Multiple sclerosis
Streptococcus SARS Nicotine addiction
Tuberculosis West Nile Pediatric tumours

Table adapted from (3).



Chapter One: General Introduction

New vaccines against a number of animal diseases are also required, not only to improve the
health of companion animals and increase production of livestock, but also to prevent the
animal-to-human transmission of infectious diseases (2). A major case of animal-to-human
transmission is the H5N1 avian influenza pandemic which began in China in 1996 and has a
human mortality rate of 60% (4). It is believed that the development of veterinary vaccines
against zoonotic infections can reduce human transmission by as much as 80% (5). However,
veterinary vaccines are only available for a fraction of the diseases affecting animals (4). The
One Health initiative aims to improve health at the animal-human-ecosystem interface
through the integration of human medicine, veterinary medicine and environmental sciences.
A major goal of One Health is to increase control of animal disease through the production of
new vaccines against a range of emerging animal infections, including bovine spongiform

encephalopathy, West Nile virus and foot-and-mouth disease (4).

Until recently, vaccines have been developed empirically, such that they are able to induce
protective immunity but the mechanisms by which they do this are currently not well
understood (6). In both human and veterinary medicine, the rational design of new vaccines
and improved efficacy of current vaccines relies on increased understanding of the

immunological mechanisms that contribute to vaccine-induced immunity.
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1.2 Vaccine immunity

The concept of vaccination was first promoted by Edward Jenner in 1796 following his
observation that people exposed to the cowpox virus were naturally resistant to the human
smallpox disease. Based on this observation, he inoculated humans with a less pathogenic
form of the cowpox virus and challenged the same patients with fresh smallpox virus (7).
When no smallpox disease developed in these patients, Jenner concluded that his vaccination
was successful and protection was complete. This was shortly afterwards followed by the
“germ theory of disease” established by Louis Pasteur, who observed that weakened or
attenuated germs could protect against virulent organisms, and went on to develop
preliminary vaccines against cholera, anthrax and rabies (8, 9). Due to the notable success of
these discoveries, it was established that the theory of vaccination can be applied to a variety
of infection settings, where pathogen resistance can be achieved through injection of a non-
pathogenic form of the pathogen itself (9). From these empirical beginnings in the 18"
century, vaccination has made extremely significant progress in combating infectious disease,
with the introduction of successful vaccines against a range of diseases including tetanus,

polio, measles mumps and rubella, hepatitis and human papillomavirus (HPV) (8, 10, 11).

1.2.1 Innate immunity

The innate immune system plays an important role in the defence against pathogens as it is
the first system to recognise the molecular patterns of infectious, non-self molecules. The
structural motifs that the innate system distinguishes as foreign include components of
microbial membranes, cell walls, proteins, RNA and DNA (12). These are collectively
termed pathogen-associated molecular patterns (PAMPs) and are generally included in
successful vaccine formulations. PAMPs are recognised by cells of the innate system via a
variety of pattern recognition receptors (PRRs) (13). PRRs are expressed on the cell surface
and in intracellular compartments of a variety of innate cell types, including dendritic cells
(DCs), monocytes and neutrophils (13). Some PRRs are also expressed on non-immune cells,
such as epithelial cells which often encounter the first contact with a pathogen (14). An

important family of PRRs are the toll-like receptors (TLRs), which have broad specificity for
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a range of molecular patterns. More recently discovered families of PRRs include the NOD
proteins which recognise intracellular bacteria and the RIG-I receptors which recognise
double stranded RNA (15, 16). Activation of these PRRs upon recognition of PAMPs leads to
the upregulation of genes that are responsible for distinct events in the immune response,
such as the production of inflammatory cytokines and chemokines that recruit appropriate
cells to the site of infection (17). Antigen presenting cells (APCs), such as DCs, ingest the
antigen and migrate to the local lymph node where the antigen is presented via the major
histocompatibility complex (MHC) to T cells in the T cell area of the lymph node. T cells that
are specific for the antigens being presented differentiate and proliferate into effector cells
that are able to specifically combat the pathogen (18). The activation of these specific T cells

in the lymph node represents the first step in the generation of an adaptive immune response.

1.2.2 Adaptive immunity

T cell subsets are classified based on surface marker expression and cytokine production.
Defining surface markers include CD4 or CD8 expression, and the production of cytokines
that characterise their effector function. CD4 T cells are also known as T helper (Th) cells as
they are able to assist B cell differentiation into antigen specific antibody-secreting plasma
cells (18). CD8 T cells are known as cytotoxic T cells as they are able to kill pathogen
infected cells (19). There are multiple subsets of effector CD4 T cells, including Thl, Th2,
Th17 and Treg cells, each with distinct functions and cytokine secretion profiles. Thl cells
eliminate intracellular pathogens by producing IFNy and IL2 (20). IFNy is an essential
cytokine that induces phagocytosis, while 1L2 promotes the proliferation of effector CD8 T
cells (21). In mice, cytokines of the Thl pathway are also responsible for the production of
lgG2a and IgG2b antibodies, such that effective immune responses against intracellular
pathogens often require increased Thl cellular activation and IgG2 antibody production (22).
In humans, Thl cytokines induce IgG1l and IgG3 antibodies, functional counterparts of the
murine 19gG2a and 1gG2b (23). Th2 cells play a role in immune responses against
extracellular parasites and are also involved in the induction of allergic disease (20, 24). IL4,
IL5, IL10 and IL13 are the key effector cytokines produced by a Th2 immune response,
leading to enhanced eosinophil activation, increased IgE antibody production and the

inhibition of Thl-mediated immune responses (20, 25). The cytokine IL4 also favours the
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production of IgG1 antibodies in mice, and 1gG4 antibodies in humans (22, 26). The function
of Th17 cells in adaptive immunity remains to be fully elucidated; however recent evidence
suggests they are involved in pro-inflammatory immune responses through the production of
the cytokines IL17, IL21 and IL22 (27). Th1l7 cells have also been associated with the
generation of autoimmune disease, where neutralisation of IL17 results in the rapid reversal
of an autoimmune phenotype in patients with psoriatic lesions (28). Treg cells, or regulatory
CD4 T cells, play an essential role in the maintenance of an immune response by preventing
immunopathology (20). TGFp and IL10 are the major cytokines involved in this response,
where mice with a deletion in the TGFB gene show uncontrolled proliferation of pro-
inflammatory T cells resulting in severe immunopathology (29). Effector CD8 T cells, also
known as cytotoxic T lymphocytes (CTLs), play an essential role in immunity against
intracellular viruses and bacteria. CTLs produce cytokines such as IFNy and the cytolytic
molecules perforin and granzymes that are able to Kill pathogen infected cells, thereby
preventing the spread of infection (30). CD8 T cells can also include minor subsets that
produce IL4 or IL17; however the functions of these subsets are incompletely understood
(19).

1.2.3 Bridging innate and adaptive immunity

The development of a fully functional immune response requires the interaction of multiple
components of innate and adaptive immunity. Whilst most cell types can be functionally
categorised within the innate or adaptive arms of the immune response, the distinction is less
clear for several cell populations, including innate lymphoid cells (ILCs), natural killer (NK)
T cells and y6 T cells, which share biological characteristics of both systems. ILCs are
cytokine-secreting cells that lack an antigen specific receptor yet function similarly to T
helper lymphocytes. ILCs play important roles in the innate response to infection in the tissue
and can be classified into three groups based on their cytokine-secretion profile (31). Group
1 ILCs produce the Thl-associated cytokine IFNy and include cytotoxic NKp46-expressing
NK cells and non-cytotoxic ILC1 cells; Group 2 ILCs produce the Th2-associated cytokines
IL5 and 1L13; Group 3 ILCs produce Thl7-associated cytokines and include LTi cells that
produce both IL17A and 1L22, NKp46+ ILC3s that produce only IL22 and NKp46- ILC3s
that produce IL17A, IL22 and IFNy (31). Mucosal-associated invariant T (MAIT) cells are
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another population of ILCs that are abundant at mucosal sites and have been shown to play an
important role in anti-bacterial immunity (32). The diversity of these ILC subsets assists in
the generation of a sophisticated, early immune response against a range of pathogens.
Evidence also suggests that ILCs are significant players in the recruitment of other innate and

adaptive effector cells to the site of infection (33).

Whilst NKT cells and y& T cells express antigen-specific receptors, the repertoire of these
receptors is limited, bearing similarities to PRRs of the innate immune system (34). NKT
cells respond to lipid or glycolipid antigens presented by the MHC class I-related
glycoprotein CD1d, present on a variety of innate cell populations (34). There are two types
of NKT cells, invariant NKT (iNKT) and variant NKT (vNKT) cells, which often play
opposing roles to one another. Stimulation of NKT cells through their TCR leads to robust
secretion of cytokines and the acquisition of cytotoxic activity. Depending on the type of
infection, NKT cells are able to express a range of cytokine secretion profiles, including a
Thl-profile, secreting IFNy and TNFa, or a Th2-profile, secreting IL4 and 1L13 (35). NKT
cells appear to play important roles in autoimmune disease, tumour surveillance and
infectious diseases (35). yo T cells are of particular interest in immunity as they are abundant
in peripheral tissues and are ideally located to play a role in innate immune defence. Unlike
the conventional ap-TCR expressing CD4 and CD8 T cells, these y5-TCR expressing T cells
do not require MHC-restricted presentation to recognise their antigens (36). Human yd T cells
have been shown to recognise non-protein phosphoantigens and lipoproteins whilst murine yo
T cells recognise mycobacterial heat shock proteins (37). Activated yd T cells that produce
IFNy have been identified as early as two days after listerial infection (38). In fact, depletion
of IFNy+ yd T cells resulted in impaired bacterial clearance from 3 days after infection (39).
IL17-producing yd T cells have also been identified following infection with M. bovis, E.coli
and C.albicans (40-42). In the above infection models, the yd T cells were responsible for
enhanced neutrophil recruitment to the site of infection, suggesting they play important roles

in the local inflammatory immune response.
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1.2.4 Immunological memory

In addition to cellular and antibody mediated immune responses, the adaptive system is
responsible for the induction of immunological memory, where a subset of antigen-specific
effector lymphocytes remain in the circulation as long lived memory cells that are able to
respond faster and with greater power upon subsequent infection with the same pathogen (43).
Successful vaccination strategies require the induction of immunological memory, and
therefore, appropriate activation of the adaptive immune response. The smallpox and yellow
fever vaccines are highly successful vaccines. Both of these vaccines induce potent Thl and
CD8 T cell effector and memory immunity capable of lifelong protection against their
respective viruses (44). It was recently revealed that the induction of strong adaptive and
memory immunity is entirely dependent on appropriate activation of the innate immune
system (13, 45). As the ultimate goal of vaccination is to elicit long lived antigen-specific
immune responses and induce immunological memory, new vaccines that target both innate

and adaptive immune responses are required.
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1.3 Innate immune stimulators as vaccine adjuvants

Current vaccine formulations can be divided into two categories; live attenuated vaccines and
non-living vaccines. Live attenuated vaccines comprise weakened versions of pathogens that
often provide immunity for several decades with a single immunisation (6). As the live
pathogens are able to infect cells, these vaccines can replicate and induce strong antibody and
cellular immune responses (2). It is due to these strong immune responses that live attenuated
vaccines are the most powerful vaccines for disease control and eradication (10). Live
attenuated vaccines that have been developed for human use include smallpox, yellow fever,
rabies, measles, mumps and rubella (6). Despite their success, live attenuated vaccines pose
the risk of residual virulence and reversion to their pathogenic wild type (10). Such effects
may cause mild to severe adverse reactions in some patients (46). The second group of
vaccines, non-living vaccines, do not pose such a risk as they contain safer, inactivated
subunits of pathogens that are unable to infect cells (6). Although more stable than live
attenuated vaccines, non-living vaccines are generally less effective and require multiple
administrations to boost the immune response over time (2). Consequently, non-living
vaccines often require the addition of immune stimulants known as adjuvants, which enhance
adaptive and memory immune responses generated to the vaccine (46). Adjuvants can also
influence the type of immune response generated, enhancing the selectivity and specificity of
the vaccine (47). The success of an adjuvant is traditionally quantified via adaptive outcomes
such as antigen-specific antibody titre and protection from infection after antigenic challenge
(48). The ability of adjuvants to enhance vaccine immune outcomes has several benefits in a
clinical setting, such as reducing antigen dosage and decreasing the number of

administrations required to successfully immunise a patient (49, 50).

The effect of adjuvants was first observed in 1930, when the addition of aluminium
hydroxide to a tetanus vaccine induced a 1000 fold increase in antibody production (51).
Until recently, aluminium-based formulations were the only adjuvants licenced for human
use, due to their impeccable safety profile and ability to elicit strong antibody mediated
immune responses. Despite this, the exact mechanisms by which aluminium adjuvants induce
their immunostimulatory effects are currently unknown and are a topic of debate within the
field (52-54). Additionally, aluminium adjuvants enhance Th2 immune responses, and are not

protective against pathogens that require Thl immune responses, such as intracellular
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pathogens (55). This highlights the need to understand the immunological mechanisms of

adjuvants and develop new stimulators that are effective against Th1 immune pathogens.

1.3.1 TLR ligands

The recent recognition for the role of the innate immune system in underpinning the adaptive
immune outcomes of vaccines has led to great interest in adjuvants that target innate immune
pathways. Several well defined innate immune stimulators, such as TLR ligands, are
selectively developed to be included as adjuvants within vaccine formulations (8, 56). In fact,
a TLR 4 agonist known as monophosphoryl lipid A (MPL) was recently included in the
human cervical cancer vaccine, which has proven effective against several strains of the
human papilloma virus (HPV) (57). TLR 4 recognises the bacterial endotoxin
lipopolysaccharide (LPS), present on the outer membrane of Gram-negative bacteria (58).
Activation of the TLR 4 complex induces increased expression of co-stimulatory molecules
and the production of the pro-inflammatory cytokines TNFa and IL-6 by innate cell
populations, ultimately leading to the development of Thl adaptive immunity (58). The MPL
adjuvant is a chemically modified derivative of LPS formulated to reduce toxicity whilst
maintaining the immunostimulatory properties of LPS (59). The HPV vaccine Cervarix™
containing MPL has been shown to increase the number of antigen carrying dendritic cells
and monocytes in the local lymph node and enhance the production of pro-inflammatory
cytokines at the site of injection (60). Another study demonstrated that MPL promotes IFNy
production by antigen specific T cells, skewing the immune response to a Thl profile that is
able to combat viral pathogens (61). The incorporation of MPL in human vaccine
formulations represents a proof of principle that TLR ligands can be both safe and effective

when used as adjuvants within vaccines.

Several other TLR ligands are under investigation for development as adjuvants, the most
characterised of these are TLR 3 and TLR 9 ligands. Both TLR 3 and TLR 9 are endosomal
receptors that recognise microbial nucleic acids. TLR 3 is adept at recognising the double
stranded RNA found in viral genomes, whilst TLR 9 is activated by DNA motifs found in
both viral and bacterial genomes (62-64). Activation of TLR 3 and TLR 9 trigger defensive
innate immune responses such as pro-inflammatory chemokine production and maturation of

innate cell populations that lead to increased capacity to eliminate the pathogen (Figure 1)
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(64-67). When employed as adjuvants within vaccines, TLR 3 and TLR 9 ligands generate
immune responses that are tailored to combat intracellular pathogens, skewing the immune

response towards a Thl inflammatory phenotype (68, 69).
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Figure 1. Intracellular TLR 3 and TLR 9 signalling pathways. TLR 3 recognises double stranded RNA (dsRNA)
and TLR 9 recognises foreign DNA. Activation of TLR 3 and TLR 9 triggers the induction of signalling
cascades that lead to the production of pro-inflammatory cytokines, including type | interferon (IFN), and the
generation of the innate immune response. Figure adapted from (70).

Polyinosinic:polycytidylic acid, referred to as poly(l:C), is a synthetic dSRNA complex that
activates TLR 3. Several studies conducted in mice have investigated the immunostimulatory
effects of poly(l:C) when incorporated into vaccine formulations. Poly(I:C) was shown to
induce strong type | IFN production by DCs and monocytes when added to a HIV gag protein
vaccine. This study also found that the IFN-AR receptor is required for DCs to directly
respond to poly(l:C), as activation of DCs was not observed (measured by CD80 and CD86

expression), when this receptor was removed (71). Similarly, addition of poly(l:C) to this
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vaccine induced protective CD4 T cell responses against the HIV antigen (72).
Administration of poly(I:C) was also shown to promote rapid induction of inflammatory
cytokines in the serum, including IL-6, TNFa, and IFNy (73). Poly(l:C) added to a foot-and-
mouth disease vaccine induced high levels of neutralising antibodies (74). The
immunostimulatory effects of poly(l:C) have also been demonstrated in rhesus macaques,
where injection of poly(l:C) promoted Th1l cellular and antibody mediated immune responses
to both HPV and SIV antigens (75, 76).

CpG-containing oligodeoxynucleotides (CpG-ODN) are a family of un-methylated, synthetic
oligonucleotides that signals through TLR 9 and mimic the immunostimulatory activity of
microbial DNA. CpG has been studied extensively as an adjuvant and, like poly(l:C), has
been shown to strongly polarise the immune response towards a Th1l immune phenotype (48,
69). Several studies have demonstrated that the addition of CpG to DNA vaccine
formulations significantly increases antibody mediated antigen specific immune responses
(77, 78). Similarly, incorporating CpG into the licenced human Anthrax vaccine induced
antigen specific antibody titres in mice that were significantly higher and persisted for longer
than those induced by the vaccine alone (79). Enhanced antibody titres generated by CpG
have also been observed in non-human primates (80) and in human clinical trials (81-83).
Several early studies report the cellular immune responses induced by CpG, with increases in
production of cytokines including IL-6, IL-12 and IFNy by T cells following stimulation with
CpG motifs (84-86). Human B cells were also shown to differentiate into both antibody
secreting cells and memory B cells after stimulation with CpG (87). In a recent study, the
number and survival of CD8 T cells was dramatically enhanced when CpG was co-
administered with a peptide vaccine, doubling the number of CD8 T cells present in the

circulation when compared to the vaccine alone (88).

There are several reports that dsSRNA and microbial DNA can signal through TLR-
independent pathways. The cytoplasmic receptor RIG-1 was shown to bind and mediate
immune activation of shorter dSRNAs, while MDAGS preferentially recognises longer dsRNAs,
including the adjuvant poly(l:C) (89, 90). Deletion of TLR 3 and MDAJ5 leads to a failure to
elicit any detectable immune response to poly(l:C), suggesting that both pathways are
required for an effective immune response to poly(l:C) (91). The receptor DEC-205, present
on a variety of cells, was recently identified as an alternative signalling molecule for CpG

DNA. Mice deficient in the DEC-205 receptor produced sub-optimal immune responses
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following stimulation with CpG, suggesting that DEC-205 is an important receptor required

for CpG-induced adjuvanticity (92).

1.3.2 Safety vs. efficacy

Growing evidence from experimental models therefore supports the hypothesis that the innate
stimulators poly(l:C) and CpG have the required immunostimulatory properties to be used as
adjuvants within vaccine formulations. However, of equal importance in vaccine
development is the safety profile of these stimulators when administered in humans. Several
studies have evaluated the safety and immunogenicity of a stabilised analogue of poly(l:C),
poly ICLC, in patients following intramuscular or subcutaneous injection. Two phase I/l
clinical trials found that intramuscular injection of poly ICLC can be well tolerated in patients
with malignant brain tumours, with severe adverse toxicities rarely recorded. These studies
also reported significantly improved immune responses, suggesting that poly ICLC can be
used in novel vaccine formulations or as an adjunct therapy to chemoradiation in these
patients (93, 94). Subcutaneous injection of poly ICLC in healthy volunteers, however,
resulted in local adverse events including erythema and induration at the site of injection.
Systemic reactogenicity events were also recorded, including mild flu-like symptoms (95).
These events were not reported following intramuscular injection, suggesting that the
administration route can alter the frequency of adverse side effects and should be considered

in future studies using this stimulant.

The safety and immunogenicity of CpG as an adjuvant for vaccines has also been
investigated in clinical trials. When added to a pneumococcal vaccine, CpG was shown to
improve antigen specific 1gG responses for approximately one year in adults infected with
HIV (96). However, this trial also reported higher incidences of influenza-like symptoms
following injection with the CpG-coupled vaccine when compared to the vaccine alone (96).
Conversely, in a separate study where CpG was added to a commercial influenza vaccine,
adverse reactions occurred at similar frequencies to control groups (97). Interestingly, the
addition of CpG to 1/10™ the dose of the influenza antigen resulted in significantly higher
levels of IFNy secretion, restoring immunity to that observed with the full-dose vaccine (97).
This suggests that addition of CpG to vaccines may permit the use of reduced antigen dosage

without sacrificing immunogenicity. CpG has also been trialled as an adjuvant for an
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experimental malaria vaccine in malaria-exposed adults where antibody responses were over
2 fold higher in the CpG group at all time points after secondary vaccination, with no vaccine

related systemic adverse events recorded (98).

Poly ICLC and CpG have both demonstrated efficacy as adjuvants within experimental and
commercial human vaccines. These stimulators are generally well tolerated, however several
studies report mild to severe local and/or systemic side effects. Injection of soluble poly(l:C)
in mice, for example, was associated with adverse effects due to the release of pro-
inflammatory cytokines into the circulation (99). To increase the safety of these innate
stimulators, substantial research is focused on the development of novel delivery systems that
are able to encapsulate antigen and adjuvant within one compartment, thereby enhancing the
immunostimulatory capacity of the formulation whilst reducing the potential harmful side

effects of soluble adjuvants following systemic release of pro-inflammatory cytokines.
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1.4 Vaccine delivery systems

The ultimate goal of a vaccine formulation is to deliver antigens to the immune system in the
most appropriate manner. The characterisation of new vaccine delivery systems that induce
appropriate antigen-specific cell-mediated and humoral immune responses are therefore
required for the development of safe and effective vaccines. The stability, reproducibility,
dosage and cost of the formulation are also important factors in rational vaccine design.
Nanoparticles represent promising candidates to be included in vaccine formulations as they
can operate as both a delivery system and an adjuvant to enhance immunity (100). The major
advantage of nanoparticles is their small size, ranging from 1-1000 nanometres. This is
comparable to the size of pathogens, permitting nanoparticle uptake by APCs and the
subsequent generation of effective cell-mediated immune responses (101). There are several
types of nanoparticles under investigation for vaccine delivery, including virus-like particles

(VLPs), immune stimulating complexes (ISCOMs), emulsions and liposomes (Figure 2).

ISCOMs (40nm)
- liposomes (100-400nm)

virus-like particles (20-800nm)

emulsions (50-600nm)

] ] |
0 10 100 1000nm

Figure 2. The relative sizes and groups of nanoparticles under investigation for vaccine delivery systems. Figure
adapted from (100).

A number of VLP-based vaccines have been approved for human use or are currently in
clinical trials (102, 103). However, there is limited knowledge of the safety and efficacy of
non-VLP nanoparticle vaccine formulations. Increased understanding of the in vivo behaviour
of nanoparticles, including their fate and interaction with immune cells following vaccine

administration, is required to accelerate the design of these novel vaccines. This review will
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focus on liposomes, their use as antigen delivery vehicles and their ability to increase

antigen-specific immune responses when complexed with innate immune stimulants.

1.4.1 Liposomes for antigen delivery

Liposomes are phospholipid bilayer vesicles with an aqueous core. They have been
extensively investigated as delivery vehicles as they are able to encapsulate molecules in their
core and facilitate delivery of these molecules to specific cells (104). Liposomes can also
protect vaccine antigens from degradation and enhance or modulate the immunogenicity of
the vaccine. As they are composed of lipids that occur naturally in cell membranes, liposomes
are also biodegradable. One major advantage of liposomes is their versatility, which allows
antigens of many sizes and charges to be incorporated into the formulation (105). Variation
of liposome composition can create anionic, neutral or cationic liposomes that are able to
associate with antigens via electrostatic interactions (106). The surface charge of liposomes
can also alter their immunogenicity, where cationic liposomes have been shown to induce
stronger immunity compared with neutral or anionic liposomes (107). The mechanisms
behind these effects are unclear, however as most antigens are negatively charged, cationic
liposomes may enhance encapsulation and protection of antigen (104). Liposomes have also
shown to be safe and well tolerated in humans. Virosomes, which are liposomes composed of
virus membranes, are components of licenced influenza and hepatitis A vaccines (108, 109).
Several other liposome based vaccines are currently in clinical trials; however they have not

yet reached the market.

In mice, liposome antigen formulations administered intranasally were shown to be effective
at inducing protective cellular and humoral immune responses against the influenza virus
(110). The liposome formulation induced strong local and systemic immune responses due to
long local retention in the upper respiratory tract. Antigen specific antibodies against several
sub-types of the viral strains included in the vaccine were also induced, suggesting that this
vaccine may offer protection against antigenic drifts during influenza infection. The vaccine
formulation is needle free and has the potential to be self-administered, which should increase
patient compliance, cost effectiveness and rapid distribution to large populations in the case
of an influenza pandemic (110). Interestingly, this formulation was recently investigated in
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ferrets, an established model of influenza infection, and was shown to significantly increase
antibody titres, reduce the severity of infection following viral challenge and be well tolerated
(111).

Similarly, mice subcutaneously injected with liposomes incorporating the Hepatitis B virus
surface antigen (HBsAgQ) showed stronger Th1/Th2 immune responses and produced more
antigen specific 1gG1 and IgG2a antibodies than mice injected with HBsAg combined with
aluminium adjuvant (112). The liposome formulation was also more effective at increasing
immunity to HBSAg in non-responder recipients, inducing a 100% sero-conversion rate after
two injections. The authors suggested that the capacity to overcome unresponsiveness was
due to the balanced Th1/Th2 profile induced by the liposomal formulation when compared to
aluminium adjuvant, which only induced a Th2 response. The physical characteristics of the
liposome may have also enhanced the uptake of antigen by APCs, thereby promoting Thl
immunity (112). If future toxicological studies demonstrate these liposomes are safe for use
in humans, the results of this study suggest that liposomal vaccine formulations may be used

to enhance immunity in low-responder populations, such as the elderly.

Whilst enhanced vaccine immunity has been observed with the addition of liposomes, the
above studies utilised antigens that inherently induce strong immune responses. There are
several reports that suggest liposomes have little to weak immunostimulatory capacity with
other antigens. Incorporation of ovalbumin (OVA) antigen into liposomes was shown to
enhance the ability of murine bone marrow derived DCs to internalise OVA in vitro (113).
The liposomes also mediated MHC |1 restricted antigen presentation to OVA specific CD4 T
cells. However, despite efficient T cell activation, no increase in the maturation of DCs was
observed. These results suggest that liposomes function primarily as a delivery vehicle to
facilitate antigen uptake, and may not induce efficient innate cell maturation. Similar results
were obtained in a separate study, where liposomal antigen formulations induced weak innate
immune responses when compared to liposome formulations that incorporated an

immunomodulator, such as a TLR ligand (114).

The safety and efficacy of a liposome formulation incorporating a HIV antigen was
investigated in a phase | clinical trial. As the major transmission route for HIV is the genital
and mucosal areas, a vaccine that effectively induces mucosal immunity and protection is
required. Immunisation with recombinant HIV envelope protein subunit, gp160, was shown

to be safe in healthy volunteers, however only weak HIV specific antibody and CTL
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responses were induced after vaccination (115). This study investigated the ability of a
liposomal formulation to improve the immunogenicity of gp160 in HIV seronegative female
volunteers (116). Following vaccine administration either intranasally or by the vaginal route,
no anti-gp160 antibodies were detected in serum, saliva, cervicovaginal or nasal secretions,
even after three immunisations. However, the liposome formulation was shown to be safe

and well tolerated in these subjects (116).

It is difficult to compare the studies investigating liposomal efficacy, as there are many
factors that influence the findings, including route of administration, composition of liposome,
antigen dosage and choice of experimental model. Modern vaccines are now being
developed to deliver both antigen and adjuvant to a single APC to induce the most
appropriate immune response. Liposomes (antigen delivery) complexed with TLR ligands

(adjuvant) have been shown to enhance adaptive and memory immunity.

1.4.2 Liposomes incorporating TLR ligands

Liposomes incorporating MPL were investigated in a mouse model of TB utilising the
antigen ESAT-6 (117). This study showed that the formulation induced potent antigen
specific T cell responses and elicited protective immunity that was comparable to the licensed
Mycobacterium bovis BCG vaccine. The liposome antigen formulation without MPL did not
induce antigen specific immune responses. Likewise, MPL and antigen formulations without
liposomes also demonstrated low efficacy (117). This suggests that combinations of
liposomes and TLR ligands demonstrate higher efficacy than when either is administered

alone.

Immunity induced by liposomal MPL formulations was also investigated in humans against
the hepatitis B surface antigen (118). This study found that 80% of the subjects acquired
seroprotective antibody levels after a single dose. The formulation also induced strong and
persistent Thl cell mediated immunity after a second administration. These results are
consistent with previous findings that investigated the same formulation incorporating a
malaria antigen in rhesus macaques (119). The safety of the formulation was also investigated,
with tolerable local symptoms occurring in most subjects and no serious adverse events
reported. Interestingly, a third administration of the formulation did not significantly enhance

immunity and was often linked to higher reactogenicity (118). This suggests that a two dose
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immunisation procedure would be appropriate to provide the critical balance between

immunogenicity and safety.

Liposomes incorporating poly(l:C) and OVA antigen induced strong CD8 T cell responses in
mice that were maintained for more than two months (120). Interestingly, the liposomal
formulation prevented the rapid and non-specific production of the pro-inflammatory
cytokines TNFa and IL6 in the serum that occurred after injection of free poly(I:C). This
study highlights the importance of appropriate formulation design when investigating the
safety of innate stimulators as adjuvants. Liposomes containing poly(l:C) can also limit the
dose of antigen and number of immunisations required to induce immunity. Antigen-specific
IgG and IgA responses were induced by immunisation of mice with liposomal poly(l:C)
incorporating lower quantities of a human para-influenza virus antigen. No antigen specific
immune responses were observed in mice immunised with liposome and antigen alone (121).
A study in mice also found that liposomes formulated with poly(1:C) or CpG induce effective
CD8 T cell responses in vivo, protecting against M. tuberculosis aerosol challenge and
generating effective anti-tumour immunity (122). Similar anti-tumour activity of liposomal
poly(I:C) has been reported in several studies, where this formulation was more potent than
poly(I:C) alone or liposomes alone at inducing tumour-specific immune responses and
suppressing tumour growth in mice (123, 124). Liposomal poly(l:C) uniquely enhanced DC
maturation and production of type I IFN, suggesting that this may promote the superior anti-
tumour immunity observed by this formulation. Taken together, these results suggest that
liposomal poly(l:C) may act as an effective adjuvant to increase the therapeutic efficacy of

cancer vaccines.

The immune response generated in mice immunised with the Leishmania antigen rgp63 co-
administered with liposomes containing CpG has also been investigated (125). The protection
induced by liposomal CpG was significantly greater than that induced by CpG alone for up to
14 weeks after parasitic challenge. This formulation also increased the concentration of IFNy,
reduced the level of IL4 and induced greater 1gG2a antibody production when compared to
CpG alone, suggesting that liposomal CpG preferentially induces a more potent Thl immune
response (125). In a mouse model of influenza, CpG loaded liposomes were more efficient at
enhancing hemagglutinin specific 1gG2a humoral immune responses when compared to
liposomes alone (126). Similar effects were also demonstrated when CpG encapsulated
liposomes were utilised as a vaccine for both influenza and hepatitis B in mice. A low dose of

liposomal CpG co-administered with a low dose of viral antigen was up to 30 fold more
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potent than a high dose of soluble CpG (127). In this study, CpG was equally effective as an
adjuvant when entrapped in the same liposomes with the antigen or in separate liposomes.
Interestingly, the type of immunity elicited by the formulation was influenced by the nature
of the antigen and the route of administration. Intramuscular injection induced a strong Thl
response against influenza whilst intranasal administration induced a mixed Th1/Th2

response against hepatitis B (127).

It is therefore clear that liposomal formulations incorporating both antigen and adjuvant are
able to significantly enhance the immunogenicity of each component alone. The enhanced
innate activation observed with liposomal poly(l:C) and CpG may be due to the ability of
liposomes to promote entry of the adjuvant to the endosome, where the TLR 3 and TLR 9
receptors are expressed. Additionally, it has previously been shown that when CpG is
administered in liposomal form, the proximity of the antigen and adjuvant is maintained and
the in vivo degradation of CpG is reduced (128). These factors may account for the enhanced
immunogenicity of these liposomal formulations; however the precise mechanisms that
control these effects are unclear, including the cellular and molecular targets of these
formulations at the site of injection. Whether poly(l:C) and CpG target similar or distinct
biological pathways to induce their immunostimulatory effects in vivo also remains to be
elucidated. The safety and efficacy of liposomal CpG and poly(l:C) are also largely unknown,
and this needs to be evaluated in the target species. Further studies are also required to define
the optimal liposomal formulations and the routes of administration, which may have to be
tailored to each antigen.
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15 Large animal models for vaccine research

Experimental mouse models continue to dominate the field of immunology, yielding
tremendous insight into the cellular and molecular components of the immune system. There
are a number of advantages for the use of these models, including the ability to breed a range
of genetically identical and easily manipulated strains of mice (26, 129, 130). Many studies
that have defined the biological pathways of adjuvant activity have been performed in
genetically engineered mice. The information obtained from these studies has been and will
continue to be vital for the theoretical understanding of the immune system in health and
disease. However, the experimental conditions often do not reflect the practice of human

vaccination, and it is common for these studies to be performed in vitro (48).

To some extent, these limitations can be addressed by the use of large animal models,
representing outbred populations with physiologies that are similar to humans (8). They are
particularly useful for the investigation of vaccine delivery, as it is possible to follow immune
responses in real time within a single animal (129). In addition, such studies can be directly
relevant to vaccination in veterinary practice for both companion animals and commercial
livestock. However, there are also disadvantages to large animal models, including a lack of
inbred and genetically manipulated animals. Their large size also makes housing both
difficult and expensive. Although there is lower availability of appropriate reagents for large
animals than those available for mice, reagents have been developed for key parameters of
immunity and will continue to be produced as both the bovine and ovine genomes have

recently become available.

Vaccine formulations incorporating innate stimulators as adjuvants have been shown to
induce disease protection in several large animal species. Poly(l:C) combined with a novel
foot-and-mouth viral vaccine completely protected pigs against virulent viral challenge after
a single injection. This study also found that addition of poly(l:C) to the vaccine reduced the
animal to animal variation observed with the vaccine alone (131). CpG added to a formalin-
inactivated bovine respiratory syncytial virus vaccine increased cellular immunity against the
virus, inducing IFNy secretion and a reduction in viral load of the lungs in calves (132).
Similar results were also observed in newborn piglets, where CpG increased cellular and

antibody mediated immune responses to a pseudo-rabies attenuated virus vaccine (133). The
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results from these studies suggest that innate stimulators have an immunostimulatory function
that is conserved across multiple species. Large animal models can therefore provide valuable
information on the safety and efficacy of novel vaccine formulations and adjuvants in an
outbred population similar to humans. Of particular interest for vaccine development is the
immune response initiated in the lymphatic network draining the site of injection. This
compartment cannot be investigated in mouse models as the lymphatic vessels are technically
too difficult to access. Several large animal lymphatic cannulation models have been
developed to investigate the cellular and soluble factors required for the generation of an

effective immune response in the local lymph node following vaccine administration.
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1.6  Lymphatic cannulation models

The early immune response to vaccination at the site of injection is characterised by a rapid
and significant increase in cells and inflammatory factors present in the afferent lymph. These
activated cells are transported to the local draining lymph node via the afferent lymphatic
vessels, where they convey the immunological signals received in the periphery to
functionally specialised areas within the lymph node. Antigen-bearing DCs present their
antigens to specific T and B cells, which differentiate into effector cells and migrate out of
the lymph node via the efferent lymphatics which eventually drains back into the circulation
(Figure 3). After the pathogen has been eliminated, a subset of these effector lymphocytes

remains in the lymphatic system and circulation as memory cells.
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Figure 3. Schematic of the immune response to vaccination. The innate response occurs at the site of injection
and within the afferent lymph. This is followed by the generation of an adaptive immune response in the local
lymph node. The antigen-specific effector lymphocytes leave the lymph node via the efferent lymphatic, which
eventually drains back into the blood, where they perform their effector and memory functions.
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1.6.1 Afferent lymphatic cannulation

The afferent lymphatics are crucial in the development of primary immune responses as they
carry both antigen and immune cells to lymph nodes. In fact, the components of afferent
lymph in both homeostatic and stimulated conditions have been extensively studied, yielding
valuable information regarding the processes involved in innate immune responses to
infection and vaccination. Due to their small size, the afferent lymphatic vessels are difficult
to surgically access, even in large animals. Consequently, a two-step surgical procedure must
be performed in order to cannulate these vessels for long term studies (Figure 4). The first
step involves surgically removing the local lymph node. Over a period of 2-3 months, the
small afferent lymphatic vessels re-anastomose with the remaining efferent vessel forming a
much larger vessel, termed the pseudo-afferent lymphatic vessel. Cannulation of this newly
formed vessel allows the direct collection, in real time, of the components in afferent lymph
that would normally traffic from the tissue into the local lymph node. There are several
established afferent lymph cannulation procedures in various large animal models. The most
characterised of these is the ovine model, which comprises cannulation of the intestine (134),
head tissues (135, 136), and the hind leg, including prefemoral (137) and popliteal (138)
cannulation. Most bovine afferent lymph studies have used the prescapular cannulation model
(139). There are also two procedures established in pigs, the lumbar (140) and intestinal
cannulations (141). In addition to large animal models, the rat cannulation models have been
thoroughly characterised, most of which have been performed by accessing the thoracic
lymphatic duct to sample lymph from the intestine (142) and the liver (143). As it does not
originate from a single lymph node, this type of lymphatic cannulation often results in the
collection of a mixture of afferent and efferent lymph. Following removal of the regional
lymph nodes, innate phagocytic cells, including dendritic cells, have been observed in lymph
collected from the thoracic duct (141,142).

Under homeostatic conditions, there is a continual migration of cells circulating through the
tissue and the blood via the afferent lymphatics. These cells monitor the tissue for the
presence of invading organisms and are ready to respond upon antigenic challenge. The
afferent lymphatic cannulation models therefore provide a unique opportunity to investigate

the phenotype and function of the innate cells that are emigrants from peripheral tissue and
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carry the instructions required for the initiation of a primary immune response in the lymph

node.

[ 1. Lymph node removal surgery J
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Figure 4. Schematic of the prefemoral ovine pseudo-afferent lymphatic cannulation model. A two-step surgical
procedure must be performed to collect afferent lymph. The first surgery involves removal of the prefemoral
lymph node. Following this, a recovery period is given, allowing the afferent vessels to re-anastomose with the
remaining efferent vessel forming the pseudo-afferent vessel. This vessel is large enough to cannulate. Many
peripheral lymphatic vesssels can be cannulated in this manner, the figure above shows ovine prefemoral
lymphatic cannulation.

Two major populations of conventional DCs have been identified in the afferent lymph of
various tissues (Table 2). These populations are remarkably consistent in both phenotype and
function across the different species. In the ovine models, the two DC subsets can be
identified as CD26™ SIRPa™%" DCs and CD26" SIRPa®" DCs (144, 145). In the bovine models,
they are CD11a SIRPa™®" DCs and CD11a" SIRPa" DCs (146-148). In the swine models,
the two major DC subsets are CD163* SIRPa"9" DCs and CD163" SIRP«'™ DCs (149, 150).
Finally, in the rat models, they are identified as CD4" SIRPo"%" DCs and CD4™ SIRP¢®" DCs
(151, 152). In all defined animal models, the SIRPa™¥" DCs are more efficient at antigen
uptake, presentation and activation of CD4+ T cells than the SIRP¢'® DCs. The SIRPo™"®"
DCs have also been shown to produce inflammatory cytokines IL-1 and IL-6 after TLR
stimulation (147, 151-156). In contrast, the SIRPa'™ DCs are less efficient at antigen uptake

and stimulation of CD4+ T cells, and appear to be specialised in the transport of apoptotic
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bodies and are more efficient at cross-presenting antigen to CD8+ T cells (144, 145, 147,
156). In the ovine model, this cross presentation was shown to be mediated by the unique
expression of XCR1 on this DC subset (157). Recently, a comparative genomics study
revealed that the function and phenotype of these two DC subsets was uniform across
multiple species. The ovine SIRPa™"
represent the mouse CD11lb+ DC and the human BDCAl+ DC (144). Similar to the

SIRPa"" DCs found in afferent lymph, mouse lymphoid tissue CD11b+ DCs are specialised

DCs were shown to genetically and functionally

to activate and present antigen to CD4+ T cells (158, 159). The comparative study also
revealed that the ovine SIRPo'™ DCs represent the mouse CD8a+ DC and the human
BDCA3+ DC (144). The mouse CD8a+ DC appear to be more efficient at cross priming and
tolerance and play a similar role to the SIRPa'® DCs found in afferent lymph (158). This
unified function between sheep, cow, rat, mouse and human migratory DCs provides
compelling evidence that DC function and phenotype is conserved across multiple species. It
also highlights that significant information can be gained from using comparative genomics
as a tool to study immunological processes (160). As more information is gained about the
function of afferent lymph DCs during the early stages of infection, the potential exists to
target these cell types for the induction of antigen specific immune responses in future

vaccine or therapeutic settings.

Although DCs are the most characterised cell type in afferent lymph, other innate cell
populations, such as monocytes and granulocytes, also carry antigen and immunostimulatory
signals to the lymph node (Table 2). Monocytes have been defined as CD14"%" CD11b"¢"
cells that express low to intermediate levels of MHC class Il. They are responsible for
antigen uptake within the first 48h after administration of antigen (161-163). Granulocytes
can be distinguished from monocytes based on their size (forward scatter; FSC) and
granularity (side scatter; SSC) characteristics in flow cytometry and low expression of CD14
(163). Granulocytes, particularly neutrophils, have been shown to rapidly recruit to sites of
inflammation within the first 24h, and the severity of inflammation positively correlates with
the presence of neutrophils in the afferent lymph (164). This rapid increase in neutrophil
number is associated with increased antigen uptake between 6h and 24h post injection (161,
162). Overall, these data suggest that DCs are not the only cell type able to carry antigen and
other immunostimulatory signals in vivo and immunity to pathogens is likely to result from a

combination of innate cells transmitting signals from the periphery to the lymph node.
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There are also several studies that investigate T cell subset phenotypes within the afferent
lymph. The majority of T cells circulating in afferent lymph are of the memory phenotype
(CD4+ CD45R-) and are able to respond to previously encountered antigen (165). CD4 T
cells, CD8 T cells and yd T cells have all been identified in afferent lymph. During
inflammation, there is an increase in yd T cells and CD4 T cells in the afferent lymph (164).
Activated CD8 T cells derived from lymph have been shown to possess cytolytic function in
vitro (166). T cell populations in the swine intestinal lymph have been identified, including a
unique CD4+ CD8+ double positive subset, however their function during a primary immune
response has not been established (167). In homeostatic conditions, there is a sustained
migration of a large number of vy T cells in afferent lymph (165, 168). These cells do not
express the costimulation factors CD40 and CD86, the 1L-2 receptor or MHC class 11 (168).
In addition, afferent lymph yd T cells do not express the chemokine receptor CCR7, which is
required for entry into the lymph node via interaction with its ligand CCL7 present on high
endothelial venules (169). The migration pattern of this unique T cell subset and their
function in inflammatory or infectious conditions in several animal models is largely

unknown and future work is required to elucidate this.

There are several studies investigating the phenotype of B cells in afferent lymph. CD21+ B
cells have been identified in the skin draining afferent lymph of calves (168), MHC I+
CD45R+ Ig+ B cells have been found in the mesenteric afferent lymph of rats, and CD45R+
B cells have been identified in the skin draining afferent lymph of sheep (164). A recent
study revealed that these sheep skin draining B cells also express MHC 11, pan-B cell marker
2-104, CD11b, CD21, L-selectin, B7.1/B7.2 and IgM (170). In both homeostatic conditions
and during skin inflammation, these afferent lymph B cells displayed higher expression of
CD11b, B7.1/B7.2 and IgM when compared to B cells from skin lymph nodes. Additionally,
during inflammation, there was an increase in the number of afferent lymph B cells as well as
an increase in total antibody levels in the afferent lymph supernatant (170). These results

suggest a novel role for skin-derived B cells during chronic inflammation of the skin.

Taken together, the innate cell populations within the afferent lymph are well defined and
appear to be consistent between species. The afferent cannulation model allows the direct
collection of lymph without further processing or cellular manipulation, generating results
that closely resemble the immunological processes occurring in vivo. Additionally, a major
advantage of the afferent cannulation model is the ability to follow immune responses as they

occur in real time.
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Table 2. The phenotype and function of cellular populations identified in afferent lymph.

Cell Subset Phenotype Function
OVINE
S|Rpahigh DC Sirpo+ CD26- MHCII+ CD45RA+ equivalent to mouse CD11b+ DC, human BDCA1+ DC,
CD86+ DEC-205+ CD206+ CD207+ CD14+ mRNA expression: IL-10, IL-1B
S|Rpa'°‘" DC Sirpa- CD26+ CADM1+CLEC9A+ equivalent to mouse CD8a+ DC and human BDCA3+ DC, activate

CD205+ XCR1+ MHC I+ CD45RA- CD86+

CD8+ T cells via cross presentation and transport apoptotic bodies,

DEC-205+ mRNA expression: IL-12p40
Plasmacytoid DC CD11c-DEC-205- CD14- CD45RB+ production of typel IFN
Monocytes CD14+ CD11b+ antigen uptake
Granulocytes CD14int CD11b+ antigen uptake, early recruitment to site of inflammation
CD4+ T cells CD4+ IL-2Ra+ FSC/SSC low increased migration during inflammation
CD8+ T cells CD8+ FSC/SSC low cytotoxic function in vitro
v& T cells v6 TCR+ IL-2Roi+ increased migration during inflammation

Memory T cells

B1+ CD2+ CD45R- L-selectin- B7+

B cells

CD45R+ MHC I+ CD11b+ CD21+
L-selectin+ B7.1/B7.2+ IgM+

BOVINE
S|R|:’¢1high DC Sirpo+ CD11a- CD5-WC10- in vivo antigen uptake, activate CD4+ and CD8+ T cells in vitro,
CD11c+ DEC205+ CD8- CC81Ag- produce IL-1, mRNA expression: IL-6, IL-10, no type 1 IFN
Tow Sirpa- CD11a+ CD5+ WC10+ transport apoptotic bodies in vivo, unable to present antigento T
IRPa™" DC
CD11c+ DEC205+ CD8- CC81Ag+ cells in vitro, produce IL-12, no type 1 IFN
Monocytes CD14+ CD11b+
Granulocytes CD11b+ CD14low
CD4+ T cells CD4+ CD26L+ CCR7+ B1+ B2+
mRNA: CCR4+ CCR10+
v8 T cells y6-TCR+ CCR7- CD26L+ WC1+ B1+ B2+ migrate in large numbers, no evidence for IFN-y, TNF-a or IL-1
CD40- CD86- MHC II- CD4- CD8- CD25- production after stimulation, mRNA expression: CCR4+ CCR10+
CD1b- CD2- CD3+
NK cells CD335+ production of IFN-y after stimulation
B cells CD21+
SWINE
S|Rpahigh DC Sirpo+ CD163+ CD11b+ activate resting CD4+ T cells,migrate in semi mature state and
| matured upon PAMP stimulation, intestinal DCs do not stimulate
SIRPa®" DC Sirpa- CD163- CD11b+ proliferation in PBMC suggesting tolerogenic function
Plasmacytoid DC CD4+SIRP+ production of typel IFN
CD4+ T cells CD4+ CD2+
CD8+ T cells CD8+ CD2+ majority of T cells in afferent lymph are CD8 positive
CD4+ CD8+ T cells CD4+ CD8+ CD2+
RAT
S|Rpah'gh DC Sirpa+ MHC Il+ CD11b/c® CD32™°" CD4+  IL-6 and IL-12p40 secretion after activation by TLR ligands, present
antigen and stimulate proliferation in CD4+ T cells 20 fold more
potently than Sirpa- DC, mRNA expression: TLR 7- TLR8+
Sirpa™ DC Sirpa™ MHC I+ CD11b/c"™" CD32™" activate naive T cells to produce Th1 cytokines,
mRNA expression: TLR7- TLR8+
SIRPa®" DC Sirpa- MHC Il+ CD11b/c™ CD32™ CD4- activate naive T cells to produce Th1 cytokines but to a lesser extent

than the other subsets, poor stimulators, transport apoptotic
enterocytes and cytoplasmic apoptotic DNA, tolerogenic/specialised
to acquire self antigen, mRNA expression:TLR7- TLR8-

Plasmacytoid DC

Not identified in hepatic and intestinal lymph

B cells

MHCII+ CD45R+ TCRap-CD45RA- Ig+

CD5- CD90-CD200- Siglec-H-

Data from the literature, white spaces refer to information not available
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1.6.2 Efferent lymphatic cannulation

Once activated by immunological signals received within the lymph node, antigen specific
lymphocytes migrate out of the lymph node via the efferent lymphatic vessel, which
eventually drains into the circulation (171). The efferent lymph is therefore ideal to study the
phenotype and activation status of lymphocytes during the adaptive phase of the immune
response. This surgical procedure is less technically difficult than afferent lymphatic
cannulation, with the efferent lymphatic vessel large enough to be directly cannulated (Figure
5).

prefemoral drainage area
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Figure 5. Schematic of the prefemoral ovine efferent lymphatic cannulation model. The efferent lymphatic
vessel is large enough to directly cannulate, and therefore only one surgery is required for this lymphatic
cannulation model. Many efferent lymphatic vesssels can be cannulated in this manner, the figure above shows
ovine prefemoral lymphatic cannulation.

Efferent lymph cell populations are less diverse than afferent lymph cells. Efferent lymph is
composed of 99% lymphocytes, including CD4 T cells, CD8 T cells, yo T cells and B cells
(Figure 6). Unlike lymphocytes in afferent lymph, the lymphocytes circulating in efferent
lymph display a naive phenotype (171). Large blast cell populations have also been identified
in efferent lymph 3 days after local challenge with the parasite T. circumcincta (172). Innate

cell populations, such as dendritic cells and monocytes, have not been identified in efferent
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lymph under homeostatic conditions, suggesting they are recycled after reaching the lymph
node. There are profound differences between afferent and efferent total cell output and
lymph flow rate. In a resting state, total cell numbers are approximately 10 fold greater and
lymph flow rate per hour is approximately 2 fold higher in efferent lymph (173, 174).

Afferent lymph Efferent lymph

Il SIRPaE" DCs B8 CD4 T cells [l CD4 T cells

[ SIRPa™ DCs [ v6 Tcells [ v6 Tcells
[ CD8 T cells [ CD8 T cells
3 Becells [ Bcells

Bl lymphocytes [ lymphocytes
[ dendritic cells
[l monocytes

[ neutrophils

Figure 6. The cellular composition of afferent and efferent lymph. Afferent lymph is composed of lymphocytes,
dendritic cells, monocytes and neutrophils. Efferent lymph is composed of 99% lymphocytes. Populations and
relative percentages obtained from the authors laboratory.

Under inflammatory conditions, a dramatic bi-modal change in cell output and flow rate is
observed in efferent lymph. The initial phase, known as ‘lymph node shutdown’, is
characterised by a severe reduction in cell output, generally lasting between 4h and 24h after
stimulation (175). This is followed by a recruitment phase, where the cell output increases to
greater than baseline numbers for several days (176). This effect has been observed in ovine
efferent lymph after injection of the pro-inflammatory cytokines TNFao and IL6, with the
shutdown period lasting between 10h and 48h in different animals (174). Injection of
mycobacterial purified protein derivative (PPD) also induced lymph node cell shut down, and
increased concentration of the cytokines IFNy and IL6 were observed during this process
(277). 1t has been hypothesised that this cell shut down occurs to increase the time for antigen
carrying APCs and antigen specific lymphocytes to interact in the lymph node, promoting the
generation of an adaptive immune response. However, the immunological role and

mechanism of lymph node cell shut down remains unclear.
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Efferent lymphatic cannulation allows the direct collection of lymphocytes and soluble
factors involved in the immune response following innate activation in the local lymph node.
These immune responses can be followed within a single animal for several weeks following
primary or secondary injection of antigen or immunomodulatory agents. Further
characterisation of the cellular populations in efferent lymph will yield valuable information

regarding the in vivo adaptive immune response induced by vaccination.
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1.7  Vaccine immunity in the lymphatic network

1.7.1 Innate immune responses in afferent lymph following vaccination

Several studies have utilised the afferent lymphatic cannulation model to study immune
responses to vaccine adjuvants and delivery systems. Our laboratory investigated the real
time in vivo release of soluble antigen and the cellular uptake of particulate antigen following
injection with aluminium adjuvant (161). We found that aluminium adjuvant significantly
reduced the amount of soluble antigen entering the afferent lymph in the first 24h by 60%
when compared to antigen injected with saline. Aluminium adjuvant also increased the
number of DCs carrying particulate antigen 24h-72h following injection. These results
suggest that the ability of aluminium adjuvant to both retain antigen at the site of injection
and increase the phagocytic function of DCs may account for its enhanced adjuvanticity
(161). We also showed that antigen co-injected with the adjuvant MPL induced a rapid and
significant increase in neutrophil and monocyte recruitment into the afferent lymph 0-12h
post injection when compared to antigen injected with saline (162). MPL also induced a
greater and more sustained uptake of particulate antigen (antigen-coated fluorescent beads)
over a 24h period by DCs, neutrophils and monocytes, with the majority of particulate
antigen carried by the neutrophil population. Although neutrophils carried the majority of
single particulate antigen, DCs were the most effective scavengers of multiple beads with
over 30% of antigen positive DCs carrying four or more beads in both saline and MPL treated
groups (162). Afferent lymphatic cannulation has also been used to study nanoparticle-based
adjuvants (178). This study showed that afferent lymph DCs are able to ingest the 40-50nm

nanoparticles 3 hours after immunisation

Oral administration of resiquimod (R-848), a synthetic agonist of TLR 7 and 8, has been
shown to induce potent innate immune stimulatory activity, including stimulating DCs to up-
regulate costimulatory factors and produce large amounts of pro-inflammatory cytokines. R-
848 has also been shown to skew the immune response towards a Th1l antibody response and
inhibit the production of a Th2 response (179). Intestinal afferent lymphatic cannulation
allowed the in vivo analysis of the immune response to R-848 in an anatomically relevant

tissue after oral administration. Yrlid and colleagues analysed the effects of oral R-848 on
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DCs derived from the intestinal lymph of rats (180). They found that R-848 induced an
approximate 30 fold increase in intestinal lymph DCs; however it did not stimulate the up-
regulation of the costimulatory molecule CD86 but CD25 was up-regulated. In a follow up
study, the same group characterised the DC subsets that were migrating from the intestine in
response to R-848 (151). They found that intestinal lymph DCs consist of three subsets:
SIRPa"" SIRPo™ and SIRPa". These subsets do not express TLR 7 mRNA and only the
SIRPa positive subsets express TLR 8. All three subsets increase their migration after R-848
administration, suggesting that even though the TLR 7° TLR 8 SIRPo® DC subset cannot
respond to R-848 directly, it is being induced to migrate by other factors of the immune
system. In addition, only TLR 8" SIRPa" DCs express CD25 and of these subsets, only the
SIRPa"™" subset secretes IL-12p40 and IL-6 without further in vitro stimulation. Taken
together, these results provide new information about the role of TLR ligand expression on
afferent lymph DCs and their consequent function in response to oral adjuvants. This study
also provides evidence for intestinal afferent lymph DC subsets as suitable targets for orally

administered vaccines.

Due to their superior ability to infect and manipulate host cells to express viral proteins,
viruses are ideal candidates for vaccine delivery vehicles that induce antigen specific immune
responses. A viral vector vaccine is designed to express the desired antigen and the resulting
recombinant virus can infect host cells, leading to the expression of the antigen on the cell
surface and subsequent presentation to the immune system (181). Cattle inoculated with
recombinant human adenovirus 5 (rhuAdV5) GFP vector with the addition of oil adjuvant
showed a significant rise in migrating GFP-expressing DCs during the first 15h (182). To
investigate the antigen specific function of these vectors in vivo, rhuAdV5 expressing foot
and mouth disease virus (FMDV) was injected with or without oil adjuvant. While both
injections resulted in FMDV-specific IgG antibody responses, the addition of adjuvant caused
an increase in the frequency of CD4+ IFN-y+ and CD4+TNF-a+ T cells and also increased
CD4+ T cell IFN-y release. These results suggest that the immune response to antigen

delivered in vivo by viral vectors can be enhanced by the addition of oil adjuvant (182).
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1.7.2 Adaptive immune responses in efferent lymph following vaccination

Few studies have investigated the adaptive immune response in efferent lymph induced by
vaccination. Immunisation of cattle with mononuclear cells infected with the protozoan
Theileria annulata induced the activation of CD4 T cells that proliferated in an antigen-
specific manner after in vitro stimulation (183). Activated CD8 T cells were observed
following this response, suggesting that antigen-specific CD4 T cells may play a role in the
activation of CD8 T cells. Both CD4 and CD8 T cell responses in efferent lymph appeared
earlier and were stronger than in peripheral blood, indicating that the antigen-specific
immune response was generated in the local lymph node (183). A recent study investigated
the primary immune responses generated by vaccination with 70 kDa heat-shock protein
(Hsp70), which has previously been shown to be protective against paratuberculosis in cattle
(184). The results demonstrate that vaccination with Hsp70 induced proliferation of CD4 T
cells and B cells in efferent lymph between 3 and 5 days following vaccination. Hsp-70
specific antibodies were detected from day 7 (184). Injection of a circular plasmid containing
the adjuvant CpG induced a rapid increase in the number of cells present in efferent lymph
24h after injection (185). This effect was shown to be dose dependent, such that excessive
amounts of CpG had no effect on cell trafficking. Interestingly in this study, CpG did not
increase the activation status of lymphocytes in efferent lymph at any time after injection
(185).

A separate study found that local injection of Flu antigen combined with the adjuvant
ISCOMATRIX resulted in an extended lymph node cell shut down period and increased blast
cell production when compared to Flu antigen alone (186). The subsequent recruitment phase
persisted for up to 11 days, 2.5 fold longer than antigen alone. Significant increases in
antigen-specific antibodies were also observed, with the antigen and adjuvant combination
inducing a substantial IgA antibody response (186). Increased antigen-specific antibody
responses have also been observed following vaccination with a variety of adjuvants, where
increased IgGl and 1gG2 titres were observed following vaccination with incomplete
Freund’s adjuvant when compared to aluminium adjuvant (187). The cytokines IFNy and IL8

were only detected in efferent lymph following injection of Quil A (187, 188).
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Collection of afferent and efferent lymph following vaccination can assist in revealing the
mechanisms involved in the generation of protective cellular and humoral immune responses.
In this thesis, the ovine prefemoral afferent and efferent lymphatic cannulation models have
been utilised in combination to investigate the immunogenicity of vaccine adjuvant
formulations in the local draining lymphatic network of vaccinated sheep. The results
obtained from these models can be directly applied to and assist in the design of novel

veterinary and human vaccine formulations.
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1.8 Investigating vaccine immunity: a systems biology approach

The immune response to vaccination requires the synergistic interaction of multiple
biological pathways. The complexity of this immune response highlights the need for a
systems biology approach to vaccine development (189). The tools of systems biology
include high-throughput technologies such as microarrays, deep sequencing and mass
spectrometry. These are used in combination with immunological assays, such flow
cytometry and cytokine profiling, to assess the whole immune response at multiple biological
levels (190) (Figure 7).
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Figure 7. Investigating vaccine immunity with systems biology. This involves analysing the whole immune
response at multiple levels, including cellular, protein and transcriptomic responses, to reveal the mechanisms of
vaccine efficacy and predict immune outcomes. Figure adapted from (190).
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Systems biology approaches have been successful in revealing the genetic signatures
predictive of the immune response to vaccination in humans. TLR 7, RIG-I, STAT1 and
IRF7 were identified as the genes responsible for innate sensing and signalling immediately
following vaccination with the yellow fever vaccine (YF17D). Similarly, the antiviral type |
interferon, complement and inflammasome pathways were revealed as genetic signatures
during the development of the adaptive immune response 3-7 days after vaccination (191,
192). Computational modelling was also used to predict adaptive immune outcomes from
early gene expression signatures, yielding at least 80% accuracy in predicting the magnitude
of the immune response (191). Predictive modelling was also applied to an inactivated
influenza vaccine, where the gene expression signatures of individuals on day 3 or 7 post
vaccination could accurately predict the antibody responses that occurred in these individuals
30 days after vaccination (193). A systems biology approach to vaccinology therefore has the
potential to elucidate the mechanisms involved in the generation of an immune response and

identify the biomarkers responsible for vaccine protection.

RNA sequencing can be used to analyse the whole transcriptome response to vaccination.
This technology is able to identify novel transcripts and its sensitivity allows transcriptional
responses to be detected within a minor cell population in a mixed sample. Our laboratory
recently applied RNA sequencing, in combination with flow cytometry, to investigate the
phenotype and transcriptomic profile of afferent lymph cells following injection of a
liposomal vaccine formulation incorporating the antigen diphtheria toxoid (DT) and the
adjuvant poly(l:C) (194). We showed that over a 72h period, the signals derived from the
injection site evolve from a pro-inflammatory phenotype, characterised by the up-regulation
of genes including IL1B, CXCL2, RIGI and IRF7, to a specific immune response, including
the induction of anti-viral pathways and the development of Th17 immunity (194). These
genetic signatures were consistent with observed cellular migration patterns in afferent lymph,
where a rapid and significant increase in neutrophil numbers was observed immediately after
vaccination (195). Peak monocyte and DC migration into afferent lymph also coincided with
peak gene expression of monocytic chemokines and DC-associated signalling (194, 195).
This study details the cellular and molecular mechanisms that link the injection site with the
draining lymph node and also highlights afferent lymphatic cannulation as an ideal model to
apply systems biology approaches for the investigation of vaccine immunity in an outbred

population following administration of novel vaccine and adjuvant formulations.
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1.8.1 Scope of the thesis

The current thesis aims to significantly extend the findings from our previous reports and
provide a comparison of the immune responses induced in the local draining lymphatic
network by liposomal antigen formulations that incorporate the innate stimulators poly(l:C)
or CpG. The ability of these innate adjuvants to enhance or modulate the immunogenicity of
liposomes will be investigated by comparison to a control formulation that does not contain
the stimulatory component. A systems biology approach will be used to identify the cellular,
soluble and transcriptional factors that are induced following vaccination with a liposomal-
nucleic acid adjuvant formulation. Mathematical modelling will be applied to determine the
optimal number of antigen carrying cells required in afferent lymph to induce T cell
activation in the lymph node after vaccination. Both ovine afferent and efferent lymphatic
cannulation models will be used to investigate the innate and adaptive cellular and humoral
immune responses induced by primary and secondary vaccination with the respective
liposomal formulations. Systemic humoral memory immunity will also be assessed following

primary, secondary and tertiary vaccination.

The global hypothesis of this thesis is that the addition of poly(l:C) or CpG to the liposome
antigen formulation will enhance innate and adaptive immune responses in the local draining

lymphatic network and improve the systemic memory response of vaccinated sheep.
The specific aims of the experimental chapters are -

1. To investigate the cellular and transcriptional innate immune response in afferent lymph

following vaccination with liposomal adjuvant formulations.

2. To analyse the cellular and humoral adaptive immune response in efferent lymph following

vaccination with liposomal adjuvant formulations.

3. To examine the systemic antigen-specific antibody response following vaccination with

liposomal adjuvant formulations.

4. To develop a mathematical model of lymphatic cellular trafficking and T cell activation in

the local lymph node after primary vaccination with liposomal adjuvant formulations.
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2.1  Surgical procedures

2.1.1 Animal housing

Adult merino sheep were housed at Prince Henry’s Animal Facility, Werribee. The sheep
were maintained at pasture, and received food and water ad libitum. For cannulation surgery,
sheep were transported to the Large Animal Facility at the Department of Physiology,
Monash University. Sheep were housed in metabolic cages, fed twice daily and had access to
water ad libitum. The sheep were given at least one week to acclimatise to the housing
facility, following which the prefemoral lymphatic cannulation surgeries were performed at
the Department of Physiology animal surgery. Handling of animals and experimental
procedures were approved by the Monash University Animal Ethics Committee in

accordance with the relevant licencing agreement.

2.1.2 Pre-operative preparation and anaesthesia

The sheep were deprived of food 24 hours prior to surgery to prevent ruminal tympany and
reduce the risk of regurgitation. The surgery site of each sheep was closely clipped with small
animal clippers. Immediately prior to surgery, the surgery site was washed with antiseptic
detergent and a 70% ethanol solution. Prior to anaesthesia, sheep were injected with the
antibiotic Oxytetracycline intramuscularly at 20mg/kg and the analgesic Carprofen
subcutaneously at 4mg/kg. Anaesthesia was performed by intravenous injection of
Thiobarbiturate (Sodium Thiopentone 20mg/kg) followed by tracheal intubation. Anaesthesia

was maintained by inhalational anaesthesia (Isoflurane 1.5-2.5% in 70/30 O,/N,0).

2.1.3 Prefemoral lymph node removal surgery

After preparation for surgery, the sheep was placed on the operating table and covered with
sterile surgical drapes, leaving only a minimal area of the skin exposed approximately 10cm
below the protruding bone of the hip. All procedures were performed under strict aseptic
techniques. Following location of the prefemoral lymph node, a small 5cm incision was made.
The node was then dissected from the subcutaneous fat and excised using surgical scissors.

The incision site was closed with 2/0 surgical silk. The site was then sprayed with antiseptic
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solution and 70% ethanol. Following completion of the surgery, the inhalation anaesthesia

was switched off.

2.1.4 Prefemoral pseudo-afferent lymphatic cannulation surgery

After preparation for surgery, the sheep was placed on the operating table and covered with
sterile surgical drapes, leaving only a minimal area of the skin exposed. All procedures were
performed under strict aseptic techniques. An incision was made above the lymph node
removal surgical site, approximately 3-5cm below the top of the pelvic bone. The fatty layer
and thigh muscle were gently lifted to reveal the draining lymphatic duct. The connecting
tissue layer covering the vessel was carefully removed and the duct clipped with small
surgical scissors. The sterile cannula (30cm of 0.45mm heparinised plastic tubing
individually packaged and sterilised with ethylene oxide) was flushed with sterile saline and
carefully inserted into the pseudo-afferent lymphatic vessel. The heparinised cannula was
obtained from Walker Scientific, WA, AUS. The cannula was then anchored using a 3/0
surgical silk suture and re-enforced with at least two sutures above and below the incision site.
The cannula was exteriorised through a small hole in the skin above the incision site and
secured using a purse suture with 2/0 silk (162, 196, 197). Several sutures were tied to attach
the cannula onto the skin and minimise the risk of the cannula being pulled from the surgical
site. The incision site was closed with 2/0 surgical silk. The site was then sprayed with
antiseptic solution and 70% ethanol. Following completion of the surgery, two layers of
tubular net bandage were placed around the torso between the front and hind legs. Sterile
flasks containing heparin were placed beside the surgery site and secured between the two
layers of tubular net bandage (Figure 1). The cannulae were then inserted into the sterile
flasks. The inhalation anaesthesia was switched off.

2.1.5 Prefemoral efferent lymphatic cannulation surgery

Unlike the pseudo-afferent lymphatic cannulation procedure, the prefemoral efferent
lymphatic cannulation surgery does not require removal of the prefemoral lymph node prior
to cannulation. The efferent lymphatic vessel was directly cannulated as described in section
2.14
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2.1.6 Post-operative care

The endotracheal tube was removed when laryngeal reflexes had returned. The sheep was
then monitored until awake and able to hold the head upright. The sheep was transferred to
the housing facility and monitored until complete recovery from anaesthetic was observed.
In the case of the prefemoral lymph node removal surgery, the sheep was then returned to the
paddock where food and water were freely available. In the case of the prefemoral pseudo-
afferent and efferent lymphatic cannulation surgeries, the sheep was placed in a single
metabolic cage where food and water was supplied. The sheep was closely monitored during
the experimental period for signs of discomfort or stress. The flask containing lymph was

replaced twice daily and the cannula cleaned with 70% ethanol.

Figure 1. A sheep following the prefemoral pseudo-afferent lymphatic cannulation surgery. The cannula is
placed in the sterile collection tube for 1h as afferent lymph is collected for analysis following vaccination.

2.1.7 Surgical outcomes

The lymphatic cannulation surgeries are technically challenging, with previous studies
reporting an average success rate of 50% (144). The success rate observed in this thesis was
consistent with this, where success was defined as the lymphatic vessel successfully
cannulated and the cannula flowing for the complete time course within a single animal.
Therefore, to achieve the two cohorts of 15 sheep used in this thesis (n=30 total), each with
reliable lymphatic flow for the entire time course, with a 50% success rate, approximately 60
sheep were investigated throughout the course of the presented studies. Due to housing
constraints, a maximum of 10 sheep were investigated at a single time. All afferent lymph

sheep and all efferent lymph sheep were from the same age cohort and livestock supplier.
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2.2 Study design

2.2.1 Immunisations

Ovalbumin (OVA) was labelled with A647 by resuspending 5mg of OVA at 1mg/ml in PBS
and adding a 15M excess of A647 succinimidyl ester (Invitrogen) resuspended in DMSO at
5mg/ml and incubating at room temperature for 1h. Unconjugated fluorophore was removed
from solution using an Amicon Ultracel 3K centrifugal filter (Millipore) by centrifuging at
2000 x g for 30min and washed with PBS five times. All injections consisted of 500ul sterile
PBS mixtures of liposomes (12% soy bean lecithin:cholesterol (9:1) obtained from Lipoid
GmBH, Ludwigshafen, Germany) containing 375ug of OVA and 25 pug of OVA-A647 with
or without the addition of 50ug of CpG or poly(l:C), kindly provided by Pfizer Animal
Health, Parkville, Victoria (now Zoetis Research and Manufacturing). Liposomes and antigen
solution +/- adjuvant were homogenised at 13,000 RPM for 10 minutes and extruded through
a 0.2um sterile filter. The CpG included in the formulations was the P class CpG 23877:
5 JU*C-G*T*C*G*A*C*G*A*T*C*G*G*C*G*G*C*C*G*C*C*G*T 3' (Patent # US
2013/0084306 Al), kindly provided by Pfizer Animal Health (now Zoetis Research and
Manufacturing). For lymph collection, the liposome preparations were injected
subcutaneously in the area drained by the prefemoral lymph node at 500l per injection using
a 25 gauge needle. For sera collection, the liposome preparations were injected
subcutaneously in the prescapular area at 500l per injection using a 25 gauge needle.

2.2.2  Lymph and blood collection

Afferent and efferent lymph was collected in sterile 50ml tubes containing 0.051U of heparin
and 20ul of 100X cell culture penicillin-streptomycin for a period of 1h at the time point
required. Immediately after collection, lymph was placed on ice and processed fresh for
analysis unless otherwise stated. Whole blood was collected by venepuncture using an 18
gauge needle and placed into a sterile 15ml tube and left to clot at room temperature for at
least 1h. The clot was removed by centrifugation at 1000 x g for 10 minutes. The supernatant

(serum) was collected and stored at -20°C until required for antibody analysis.
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2.2.3 Animal cohorts

Each sheep within the afferent lymph study received the prefemoral lymph node removal
surgery and the pseudo-afferent lymphatic cannulation surgery. Fifteen sheep with reliable
lymphatic flow were randomly allocated to receive one of the three vaccine formulations
detailed in section 2.2.1. Formulations were injected in the prefemoral drainage area. Afferent
lymph was collected prior to injection and 4h, 24h, 48h and 72h following primary injection
for flow cytometry, FACS and gene expression analysis at each time point within each

animal (Figure 2).

4 \
Pre-femoral lymph node removal surgery

Werribee
\_ J

3 months recovery for re-anastomosis

v

Transport to Monash University

L Clayton )

l 1 week acclimatisation

Pre-femoral pseudo-afferent
lymphatic cannulation surgery

l 1 week surgical recovery

Pre-injection lymph collections
and primary injections

Liposome Liposome + poly(l:C) Liposome + CpG
(n=5) (n=5) (n=5)
Afferent lymph collected 4h, 24h, 48h and 72h after injection

- cell analysis (flow cytometry, FACS)
- gene expression analysis (QPCR, RNA-seq)

Figure 2. Experimental design and timeline for the afferent lymph study.
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Each sheep within the efferent lymph allocation received the efferent lymphatic cannulation
surgery. Fifteen sheep with reliable efferent lymphatic flow were randomly selected to
receive three injections of their allocated vaccine formulation. Injections were performed in
the prefemoral and prescapular drainage areas. Secondary injections were performed 4 weeks
following primary injections, and tertiary injections were performed 3 months following
secondary injections. Efferent lymph was collected prior to secondary injection, 4h, 1d, 2d,
3d, 6d, 8d, 10d and 13d following secondary injection for flow cytometry and antibody
analysis at each time point within each animal (Figure3). Blood was collected prior to each
injection, 7 and 10 days after secondary vaccination and 3, 5, 7, 10 and 30 days after tertiary

vaccination for antibody analysis at each time point within each animal (Figure 3).

Primary injections

v N

Liposome + poly(l:C) Liposome + CpG
(n=5)

(n=5) (n=5)
2 weeks

L Naive blood collection J

2 weeks l 2 weeks

~
Transport to Monash University, Clayton
. J
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Efferent lymphatic cannulation surgery

1 week surgical recovery

Pre-injection efferent lymph and blood collection
Secondary injections (4 weeks post primary injection)

Liposome + poly(I:C) Liposome + CpG
(n=5) (n=5)

!

( Efferent lymph collected 4h, 1d, 2d, 3d, 6d, 8d, 10d, 13d post
injection, blood collected 7d and 10d post injection
-cell analysis (flow cytometry)
-antibody analysis (ELISA)

3 months

Pre-injection blood collection
Tertiary injections (3 months post secondary injection)

v N

Liposome + poly(1:C) Liposome + CpG
(n=5)

(n=5) (n=5)
L Blood collected 3d, 5d, 7d, 10d and 30d post injection ]

-antibody analysis (ELISA)

Figure 3. Experimental design and timeline for the efferent lymph and blood study.
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2.3 Cell biology

2.3.1 Flow cytometry

For flow cytometry, cells from afferent and efferent lymph were prepared in the same manner.
Immediately after collection, fresh lymph cells and supernatant were separated by
centrifugation at 400 x g at 4°C. The cell pellet was washed with 10ml of ice cold PBS +
2mM EDTA and resuspended in 1ml of 0.093mM ammonium chloride with 0.4M Tris (pH
7.2) to lyse red blood cells. After 3 minutes on ice, 9ml of cold FACS buffer (5% horse
serum, 2mM EDTA in PBS) was added and the cells centrifuged, washed with FACS buffer
and used for flow cytometry analysis. All samples for flow cytometry were prepared by
resuspending 3 x 10° cells in 25ul Fc-block (2% BSA, 2mM EDTA, 0.05% azide, 5% sheep
serum in PBS) and then adding 25ul of 2X surface marker antibody mixes and incubating on
ice for 20 minutes (Table 1) (196). All samples were run on a Becton Dickinson LSR2
machine and analysed using the FlowJo software. Figure 4 details the gating strategies
utilised to identify cell populations and antigen positive cells in afferent lymph. Figure 5
provides a phenotypic analysis of afferent lymph DCs. Figure 6 details the gating strategies
utilised to identify lymphocyte populations in efferent lymph.

Table 1. Antibodies used for identification of cell populations by flow cytometry

Primary Ab Isotype Source Dilution Secondary Ab Source Dilution
Anti-MHCII-PB 1gG2a CAB 1:2000 NA NA NA
Anti-CD14-A700 1gG2a AbD Serotec 1:400 NA NA NA
Anti-CD172a (SIRPa)  1gG1 VMRD Inc 1:250 Anti-lgG1 PE Caltag 1:1000
Anti-CD80 IgG1 AbD Serotec 1:2000 Anti-lgG1 PE Caltag 1:1000
Anti-CD86 IgG1 AbD Serotec 1:200 Anti-lgG1 PE Caltag 1:1000
Anti-CD11a FITC 1gG2a CAB 1:100 NA NA NA
Anti-CD11b 1gG2b CAB 1:10 Anti-lgG2b FITC BD Pharma  1:500
Anti-CD11c IgM VMRD Inc 1:400 Anti-IlgM FITC Caltag 1:600
Anti-CD1a FITC IgG1l CAB 15 NA NA NA
Anti-CD1b 1gG2a VMRD Inc 1:250 Anti-lgG2a FITC Caltag 1:500
Anti-CD1w?2 IgG1l In house 1:50 Anti-lgG1 PE Caltag 1:1000
Anti-CD40 IgG1l In house 1:10 Anti-lgG1 PE Caltag 1:1000
Anti-CD4 FITC 1gG2a AbD Serotec 1:500 NA NA NA
Anti-CD8 PE 1gG2a AbD Serotec 1:200 NA NA NA
Anti-yd TCR-AB647 IgG1l CAB 1:5000 NA NA NA
Anti- yd TCR-FITC IgG1l CAB 1:1000 NA NA NA
Anti-CD45R IgG1l CAB 1:10 Anti-lgG1 PE Caltag 1:1000

*CAB: Centre for Animal Biotechnology, University of Melbourne, Australia (161, 162).
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Figure 4. Flow cytometry gating strategies of cell populations and antigen positive cells in afferent lymph. (A)
Preliminary gating for live cells using propidium iodide (PI), single cell identification and the size (FSC) and
granularity (SSC) profile of live, single cells in afferent lymph. (B) DCs were gated based on SIRPa and MHC
Il expression, monocytes (M) and neutrophils (N) were firstly gated on SIRPa expression and further
distinguished based on CD14 expression for monocytes and high SSC profile and no auto-fluorescence (empty
FITC channel) for neutrophils. Lymphocytes (L) were defined based on low FSC/SSC profile and divided into T
cells based on CD4, CD8 and y6 expression and divided into B cells based on CD45R and MHC II expression.
(C) Antigen positivity was determined based on A647 fluorescence that is greater than pre vaccination levels.
The mean fluorescence intensity (MFI) of CD80 and CD86 expression was investigated on A647 positive DCs

and the MFI of MHC Il investigated on A647 positive monocytes. Flow cytometry plots are of one
representative animal.
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Figure 5. Phenotypic analysis of afferent lymph DCs gated on high MHC 1l expression. CD11a, CD11b, CD11c,
CD1a, CD1b, CD1w2, CD86, CD80, CD40 and CD45R expression was analysed under homeostatic conditions
on the cells present within the MHC |1 high gate used in Figure 4B to confirm the presence of DCs. Black lines
represent DC expression and grey lines are the matched isotype control. Flow cytometry plots are of one
representative animal.
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Figure 6. Flow cytometry gating strategies of cell populations in efferent lymph. (A) Preliminary gating for live
cells using propidium iodide (PI), single cell identification and the size (FSC) and granularity (SSC) profile of
live, single cells in efferent lymph. (B) Lymphocytes are gated on low FSC/SSC profile and divided into T cells
based on CD4, CD8 and yd expression and divided into B cells based on CD45R and MHC 11 expression. Flow
cytometry plots are of one representative animal. (C) Antigen positivity is determined based on A647-OVA+
fluorescence that is greater than pre vaccination levels (no antigen positive cells observed in efferent lymph).
Flow cytometry plots are of one representative animal.
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2.3.2 Fluorescence activated cell sorting (FACS)

Samples for FACS were prepared in the same manner as for flow cytometry (2.3.1). The
gating strategies in Figure 4 were applied to sort DC subsets, monocytes, neutrophils and
lymphocytes from total afferent lymph cells. Afferent lymph cell populations were sorted
using an Influx cell sorter (Becton Dickinson). Following cell sorting, a 100ul aliquot of
sorted cells was used for cytospot analysis (spun at 1000RPM for 5 minutes at 4°C) to
confirm sorted cell populations via microscopy, based on morphology and staining pattern
(Figure 7). The remaining sorted cells were centrifuged immediately and resuspended in
350ul buffer RLT (Qiagen) and stored at -80°C until required for gene expression analysis.

Lymphocytes Monocytes SIRPaheh DCs SIRPa'°% DCs
. :: 2 ."c \":."‘ 6 :” ,."
% ' a v¢™ F )
Sy ".\sg P @’

Figure 7. Microscopy images of FACS sorted lymphocytes, monocytes, SIRPo"%" DCs and SIRPa'® DCs from
afferent lymph stained in DiffQuik. Sorting experiments revealed >90% purity for all cell populations.
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2.3.3 Flow cytometry analysis

The FlowJo software was used to analyse all flow cytometry data using the gating strategies
detailed in Figures 4-6. Cell trafficking data in afferent lymph is expressed as a percentage of
total cells or as a percentage of the cell subset; for example, DC subsets are expressed as a
percentage of total DCs.

Antigen uptake data is expressed as the number of antigen positive cells per 10,000 cells in

afferent lymph:

percentage of antigen positive cells x no. of cell type perl0,000 cells

no. of antigen+ cells per 10,000 cells =
100

Antigen uptake data is also expressed as the average amount of antigen per cell:

sum of the fluorescence intensity of each cell

amount of antigen per cell =
no. of cells

To determine the relative expression of surface markers MHC 11, CD80 and CD86 on antigen
positive cells over time, the MFI was calculated and expressed as a fold change from baseline

expression.

Cell trafficking data in efferent lymph is expressed as cell number per hour:

percentage of cell type
cells per hour = X no. of total cells per hour

100

This was chosen as, unlike afferent lymph, there is a significant change in the total volume
and cell number of efferent lymph over time.

For intracellular cytokine staining, [FNy or IL4 positive cells are expressed as a percentage of
total lymphocytes or as a percentage of the cell subset; for example, IFNy+ CD8 T cells as a
percentage of total CD8 T cells in efferent lymph.

49



Chapter Two: General Methods

2.4 Gene expression

2.4.1 RNA extraction

Gene expression analysis was performed on total afferent lymph cells and sorted afferent
lymph cell populations using real-time quantitative PCR. Total afferent lymph cells were
separated from lymph by centrifugation at 400 x g at 4°C. The cell pellet was washed with
10ml ice cold PBS + 2mM EDTA and resuspended in 1ml of 0.093mM ammonium chloride
with 0.4M Tris (pH 7.2) to lyse red blood cells. After 3 minutes on ice, the cells were washed
with PBS + 2mM EDTA and resuspended at 1x 10°/ml in Qiazol (Qiagen). Qiazol
preparations were stored at -80°C until required. Cellular RNA was extracted from total
afferent lymph cells using the Qiazol RNA extraction protocol and RNeasy Micro Kit (with
on-column DNase digestion) according to manufacturer’s instructions (Qiagen). RNA
quantity was measured using a Nanodrop (Nanodrop Technologies) by absorbance at 260nm
(194).

Sorted afferent lymph cell populations were centrifuged immediately after sorting (section
2.3.2), resuspended in 350l buffer RLT (Qiagen) and stored at -80°C until required. Cellular
RNA was extracted from sorted afferent lymph cells using an RNeasy Micro Kit with on-
column DNase digestion (Qiagen) according to manufacturer’s instructions. RNA quantity

was measured using a Nanodrop (Nanodrop Technologies) by absorbance at 260nm.

2.4.2 cDNA synthesis and real time PCR

cDNA was synthesised from RNA of total afferent lymph cells and sorted afferent lymph
cells using a Quantitect Reverse Transcription kit (Qiagen) according to manufacturer’s
instructions. Primers were designed to span an intron where possible using Primer 3 software
on annotated mMRNA sequences (Table 2). If the ovine mMRNA sequences were not available,
sequences were identified by alignment of bovine orthologues to the ovine genome. Real-
time quantitative PCR was performed on individual samples in triplicate using SYBR green
master mix on an Eppendorf Realplex 4 (Eppendorf). A standard curve using defined
dilutions of pooled cDNA was run with each primer pair to obtain the PCR efficiency and

relative copy number.
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2.4.3 Real time PCR analysis

The Eppendorf Realplex software was used to calculate all real time PCR data. All results
were normalised to the housekeeping gene GAPDH which showed the least variation relative
to input cell number and treatment. B-actin was also investigated for use as a housekeeping
gene, however expression of this gene was variable and therefore was excluded as a
housekeeping gene. The PCR efficiency of each primer pair was calculated using the

Eppendorf Realplex software (Table 2).

Real time PCR results from total afferent lymph cells in Chapter Three and sorted afferent
lymph cells in Chapter Five are expressed as the mRNA levels relative to GAPDH. Real time
PCR results from sorted afferent lymph cells in Chapter Three are expressed as the relative
contribution of each cell type to gene expression, described in the equation:

normalised gene expression

contribution of cell type = x no. of cell tvpe in afferent lymph
no. of cells sorted in that sample

This measurement was chosen to determine the relative contribution of each sorted cell
population to gene expression within afferent lymph for the genes of interest.

2.4.4 Next generation RNA-sequencing

Total cell RNA samples from three animals in the liposome alone and liposome + CpG
groups (pre (-2h) and 72h) were also sent for next generation sequencing (RNA-seq) at the
Medical Genomics Facility at the Monash Institute of Medical Research (Clayton, Australia).
For these samples, RNA was extracted as described in section 2.4.1 and quality was assessed
using an Agilent Bioanalyzer (Agilent Technologies). All samples had RNA Integrity
Number (RIN) scores of greater than 8.5. mMRNA library preparation, cluster generation and
RNA-sequencing was performed with 100ng of RNA per sample using the Illumina
sequencing platform as described within the relevant experimental chapter. Bioinformatics
analysis was performed by the Victorian Bioinformatics Consortium at Monash University
(Clayton, Australia). Reads were aligned to the ovine genome which became publicly
available in 2014. Differential gene expression in afferent lymph cells within treatment
groups (pre vs 72h for both formulations) and between treatment groups (72h liposome alone

vs 72h liposome + CpG) was calculated based on the following parameters: p<0.05, false
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discovery rate (FDR) <0.01, £1.5 mean fold change and a total of 50 reads across all
replicates. Fulfilment of all four parameters was required to reach significance. Detailed
information on the bioinformatics analysis can be found in the relevant experimental chapter.
The Metacore knowledge database and software suite (Thomson Reuters) was used to
identify biological processes and networks that were over-represented in the data set. Real-
time gquantitative PCR was also performed on these samples as described to validate the RNA

sequencing results.

Table 2. List of genes and primers for real time quantitative PCR

Gene Primer Sequence Efficiency

CCL2 F: GCTGTGATTTTCAAG 1.06
R: GGCGTCCTGGACCCATT

CLEC4F F: ATTCAACCGTGCGTTTTGGG 0.89
R: TCATTCCACTTCCGCTGCAT

CXCL10 F: GCTCATCACCCTGAGCTGTT 0.94
R: AGCTGTCAGTAGCAAGGCTG

GAPDH F: GTCCCCACCCCCAACGT 0.98
R: TCTCATCATACTTGGCAGGTTTCTC

IFIT3 F: GTTGTCGAGGCTCTGGGAAA 0.94
R: TCCAGTGCCCTTAGCAACAG

IL17A F: AGGAGCTACCATGGCGTCTA 1.10
R: CCTCACATGCTGTGGGAAGT

ILIB F: CGAACATGTCTTCCGTGATG 1.04
R: TCTCTGTCCTGGAGTTTGCAT

IL6 F: CCTCCAGGAACCCAGCTATG 1.02
R: GGAGACAGCGAGTGGACTGAA

PSMA2 F: TGGTGTATAGTGGCATGGGC 0.91
R: TGAGCTGTGGGAATGGGTTC

RIGI F: GCCTCAGTTGGTGTTGGAGA 0.86
R: GACGTGTCGAGAGAAGCACA

TLR3 F: ACAATCAGCCACACGACCTT 1.00
R: AGATGTGGAAGCCAGGCAAA

TLR7 F: TCTCCAAGGTGCTTT 1.01
R: CCACCAGACAAACCA

TLRY F: CCCTGGAGAAGCTGG 0.97
R: GACAGGTCCACGAAG

Bactin F: GGAGTCCTGCGGCATTCA 0.92

R: GATGTCCACGTCACACTTCATGA
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25 Antibodies

2.5.1 ELISA

Antigen-specific antibodies were measured in each efferent lymph and serum sample of
vaccinated sheep using Enzyme-Linked Immunosorbent Assay (ELISA). 100ul per well of
OVA (4pg/ml in PBS) was added to a flat bottom 96 well plate (Immunosorb, NUNC) and
left to bind overnight at 4°C. The plate was washed twice with 0.05% PBS tween (PBST)
and blocked with 1% horse serum in PBS at 200ul per well for 1h at room temperature.
Following five washes with PBST, serum (diluted 1/500) or efferent lymph (diluted 1/2000)
samples were added at 100ul per well for 1h at room temperature. The wells were then
washed five times with PBST. 100ul of rabbit anti-sheep immunoglobulins/HRP antibody
(DAKO, diluted 1/1000 in PBS) was added to each well for 1h at room temperature. The
wells were then washed five times with PBST. The ELISA was developed using
Tetramethylbenzidine (TMB) substrate (Invitrogen) at 100ul/well and stopped by the
addition of 50pl/well of 2M H,SO,4. The absorbance of each well was read at 450nm on a
spectrophotometer (Molecular Devices, Spectramax Plus).

2.5.2 ELISA analysis

The concentration of antibody is expressed as optical density (OD) at 450nm and also as
mean end-point antibody titre. Antibody titres were determined by serially diluting the
efferent lymph and serum samples until the OD was within 2 standard deviations of the
control wells. The last dilution factor where antibody was detected was selected as the end-

point antibody titre for that sample.
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2.6  Statistical analysis

All data were analysed using the statistical computer software GraphPad Prism version 6.0.
Unless otherwise stated, results are presented as mean + standard error of the mean (SEM)
with five animals in each treatment group. For cellular data and real time PCR data,
differences between groups and within a group were calculated with a two-way repeated
measures analysis of variance (ANOVA) using a Sidak post-test to correct for multiple
comparisons. For real time PCR data on sorted cells where gene expression was detected only
within a single cell population, a one-way ANOVA was used to determine statistical
significance over time. For all data, significance was determined as the confidence interval
being greater than 95% (p<0.05). The specific statistical analysis conducted for each

experiment is described in the relevant sections of each experimental chapter.
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CHAPTER THREE

Vaccination with liposomal poly(l:C) induces discordant
maturation of migratory dendritic cell subsets and anti-viral gene

signatures in afferent lymph cells.

3.1  Chapter Summary

The results presented within this chapter provide a comparison of the immune response
induced by a control liposomal antigen formulation and a liposomal antigen formulation with
the addition of the innate stimulator poly(l:C). Due to requirements established during the
publication process, the results for the liposomal poly(l:C) and liposomal CpG formulations
are presented in two separate chapters (manuscripts) within this thesis. The aims of this
chapter were to investigate the innate, adaptive and memory immune responses induced by
liposomal poly(I:C) in the afferent lymph, efferent lymph and circulation of vaccinated sheep,
respectively. Due to technical difficulties of the surgical procedures outlined in section 2.1.7,
the efferent lymphatic cannulations of the animals allocated to the poly(l:C) group were not
successful, with only 1 out of 10 animals flowing for the complete 13 day time course.
Despite significant time and effort, due to the reorganisation of the company and staff that
provided the vaccine formulations for these studies (Pfizer Animal Health restructured to
Zoetis Research and Manufacturing), we were unable to obtain additional vaccine
formulations to repeat the poly(l:C) efferent lymphatic cannulations. This chapter therefore
investigates the innate cellular immune response in afferent lymph and the systemic memory
humoral immune response following vaccination with liposomal poly(l:C). The results show
that poly(l:C) enhances the inflammatory cellular and transcriptional immune response in
afferent lymph, increase cellular associated antigen uptake and induces a unique pattern of
DC maturation. The addition of poly(l:C) to the formulation also increases the systemic
antigen-specific humoral immune response. The results of this study provide a
comprehensive analysis of the real time in vivo innate immune response induced at the site of

injection that is translated to the local lymph node following vaccination.
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3.2 Abstract

Vaccine formulations administered in the periphery must activate naive immune cells within
the lymph node. In this study, we have directly cannulated the ovine lymphatic vessels to
investigate the cellular and molecular mechanisms that transfer information from the
periphery into the local draining lymph node via the afferent lymph. Inclusion of poly(l:C)
into a liposomal vaccine formulation enhances the neutrophil-associated inflammatory
immune response in afferent lymph and increases antigen uptake by migratory dendritic cells
(DCs). Interestingly, antigen positive migratory DCs undergo discordant maturation, with
peak expression of CD86 at 4h and CD80 at 48-72h post vaccination. Afferent lymph
monocytes up-regulate expression of genes related to inflammatory and anti-viral immune
phenotypes following vaccination however show no differentiation into APCs prior to their
migration to the local lymph node as measured by surface MHC Il expression. Finally, this
study reveals the addition of poly(l:C) increases systemic antigen-specific humoral immunity.
These findings provide a detailed understanding of the real time in vivo immune response
induced by liposomes incorporating the innate immune agonist poly(l:C) utilising a

vaccination setting comparable to that administered in humans.
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3.3 Introduction

The recent discovery that stimulation of the innate immune system leads to the induction of
an adaptive immune response has led to the development of innate receptor ligands serving as
adjuvants within vaccine formulations. A major class of innate immune stimulants are the
TLR ligands. Poly(l:C) is a synthetic dSRNA complex that activates anti-viral recognition
pathways, including TLR 3 and melanoma differentiation associated protein 5 (MDAJS).
Poly(I:C) has been shown to influence the maturation of innate cell populations, increase
production of pro-inflammatory cytokines and induce protective, long lasting cellular and
humoral immunity (48, 71-73, 76, 131, 198).

Liposomes have also been shown to possess an inherent adjuvant effect by protecting vaccine
components from degradation and facilitating antigen uptake by APCs (199-202).
Incorporating innate immune stimulants, such as Monophosphoryl lipid A (MPL), poly(l:C)
or CpG into liposomes has been shown to increase the immunogenicity of these adjuvants,
thereby increasing vaccine induced immunity (117, 123, 203). Several liposome based
vaccines are currently in clinical trials, however an improved understanding of their
interaction with and recruitment of cell populations in vivo is required to fully understand

their immunogenic properties (104).

Following vaccination, cells present at the injection site migrate to the local lymph node via
the afferent lymphatic vessels. The signals received in the periphery are conveyed to
lymphocytes in the lymph node, leading to the generation of an adaptive immune response
specific for the injected antigen (204). Examination of the afferent lymph compartment
during the innate phase of an immune response allows investigation of the peripheral
biological pathways responsible for setting up an adaptive immune response. This can be
achieved using an ovine pseudoafferent lymphatic cannulation model, which permits real
time collection of cells and immune factors that leave the injection site after in vivo exposure
to local stimuli (162). In the present study, we have utilised this unique experimental model
to explore the in vivo action of the innate stimulator poly(l:C) when incorporated into a
liposome formulation. We have quantified the real time kinetics of innate cellular recruitment,
antigen transport and genetic signatures from the injection site into the local lymph node after

vaccination with liposomal poly(l:C).
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3.4 Materials and Methods

3.4.1 Immunisations

All injections consisted of 500ul sterile PBS mixtures of liposomes (12% soy bean
lecithin:cholesterol (9:1) obtained from Lipoid GmBH, Ludwigshafen, Germany) containing
350ug of ovalbumin (OVA) and 25ug of A647-labelled OVA with or without 50ug of
poly(l:C), kindly provided by Zoetis Research and Manufacturing (Parkville, Victoria,
Australia). Liposomes and antigen with or without adjuvant were homogenised at 13,000
RPM for 10 minutes and extruded through a 0.2um sterile filter. The liposome formulations
were injected subcutaneously in the area drained by the prefemoral lymph node at 500ul per
injection using a 25g needle. For antigen labelling, 5mg of OVA was resuspended at 1mg/ml
in PBS and a 15M excess of Alexa-647 succinimidyl ester (Invitrogen, Carlsbad, CA, USA)
resuspended in DMSO at 5mg/ml was added and incubated at room temperature for 1h.
Unconjugated fluorophore was removed from OVA solution using an Amicon Ultracel 3K
centrifugal filter (Millipore, Billerica, MA, USA) by centrifuging at 2000 x g for 30min and
washed with PBS.

3.4.2 Pseudoafferent lymphatic cannulation surgery and flow cytometry

Ovine prefemoral pseudoafferent lymphatic cannulation was performed as previously
described (196). The prefemoral lymph nodes of merino sheep were removed at one year of
age and at least 2 months was allowed for reanastomosis of the afferent lymphatics with the
larger efferent lymphatic vessel. A secondary surgery was performed to insert a 0.96mm x
0.58mm heparin coated polyvinyl chloride cannula into the pseudoafferent lymphatic vessel.
The cannulae were exteriorised and placed in a sterile collection flask attached to the side of
the sheep. Injections were given at least seven days post lymphatic surgery to allow for
surgical recovery. Ten sheep with reliable flow of afferent lymph were used in this study and
randomly assigned to the groups, liposome alone (n=5) and liposome + poly(l:C) (n=5).
Handling of animals and experimental procedures were approved by the Monash University
Animal Ethics Committee in accordance with the relevant licensing agreement. Afferent
lymph was collected in sterile 50ml tubes containing 0.051U of heparin (Pfizer, New York,
NY, USA) and 20ul of 100 x cell culture penicillin-streptomycin (Invitrogen, Carlsbad, CA,
USA) for a period of one hour. Afferent lymph was collected prior to injection (-2h) and 4h,
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24h, 48h, 72h after injection. Immediately after collection, afferent lymph cells were prepared
for flow cytometry as previously described (196). Samples were analysed on an LSR2
machine (Becton Dickinson, Franklin Lakes, NJ, USA) and sorted using an Influx cell sorter
(Becton Dickinson). For flow cytometry analysis and cell sorting, DCs were gated based on
MHC 11 expression, with DC subsets gated on high or low levels of SIRPa. Monocytes were
gated based on high CD14 expression and low-intermediate MHC 11 expression. Neutrophils
were distinguished from monocytes based on side scatter (ssc) and low MHC Il expression. T
cell populations were identified based on CD4, CD8 or yd expression. B cells were gated
based on CD45R and MHC |1 expression. Flow cytometry gating strategies can be found in
Supplementary Figure 1. All flow cytometry experiments were performed on fresh afferent
lymph cells, except for experiments detailing CD80/CD86 on A647-OVA+ DCs which were
performed on thawed afferent lymph cells.

3.4.3 Vaccination strategy and blood collection

Adaptive immune responses were induced by randomly assigning and injecting six non-
cannulated sheep with the respective formulation, followed by a boost injection of the same
formulation four weeks later. Memory immune responses were measured by injecting the
same six sheep with the same formulation three months after receiving the boost injection.
Blood was collected prior to all injections, 7d and 10d after boost injection and 3d, 6d, 10d
and 30d after tertiary injection.

3.4.4  Afferent lymph cell preparation for quantitative real time PCR

Following centrifugation and wash steps, total afferent lymph cells were resuspended at
1x10’/ml in Qiazol (Qiagen, Valencia, CA, USA). Following cell sorting, sorted afferent
lymph cells were centrifuged immediately and resuspended in 350ul buffer RLT (Qiagen).
Cellular RNA was extracted from total afferent lymph cells and sorted cells using an RNeasy
Micro Kit (Qiagen) according to the manufacturer’s instructions. RNA quantity was
measured using a Nanodrop (Nanodrop Technologies, Wilmington, DE, USA). cDNA was
synthesised from RNA using a Quantitect Reverse Transcription kit (Qiagen) according to
manufacturer’s instructions. Primers were designed using Primer 3 software on annotated
ovine mMRNA sequences (Supplementary Table 1). Real time PCR was performed on
individual samples in triplicate using SYBR green master mix on an Eppendorf Realplex4
(Eppendorf, Hamburg, Germany). Gene expression was normalised to the housekeeping gene
GAPDH.
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3.4.5 ELISA for the identification of OVA-specific antibodies

An indirect ELISA was used to measure relative OVA-specific antibody levels in each serum
sample. Briefly, 100ul of OVA (4ug/ml in PBS) was added to a flat bottom 96 well plate
(Corning Costar, Tewksbury, MA, USA) and left to bind overnight at 4°C. The plate was
washed with 0.05% tween in PBS, and blocked with 1% horse serum in PBS at 200pl/well
for 1h at room temperature, washed and sera samples (diluted 1/500) added at 100ul/well for
1h. The wells were washed and 100ul of rabbit anti-sheep immunoglobulins/HRP antibody
(ref P0163, DAKO, Braeside, VIC, AUS) (diluted 1/1000 in PBS) was added and allowed to
incubate for 1h. Reactions were developed using Tetramethylbenzidine substrate (Invitrogen)
at 100ul/well, stopped by the addition of 50ul/well of 2M H,SO,4 and read at 450nm on a
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).

3.4.6 Statistical analysis

Results are presented as mean + standard error of the mean. For cellular data and real time
PCR data, differences between groups and within a group were calculated with a two-way
repeated measures ANOVA using a Sidak post-test to correct for multiple comparisons. For
real time PCR data on sorted cells where gene expression was detected only within a single
cell population, a one-way ANOVA was used to determine statistical significance over time.

Significance was determined as the confidence interval being greater than 95% (p<0.05).
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3.5 Results

3.5.1 Liposomal poly(l:C) enhanced the recruitment of neutrophils into afferent lymph

The addition of poly(l:C) to the liposome formulation did not significantly alter the total
volume or cell output in afferent lymph (Figure 1A), however it significantly increased the
percentage of neutrophils in afferent lymph 4h after injection (Figure 1B). The percentage of
monocytes in afferent lymph peaked 24h post injection in both groups, however this increase
was statistically significant only when poly(1:C) was added to the formulation (Figure 1B).
While the proportion of total dendritic cells (DCs) in afferent lymph remained relatively
consistent over time in both groups, poly(l:C) increased the proportion of SIRPa™¢" DCs after
injection, increasing from 56% prior to injection to 63% 24h after injection and 61% 48h
after injection (Figure 1C). No change in the percentage of lymphocyte subpopulations
identified in afferent lymph was observed over time in either vaccination group

(Supplementary Figure 2).
3.5.2 Liposomal poly(l:C) altered the kinetics of cellular antigen uptake in afferent lymph

In order to investigate the cell types within afferent lymph that transport antigen to the lymph
node, the vaccine formulations contained A647-labelled OVA. Injection with liposome alone
induced a peak number of A647-OVA" DCs 4h after injection, whilst poly(I:C) delayed the
peak of A647-OVA" DCs to 24h after injection (Figure 2A). No significant difference in the
number of A647-OVA' DCs was seen after injection with poly(l:C) when compared to
liposome alone. The average amount of antigen per cell was determined by calculating the
mean fluorescence intensity (MFI) of A647-OVA" cells. Poly(I:C) significantly increased the
amount of A647-OVA fluorescence within individual DCs at 4h and 24h (Figure 2A). This
result was also observed in A647-OVA" monocytes 24h after injection with poly(l:C),
despite no difference in the number of A647-OVA" monocytes at this time point when
compared to liposome alone (Figure 2B). The number of A647-OVA" neutrophils was
significantly higher 4h following poly(l:C) injection (Figure 2C), consistent with their
increased recruitment at this time point (Figure 1B). Interestingly, a 3 fold increase in the
level of A647-OVA fluorescence in neutrophils was seen 72h after injection with liposome
alone when compared to poly(l:C). When investigating cellular antigen transport by the two
DC subsets identified in afferent lymph, the SIRPa"®" DCs were responsible for between five
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and ten fold more antigen uptake in both injection groups, with peak antigen uptake observed
4h after injection (Figure 2D-E). Poly(l:C) uniquely increased the level of A647-OVA
fluorescence in both SIRPo"" DCs and SIRPo'™ DCs, 2.2 fold at 4h and 2.6 fold at 48h after

injection, respectively, when compared to liposome alone (Figure 2D-E).
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3.5.3 Liposomal poly(I:C) increased the expression of co-stimulatory molecules on antigen

carrying DCs

All afferent lymph DCs expressed both co-stimulatory molecules CD80 and CD86 prior to
injection. However, injection with liposomal poly(l:C) induced a 2 fold increase in the MFI
of CD80 on A647-OVA" DCs between 48h and 72h post injection (Figure 3A). Interestingly,
the increase in CD80 was not associated with an increase in CD86 expression at these times
(Figure 3B). The MFI of CD86 on A647-OVA" DCs peaked 4h after injection with both
formulations and declined to baseline fluorescence levels by 72h (Figure 3B). No change in
the expression of MHC Il on antigen positive or negative DCs or monocytes was observed

throughout the time course in this study.
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Figure 3. Temporal changes in the MFI of maturation markers on A647-OVA™ monocytes and DCs in afferent
lymph after injection with liposome alone or liposome + poly(l:C). Fold change over time in the MFI of CD80
on A647-OVA" DCs (A), CD86 on A647-OVA" DCs (B) and MHC Il on A647-OVA" monocytes (C). Data
expressed as mean + SEM of five individually analysed animals at each time point in both treatment groups, *
indicates significant differences between groups, *p<0.05.
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3.5.4 Liposomal poly(l:C) enhanced the expression of anti-viral genes in afferent lymph

cells

The expression of inflammatory and anti-viral genes Retinoic acid-inducible gene 1(RIG-1),
Interferon-induced protein with tetratricopeptide repeats 3 (IFIT-3), TLR-7, C-X-C motif
chemokine 10 (CXCL10), IL6, IL1B, C-C motif ligand 2 (CCL2) and IL17A was determined
for all cells in afferent lymph. Injection of poly(l:C) induced significant increases in the
expression of RIG-1, IL6 and CCL2 at 24h when compared to liposome alone (Figure 4).
Peak expression of IFIT-3, CXCL10 and IL17A was also observed in the poly(l:C) group at
this 24h time point (Figure 4). Both groups induced a similar trend in TLR-7 and IL1
expression, declining at 4h and returning to baseline levels by 24-72h after injection (Figure
4).

3.5.,5 Relative expression of inflammatory and anti-viral genes in monocytes and DCs in

afferent lymph

Peak expression of genes investigated in total afferent lymph cells occurred 24h after
injection of poly(l:C), consistent with the recruitment of monocytes and DCs into afferent
lymph. To determine the relative expression of these genes by these cell populations,
SIRPo™" DCs, SIRPa® DCs and monocytes from afferent lymph were sorted prior to
injection (-2h), and 24h and 48h after injection of poly(l:C). The relative contribution of each
cell type to gene expression was calculated by multiplying the normalised gene expression
value per cell by the number of that cell type in afferent lymph at the time points analysed.
The SIRPa™" DCs were the only cell population to express all seven genes, exclusively
expressing RIG-1, TLR-3 and IL6 following injection of poly(l:C) (Figure 5). Significant
increases from baseline were observed in RIG-1, CXCL10, TLR-3 and proteasome subunit
alpha type-2 (PSMA2) expression in SIRPo™®" DCs at 24h (Figure 5). The SIRP"" DCs
also expressed more CXCL10 at this time point when compared to SIRPo'™ DCs and
monocytes. The monocyte population contributed most significantly to IFIT-3 and CCL2
(MCP-1) expression at 24h when compared to SIRPo®¥ DCs and SIRPo"9" DCs, respectively
(Figure 5). PSMAZ2, a gene involved in proteolysis and presentation of antigen (205), was
unique to the DC subsets, increasing significantly from baseline at 24h in the SIRPa™%" DC
population (Figure 5). Expression of the IL17A gene was not detected in any of the sorted

cell populations.
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liposome + poly(I:C). RNA levels for RIG-I, IFIT-3, TLR-7, CXCL10, IL6, IL1B, CCL2 and IL17A are
reported. Data expressed as mean + SEM of three individually analysed animals at each time point in both
treatment groups, * indicates significant differences between groups and *indicates significant differences from
pre injection (-2h) within each group, *p<0.05, *p<0.05.
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Figure 5. Identification of gene expression in selected sorted afferent lymph cells prior to injection, 24h and
48h following injection with liposome + poly(l:C). Expression is reported for the genes RIG-I, IFIT-3, TLR-3,
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3.5.6 Liposomal poly(l:C) increased the production of systemic antigen-specific antibodies

OVA specific antibody concentration was measured in the sera of vaccinated animals after
secondary and tertiary injections with both formulations. The addition of poly(l:C) to the
liposome formulation induced significantly greater OVA-specific antibody levels in sera after
secondary injection which remained elevated for the entire vaccination time course (Figure
6A). In the liposome alone group, significant increases in OVA-specific antibodies were only
observed after tertiary vaccination (Figure 6A). Mean end-point OVA antibody titres were
approximately 2 fold greater in the poly(l:C) group at 100 days when compared to liposome

alone (Figure 6B).
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Figure 6. Temporal changes in OVA specific antibody concentration in the sera after boost injections with
liposome alone or liposome + poly(l:C). OVA specific antibody concentration in sera is expressed as (A) OD
(450nm) and (B) Mean end point titre. Arrows indicate injection days, where primary injection was given on
day 0, secondary injection was given on day 28 and tertiary injection was given on day 90. Data expressed as
mean + SEM of five individually analysed animals at each time point in both treatment groups, * indicates
significant differences between groups and * indicates differences from naive (day 0) within each group,
**x*n<(),0001, #p<0.01, #*p<0.001, **p<0.0001
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3.6 Discussion

The cellular and humoral immune responses induced by liposomal vaccine formulations can
be improved by the addition of innate immune stimulants, including poly(l:C) (122).
However, the in vivo mode of action of these formulations is unclear, and little is known
regarding their effect at the site of vaccination which drives the subsequent immune response
in the local draining lymph node. Using the ovine pseudoafferent lymphatic cannulation
model, we were able to intercept the cells migrating from the skin into the local lymph node,
allowing the quantification of cellular composition, phenotype and ability to carry antigen to

the lymph node after vaccination with liposomal poly(l:C).

Immediately after vaccination with both liposomal formulations, there was a marked increase
in the number of neutrophils in afferent lymph. The transient nature of this response is a
characteristic feature of inflammation induced by subcutaneous injection (164). This was
significantly increased with poly(l:C), in agreement with previous work, where several
immune agonists have been shown to enhance the skin inflammatory response (162, 195).
We also report significant increases in the inflammatory and anti-viral genes IL6, CCL2 and
RIG-I 24h following injection of liposomal poly(l:C). Similarly, a study in humans found that
injection of poly ICLC, a stabilised form of poly(l:C), induced transcriptional changes that
mimic viral infection, including strong interferon responses and inflammasome signalling
(95). This study also reported that naked poly ICLC induced mild to severe local and
systemic side effects in the first week after injection (95). Throughout the course of the
present study, no adverse reactions were observed at the site of injection (data not shown),
suggesting that incorporating poly(l:C) into liposomal formulations may reduce the
likelihood of local reactogenicity. Liposomes incorporating poly(l:C) and OVA antigen have
been shown to induce strong CD8 T cell responses in mice whilst preventing the non-specific
production of pro-inflammatory cytokines in the serum that occurred after injection of free
poly(l:C) (120).

This study shows that, in addition to DCs, neutrophils and monocytes in afferent lymph are
also able to transport antigen to the lymph node within 24h after injection. This has been
observed previously, where afferent lymph monocytes contributed to antigen uptake

following injection of several adjuvant formulations, including aluminium adjuvant,
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Monophosphoryl lipid A (MPL) and CpG (161, 162, 196). In our study, monocytes were also
the most significant contributors to the expression of the monocyte chemotactic gene CCL2
and the interferon-induced gene IFIT-3 at 24h. These cells also expressed the gene for the
chemokine CXCL10 at this time point, suggesting they have acquired an activated, anti-viral
phenotype as they migrate to lymph node after injection with liposomal poly(l:C). Similar
results have also been observed in pigs, where genes involved in interferon signalling and
chemotaxis were up-regulated in the draining lymph node 24h following injection of the
adjuvant formulation Matrix-M (206). We show that monocytes from afferent lymph may
represent a significant contributor to the enhanced antiviral genetic signatures observed in the

draining lymph node following vaccination.

DCs were responsible for the majority of cellular antigen transport from 24-72h after

vaccination with both formulations. The afferent lymph SIRPa™"

DC subset was responsible
for between 5 and 10 fold more antigen uptake than the SIRPa'® DC subset across the time
course in both groups. This was also supported by increased expression of the antigen
processing gene PSMAZ2 and TLR-3 over time in this DC subset. In ovine afferent lymph, the
SIRPo"9" DCs were shown to genetically and functionally represent the mouse CD11b* DCs,
with enhanced antigen presentation to CD4 T cells. The SIRPa' DCs were equivalent to the
mouse CD8a" DCs and specialised in the cross-presentation of antigen to CD8 T cells (144,
156). In our study, the SIRPa"" DCs were the only cell population to express the receptor for
poly(I:C) TLR3 and all immune genes investigated (excluding IL17A), suggesting they play
a significant role in the immune response induced by poly(l:C). A previous study
investigating TLR expression in ovine afferent lymph DCs showed increased expression of
TLR3 in SIRPa"¥" DCs when compared to SIRPa'® DCs (207). However, in humans and
mice, expression of TLR3 is typically associated with SIRPo DCs. In mice, TLR3 is
expressed by CD8'SIRPa” lymph node resident DCs and CD8 CD103" migratory DCs (68). It
will require additional markers and functional characterisation of afferent lymph SIRPa
subsets in sheep to determine whether the increased expression of TLR3 in SIRPa™%" DCs is a
species specific difference or due to the exclusively migratory population studied in afferent

lymph.

Both subsets of DCs ingested more antigen following injection of poly(l:C), however, in our
study, the SIRPa DCs did not express the transcript for TLR-3. This suggests that the
SIRPo'™ DCs may respond to poly(l:C) through TLR-independent pathways, such as

melanoma differentiation associated protein 5 (MDADS), which can be inducibly expressed in
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most cell types (91). The SIRPa® DCs exclusively expressed the interferon-stimulated genes
IFIT-3, CXCL10 and PSMA2 (208), suggesting they are activated by type | interferon
cytokines produced by cell populations at the site of injection, however confirmation of these
hypotheses will require further investigation.

Injection of poly(l:C) induced antigen positive DCs to partially mature, as shown by
discordant increases in expression of the co-stimulatory molecules CD80 and CD86. At no
point in our study did antigen positive migratory DCs express elevated levels of both CD80
and CD86. This is at odds with an in vitro study that revealed liposomal poly(1:C) induced
DCs to mature and increase their type | interferon production (123). In our study, no increase
in MHC Il expression on antigen positive monocytes was observed in this study. These are
interesting findings, as we have previously reported both an increase in MHC Il on antigen
positive monocytes, and an increase in CD80/CD86 on antigen positive DCs 72h after
injection of liposomal CpG (196). In the present study we show that, unlike liposomal CpG,
liposomes alone and liposomal poly(l:C) are not sufficient to completely mature monocytes
and DCs in afferent lymph. These results highlight that poly(l:C) and CpG target distinct

pathways in afferent lymph to induce their adjuvant effects in the local lymph node.

The overall efficacy of a vaccine formulation can be quantified based on the level and
persistence of circulating antigen specific antibodies following boost injection. We show
significant increases and persistence in the concentration of OVA specific antibodies
following boost injection with liposomal poly(l:C), but not with the liposome alone
formulation. A study in mice also showed that vaccines containing liposomal antigen and
adjuvant combinations were the most effective at inducing protective antibody responses
when compared to liposome alone and adjuvant alone injections (209). This highlights that
liposomal delivery systems can be improved by the addition of immunostimulatory

components to elicit strong antigen specific humoral immunity.

The combined results of this study demonstrate that addition of poly(l:C) to liposomal
vaccine formulations enhances the immediate inflammatory response at the site of injection,
improves cellular associated antigen transport in afferent lymph, induces partial maturation of
DCs and increases the production of antigen specific antibodies following vaccine challenge.
We also show genetic signatures associated with interferon-mediated antiviral immune
responses in afferent lymph DCs and monocytes after injection of liposomal poly(l:C). This
study demonstrates the real time in vivo kinetics of the peripheral contribution to liposome
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based delivery systems and provides an explanation for the immunogenic function of

poly(1:C) when employed as an adjuvant within vaccines.
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3.7 Supplemental figures

Supplementary Table 1. Primer sequences for genes investigated with real time PCR

Gene Primer sequences (5°-3°)
GAPDH Forward: GTCCCCACCCCCAACGT
Reverse: TCTCATCATACTTGGCAGGTTTCTC
IL-6 Forward: CCTCCAGGAACCCAGCTATG
Reverse: GGAGACAGCGAGTGGACTGAA
IFIT-3 Forward: GTTGTCGAGGCTCTGGGAAA
Reverse: TCCAGTGCCCTTAGCAACAG
TLR-7 Forward: TCTCCAAGGTGCTTT
Reverse: CCACCAGACAAACCA
IL-1B Forward: CGAACATGTCTTCCGTGATG
Reverse: TCTCTGTCCTGGAGTTTGCAT
IL-17A Forward: AGGAGCTACCATGGCGTCTA
Reverse: CCTCACATGCTGTGGGAAGT
PSMA-2  Forward: TGGTGTATAGTGGCATGGGC
Reverse: TGAGCTGTGGGAATGGGTTC
TLR-3 Forward: ACAATCAGCCACACGACCTT
Reverse: AGATGTGGAAGCCAGGCAAA
RIG-I Forward: GCCTCAGTTGGTGTTGGAGA
Reverse: GACGTGTCGAGAGAAGCACA
CCL-2 Forward: GCTGTGATTTTCAAG
Reverse: GGCGTCCTGGACCCATT
CXCL-10 Forward: GCTCATCACCCTGAGCTGTT
Reverse: AGCTGTCAGTAGCAAGGCTG
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Supplementary Figure 1. Flow cytometry gating strategies of cell populations and antigen positive cells in
afferent lymph. (A) Preliminary gating for live cells using propidium iodide (PI), single cell identification and
the size (FSC) and granularity (SSC) profile of live, single cells in afferent lymph. (B) DCs were gated based on
SIRPa and MHC II expression, monocytes (M) and neutrophils (N) were firstly gated on SIRPa expression and
further distinguished based on CD14 expression for monocytes and high SSC profile and no auto-fluorescence
(empty FITC channel) for neutrophils. Lymphocytes (L) were defined based on low FSC/SSC profile and
divided into T cells based on CD4, CDS8 and y6 expression and divided into B cells based on CD45R and MHC
Il expression. (C) Antigen positivity was determined based on A647 fluorescence that is greater than pre
vaccination levels. The mean fluorescence intensity (MFI) of CD80 and CD86 expression was investigated on

AB647 positive DCs and the MFI of MHC |1 investigated on A647 positive monocytes. Flow cytometry plots are
of one representative animal.
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Supplementary Figure 2. The percentage of lymphocyte subsets in afferent lymph over time after injection
with liposome alone or liposome + poly(l:C). Data expressed as mean + SEM of five individually analysed
animals at each time point in both treatment groups.
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CHAPTER FOUR

Incorporation of CpG into a liposomal vaccine formulation
increases the maturation of antigen loaded dendritic cells and

monocytes to improve local and systemic immunity

4.1  Chapter Summary

The results presented within this chapter provide a comparison between the innate, adaptive
and memory immune responses induced by a control liposome antigen formulation and a
liposome antigen formulation incorporating the innate stimulator CpG. Chapter Three
showed that poly(l:C) increased the recruitment of neutrophils 4h after injection and induced
peak antigen uptake by DCs and monocytes 4h-24h after injection. Poly(l:C) induced
discordant maturation of antigen positive DCs with CD86 increasing at 4h and CD80
increasing between 48h-72h after injection. The present chapter shows that CpG enhances
the recruitment of neutrophils 4h after injection and induces peak antigen uptake by DCs 24h
after injection. Antigen-positive monocytes demonstrate two peaks of antigen positivity
following injection of CpG, first at 4h followed by a secondary peak between 48h-72h.
These monocytes also up-regulate the expression of MHC Il at 72h, a classical marker of
their maturation into a DC phenotype. Antigen-positive DCs mature 72h after injection with
CpG, as demonstrated by increased CD80 and CD86 at this time point. These responses at
72h are unique to CpG and are not observed following poly(l:C) or liposome alone injections.
The present chapter also investigated the adaptive immune response in efferent lymph
following CpG injection, revealing that CpG extends the process of lymph node cell shut
down and increases the production of IFNy by CD8 T cells. Whilst poly(l:C) increased
antigen-specific humoral immunity following three injections, this chapter reveals that CpG
is able to provide enhanced antigen-specific humoral immune responses after secondary

injection.

80



Chapter Four: Immune responses to vaccination with liposomal CpG

4.2  Abstract

Liposomal vaccine formulations incorporating stimulants that target innate immune receptors
have been shown to significantly increase vaccine immunity. Following vaccination, innate
cell populations respond to immune stimuli, phagocytose and process antigen and migrate
from the injection site, via the afferent lymphatic vessels, into the local lymph node. Here, the
signals received in the periphery promote and sculpt the adaptive immune response. Effector
lymphocytes then leave the lymph node via the efferent lymphatic vessel to perform their
systemic function. We have directly cannulated the ovine lymphatic vessels to detail the in
vivo innate and adaptive immune responses occurring in the local draining lymphatic network
following vaccination with a liposome-based delivery system incorporating CpG. We show
that CpG induces the rapid recruitment of neutrophils, enhances DC-associated antigen
transport and influences the maturation of innate cells entering the afferent lymph. This
translated into an extended period of lymph node shut down, the induction of IFNy positive T
cells and enhanced production of antigen specific antibodies. Taken together, the results of
this study quantify the real time in vivo kinetics of the immune response in a large animal
model after vaccination of a dose comparable to that administered to humans. It details
enhancement of numerous immune mechanisms that provide an explanation for the

immunogenic function of CpG when employed as an adjuvant within vaccines.
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4.3 Introduction

The generation of a successful immune response to vaccination relies on appropriate
activation of the innate immune system. Vaccine formulations incorporating stimulants that
target innate immune receptors have been shown to significantly increase vaccine induced
immunity (48). A major class of innate simulators under investigation to serve as adjuvants
are the TLR ligands. These ligands bind to and stimulate TLRs, triggering a cascade of events
that leads to the initiation of an immune response at the site of injection, ultimately resulting
in the generation of an adaptive immune response in the local draining lymph node and the

induction of immunological memory (8).

CpG is a synthetic oligonucleotide that signals predominantly through TLR 9 and mimics the
immunostimulatory activity of bacterial DNA (210). When used as an adjuvant within
vaccine formulations, CpG typically induces a strong type 1, proinflammatory immune
response, generating long lasting cellular and humoral antigen specific immunity (87, 88,
210-213). The addition of CpG to the licenced human Anthrax vaccine induced antigen
specific antibody titres in mice that were significantly higher and persisted for longer than
those induced by the vaccine alone (79). Enhanced antibody titres generated by CpG have
also been observed in large animal models (132, 214), non-human primates (80) and in
human clinical trials (81-83). Complexing CpG into liposomes has been shown to further
augment the stimulatory capacity of the adjuvant and increase cell mediated immunity (122,
125, 203, 215). In addition to acting as a delivery vehicle, liposomes protect the components
from degradation and facilitate antigen uptake by APCs, leading to enhanced antigen
recognition and vaccine specific immune responses (199-202). Several liposome based
vaccines are currently in clinical trials, however the cellular targets of these formulations and

the mechanisms of immune induction are yet to be defined (104).

The early immune response to vaccination is characterised by activation of cells present at the
injection site and their subsequent migration to the local lymph node via the afferent
lymphatics. The immunological signals received by innate cells at the periphery are conveyed
to lymphocytes in the local lymph node, leading to the generation of an adaptive immune
response where antigen specific lymphocytes emigrate via the efferent lymphatics to perform

their tailored effector function (216). Examination of the afferent and efferent lymphatic
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compartments during the innate and adaptive phases of an immune response allows
investigation of the biological pathways at the injection site and within the draining lymph
node responsible for vaccine immunity. We have directly cannulated these lymphatic vessels
to explore the in vivo function of CpG when incorporated into a liposome vaccine
formulation. We show that CpG significantly enhances multiple cellular responses at the site
of injection that lead to increased antigen specific immunity in the efferent lymph and

peripheral blood compartments.
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4.4 Materials and Methods

4.4.1 Immunisations

All injections consisted of 500ul sterile PBS mixtures of liposomes (12% soy bean
lecithin:cholesterol (9:1) obtained from Lipoid GmBH, Ludwigshafen, Germany) containing
400pug of ovalbumin (OVA) with or without the addition of 50ug of CpG, kindly provided by
Zoetis (Parkville, VIC). The liposome preparations were injected subcutaneously in the area
drained by the prefemoral lymph node at 500l per injection using a 25 gauge needle. For
antigen labelling, 5mg of OVA was resuspended at 1mg/ml in PBS and a 15M excess of
A647 succinimidyl ester (Invitrogen) resuspended in DMSO at 5mg/ml was added and
incubated at room temperature for 1h. Unconjugated fluorophore was removed from solution
using an Amicon Ultracel 3K centrifugal filter (Millipore) by centrifuging at 2000 x g for

30min and washed with PBS five times.
4.4.2 Vaccination strategy and blood collection

One year old merino sheep were randomly assigned into two vaccination groups, liposome
alone (n=5) and liposome with the addition of CpG (n=5). There were two cohorts of 10
animals, one for afferent lymphatic cannulation and the other for efferent lymphatic
cannulation. Each animal received three injections of the respective formulation at both
prefemoral drainage areas. Secondary injections were performed 4 weeks following primary
injections, and tertiary injections were performed 3 months following secondary injections.
Blood was collected prior to each injection, 7 and 10 days after secondary vaccination, and 3,

5, 7, 10 and 30 days after tertiary vaccination.
4.4.3 Pseudoafferent and efferent lymphatic cannulation surgery

Ovine prefemoral pseudoafferent and efferent lymphatic cannulations were performed as
previously described (161, 197). For pseudoafferent lymphatic cannulation, the prefemoral
lymph nodes of merino sheep were removed at one year of age and at least 2 months was
allowed for reanastomosis of the afferent lymphatics with the larger efferent lymphatic vessel.
A secondary surgery was performed to insert a 0.96mm x 0.58mm heparin coated polyvinyl
chloride cannula into the pseudoafferent lymphatic vessel. For efferent lymphatic cannulation,
a 0.96mm x 0.58mm heparin coated polyvinyl chloride cannula was inserted into the efferent
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lymphatic vessel of the prefemoral lymph node. For both models, the cannulae were
exteriorised and placed in a sterile collection flask attached to the side of the sheep. Injections
were given at least seven days post lymphatic surgery to allow for surgical recovery.
Handling of animals and experimental procedures were approved by the Monash University

Animal Ethics Committee in accordance with the relevant licensing agreement.
4.4.4 Lymph collection and flow cytometry analysis

Afferent and efferent lymph was collected in sterile 50ml tubes containing 0.051U of heparin
(Pfizer) and 20ul of 100X cell culture penicillin-streptomycin (Invitrogen) for a period of one
hour. Afferent lymph was collected prior to primary injection, and 4h, 24h, 48h and 72h post
injection, generating the innate vaccination time course. Efferent lymph was collected prior to
secondary injection, and 4h, 1d, 2d, 3d, 6d, 8d, 10d and 13d post injection generating the
adaptive vaccination time course. Immediately after collection, afferent/efferent lymph cells
and supernatant were separated by centrifugation at 400 x g at 4°C. The cell pellet was
washed with 10ml of ice cold PBS + 2mM EDTA and resuspended in 1ml of 0.093mM
ammonium chloride with 0.1M Tris (pH 7.2) to lyse red blood cells. After 3min incubation
on ice, 9ml of ice cold FACS buffer (5% horse serum, 2mM EDTA in PBS) was added and
the cells centrifuged, washed with FACS buffer and used for flow cytometry analysis. The
surface marker antibodies used were anti-MHC Il-pacific blue (clone 49.1, locally produced),
anti-CD14-A700 (AbD Serotec), anti-CD172a (SIRPa) (clone DHS9B, VMRD Inc. Pullman
WA), anti-CD80 (AbD Serotec), anti-CD86 (AbD Serotec), anti-CD4-FITC (clone 44.38,
AbD Serotec), anti-CD8-PE (clone 38.65, AbD Serotec), anti-yd TCR-A647 and -FITC
(clone 86D, locally produced), anti-CD45R (clone 20.96, locally produced), and anti-mouse
IgG1 coupled to phycoerythrin (Caltag Laboratories). All samples for flow cytometry were
prepared by resuspending 3 x 10° efferent lymph cells in 25ul of Fc-block (2% BSA, 2mM
EDTA, 0.05% azide, 5% sheep serum in PBS) and then adding 25ul of surface marker
antibody mixes. For intracellular cytokine staining, efferent lymph cells were resuspended in
150ul of 1% PFA for 20min on ice, centrifuged at 400 x g and washed twice in 500ul
saponin buffer (1% horse serum, 0.05% azide, 0.1% saponin in PBS). The intracellular
antibody mixes were then added (anti-IFNy-A647 and anti-1L-4-FITC, AbD Serotec). All
samples for flow cytometry were performed on an LSR2 machine (Becton Dickinson) and
analysed using the FlowJo software. For all flow cytometry gating strategies, see

Supplemental Figures 1 and 2*.

*for further gating strategies, see chapter two, figures 4 and 6
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4.45 ELISA for the identification of OVA-specific antibodies

An indirect ELISA was used to measure relative OVA-specific antibody levels in each
efferent lymph and serum sample. Briefly, 100ul of OVA (4ug/ml in PBS) was added to a
flat bottom 96 well plate (immunosorb, NUNC) and left to bind overnight at 4°C. The plate
was washed with 0.05% PBST, and blocked with 1% horse serum in PBS at 200pl/well for
1h at room temperature, and sera samples (diluted 1/500) and efferent lymph samples (diluted
1/2000) added at 100pl/well for 1h. The wells were washed before 100ul of rabbit anti-sheep
immunoglobulins/HRP antibody (DAKO, ref P0163) (diluted 1/1000 in PBS) was added and
allowed to incubate for 1h. Reactions were developed using TMB substrate (Invitrogen) at
100pul/well, stopped by the addition of 50ul/well of 2M H,SO, and read at 450nm on a

spectrophotometer (Molecular Devices, Spectramax Plus).
4.4.6 Statistical analysis

Results are presented as mean + standard error of the mean, with n=5 in each treatment group.
Differences between groups and within each group were calculated with a 2 way repeated
measures (RM) ANOVA using a Sidak post test to correct for multiple comparisons.
Significance was determined as the confidence interval being greater than 95% (p<0.05). The

statistical software used was GraphPad Prism, version 6.01.
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4.5 Results

45.1 Addition of CpG to liposomal antigen formulations alters the kinetics of innate

cellular recruitment into afferent lymph

Whilst no statistically significant change in afferent lymph volume and total cell number was
observed in either group after primary vaccination (Figure 1A), the addition of CpG to
liposomal OVA formulations elicited a dramatic and transient increase in the recruitment of
neutrophils in afferent lymph, increasing 11 fold 4h after injection and returning to baseline
by 24h (Figure 1B). Although not significant, CpG induced a unique trend of monocyte
recruitment, with a primary peak at 4h, decline to baseline at 24h, followed by a secondary
peak at 48-72h (Figure 1B). This trend is distinct from that observed when other TLR ligands
have been used as adjuvants in this model (162). Whilst total DC percentages were relatively
consistent over the time course in both groups, CpG increased the percentage of the SIRPo""
DC subset at 48h and 72h after injection, increasing to 65% of DCs at 72h (Figure 1C).
Lymphocyte populations in afferent lymph were also investigated, where CD4 T cells, CD8 T
cells, yo T cells and B cells were all identified, however these did not change significantly

over time in either group*.

4.5.2 Liposomal CpG increases the total number of antigen carrying cells in afferent lymph

but not the capacity of individual cells to ingest antigen

In order to investigate the cell types within afferent lymph that transport antigen to the lymph
node, the liposome injections contained A647-labelled OVA. CpG induced the greatest
number of A647-OVA" neutrophils at 4h (Figure 2C) and A647-OVA" DC at 24h (Figure 2A)
when compared to liposome alone. Both injections induced A647-OVA uptake by monocytes,
with CpG inducing a two wave trend of A647-OVA" monocytes, first at 4h, followed by a
secondary peak between 48-72h (Figure 2B), a similar trend to that observed in the total CpG
monocytes in Figure 1B. When investigating the mean fluorescence intensity (MFI) of
ABAT-OVA" cells, it was observed that whilst CpG increased the number of DCs and
neutrophils carrying antigen, this was not associated with an increase in the amount of A647-

OVA fluorescence within individual cells above the liposome alone control (Figure 2).

*see section 4.7 for extended figure
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Figure 1. Vaccination induces temporal changes in the volume and cellular composition of afferent lymph.
Changes over time in total volume of afferent lymph and total cell number in afferent lymph (A), the percentage
of lymphocytes, neutrophils, monocytes and DCs (B), and the percentage of DC subsets, SIRPa™" DCs and
SIRPa™ DCs (C). Data expressed as mean + SEM of five individually analysed animals at each time point in
both treatment groups, * indicate differences between groups and * indicate differences from baseline (-2h)
within each group, *p<0.05, “p<0.05, #p<0.01, **p<0.001.
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Figure 2. Vaccination induces temporal changes in the number of antigen positive cell populations and the level
of antigen uptake. The number of A647-OVA® DCs (A), A647-OVA" monocytes (B) and A647-OVA®
neutrophils (C) per 10, 000 cells in afferent lymph over time, and mean fluorescence intensity (MFI) of these
AB47-OVA" cells over time. Data expressed as mean + SEM of five individually analysed animals at each time
point in both treatment groups, * indicate differences between groups and *indicate differences from baseline (-
2h) within each group, *p<0.05, **p<0.01, “p<0.05, #p<0.01, **p<0.001, **P<0.0001.
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453 SIRP«"" DCs traffic more antigen into afferent lymph than SIRP«'®" DCs

While SIRPa™" DCs are only 2 fold more abundant in afferent lymph (Figure 1C), there
were between 5 and 10 fold more A647-OVA" SIRPo™" DCs when compared to A647-
OVA' SIRP¢®" DCs in both groups (Figure 3B). The number of A647-OVA" SIRPo"9" DCs
was highest 4h post injection of the liposome alone formulation, however the amount of

fluorescence within each SIRPo™"

DC peaked 24h after injection (Figure 3A). Conversely,
the addition of CpG to the liposome formulation caused the number of A647-OVA* SIRPo""
DCs to peak at 24h and the level of A647-OVA fluorescence to peak between 4 and 24h after
injection (Figure 3A). CpG induced a 2 fold increase in the A647-OVA fluorescence of
SIRPo™" DCs at 4h when compared to liposome alone (Figure 3A). CpG did not increase the
number of A647-OVA* SIRPa®" DCs above the liposome alone injection, however CpG
increased the amount of A647-OVA fluorescence within individual SIRPa DCs at 24h

(Figure 3B).
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Figure 3. Vaccination induces temporal changes in the number of antigen positive DC subsets and the level of
antigen uptake. The number of A647-OVA" SIRPa"" DCs (A), A647-OVA" SIRP«® DCs (B) per 10, 000
DCs in afferent lymph over time, and the change in mean fluorescence intensity (MFI1) of these A647-OVA®
DCs over time. Data expressed as mean + SEM of five individually analysed animals at each time point in both
treatment groups, * indicate differences between groups and * indicate differences from baseline (-2h) within
each group, *p<0.05, *p<0.05, #p<0.01, **p<0.001.
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4.5.4 Liposomal CpG induces the maturation of antigen carrying monocytes and DCs in

afferent lymph 72h post vaccination

Injection with CpG induced a significant increase in the mean fluorescence intensity (MFI) of
MHC 1l on A647-OVA" monocytes, with a mean fold change of 2.0 at 72h (Figure 4A). The
MFI of MHC II did not increase on any other A647-OVA" cell population in afferent lymph
(data not shown). All afferent lymph DCs expressed both costimulatory molecules CD80 and
CD86 prior to injection. Significant increases in the MFI of CD80/CD86 on A647-OVA®
DCs were observed after injection with liposomal CpG, with a mean fold change of 2.32 and
6.33, respectively, at 72h (Figure 4B, C). This maturation effect was unique to A647-OVA"
monocytes and DCs, and was not observed in any A647-OVA’ cell population in either group
(data not shown). Afferent lymph B cells were also shown to express CD80, however

expression did not change significantly over time or between groups.
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Figure 4. Vaccination induces temporal changes in the MHC Il expression on antigen positive monocytes and
CD80/CD86 expression on antigen positive DCs. Fold change over time in the mean fluorescence intensity
(MFI1) of MHC 11 on A647-OVA" monocytes (A), CD80 on A647-OVA" DCs (B), CD86 on A647-OVA" DCs
(C), and the respective flow cytometry plots of the MFI of A647-OVA" cells compared with A647-OVA™ cells.
All flow cytometry plots are of one representative animal from each treatment group. Data expressed as mean +
SEM of five individually analysed animals at each time point in both treatment groups, * indicate differences
between groups and * indicate differences from 4h within each group, *p<0.05, **p<0.01, “p<0.05.
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4.5.5 The adaptive response in efferent lymph: CpG extends lymph node cell shut down and

increases lymphocyte traffic

Secondary vaccination with the liposomal formulations induced temporal changes in the total
volume and number of cells within efferent lymph flowing from the local lymph node. Both
injections caused a marked reduction in cell output, but not volume, 4h after injection,
reducing from approximately 5 x 10 cells per hour prior to injection to 1 x 10’ cells per hour
4h after injection (Figure 5A). This phenomenon is a process known as lymph node cell shut
down (174). CpG extended the duration of lymph node cell shut down by a further 24h, with
cell numbers remaining at approximately 1 x 10’ cells per hour. This was followed by a
dramatic and unique increase in the number of cells and lymph volume leaving the lymph
node 2d post injection (Figure 5A). All lymphocyte populations were equally reduced during
the period of lymph node cell shut down induced by both injections (Figure 5B). The increase
in cell number 2d after injection with CpG was due to an increase in the number of
conventional a-f CD4 and CD8 T cells (Figure 5B). Interestingly, CpG also increased the
number of CD8 T cells expressing the yd TCR at 2d post injection (Figure 5B).

45.6 Vaccination with liposomal CpG increases [FNy production by CD8 T cells in
efferent lymph

Prior to secondary injection of both liposomal formulations, there were a greater percentage
of IFNy" lymphocytes circulating in efferent lymph when compared to IL-4" lymphocytes,
0.5% and 0.09%, respectively (Figure 6A). Following injection, the percentage of IFNy" CD4
and CD8 T cells remained higher than IL-4" cells, while equal percentages of y3 T cells were
observed with both cytokines (Figure 6B-D). Injection of CpG induced a significant 3 fold
increase in the number of IFNy" lymphocytes 3d after injection (Figure 6A). This effect was
due to an increase in the percentage of both IFNy* CD8 T cells, increasing from 1.6% prior to
injection to 3.6% 3d after injection, and IFNy" CD4 T cells, increasing from 0.5% prior to
injection to 1.3% 3d after injection (Figure 6B-C). Additionally, there were significantly
more IFNy" CD8 T cells at both 2 and 3d after injection with CpG when compared to
liposome alone (Figure 6B). CpG did not significantly increase the percentage of yo T cells
producing IFNy or IL-4.
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Figure 5. Vaccination induces temporal changes in the volume and cellular composition of efferent lymph.
Changes in total volume of efferent lymph and total cell number in efferent lymph over time (A). Changes in
the cell number per hour of CD4 T cells, CD8 T cells, yd T cells, yd6 CD8 T cells and B cells (B) in efferent
lymph over time. Data expressed as mean + SEM of five individually analysed animals at each time point in
both treatment groups, * indicate differences between groups and * indicate differences from baseline (-2h)
within each group, *p<0.05, **p<0.01, *p<0.05, *p<0.01, **p<0.001.
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Figure 6. Vaccination induces temporal changes in IFNy and IL-4 production by lymphocyte populations in
efferent lymph. IFNy and IL-4 positive total lymphocytes (A), CD8 T cells (B), CD4 T cells (C), and y3 T cells
(D) in efferent lymph over time. Data expressed as mean + SEM of five individually analysed animals at each
time point in both treatment groups, * indicate differences between groups and * indicate differences from
baseline (-2h) within each group, *p<0.05, ****p<0.0001, *p<0.05, *p<0.01, *p<0.001.
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4.5.7 Liposomal CpG increases antigen specific antibodies in efferent lymph and sera

following vaccination

OVA specific antibody levels were measured in the efferent lymph and sera of vaccinated
sheep. In the efferent lymph, secondary vaccination with CpG induced greater OVA specific
antibody between 3 and 13d after vaccination when compared to liposome alone (Figure 7A).
In fact, mean end point antibody titres from efferent lymph were approximately 35 fold
greater at day 5 in the CpG group (Figure 7A). This effect was also observed in the sera,
where secondary vaccination with CpG induced greater OVA specific antibody 7 and 10d
post vaccination when compared to liposome alone (Figure 7B). Tertiary vaccination with
both liposomal formulations further increased OVA specific antibody levels in the sera
(Figure 7C). CpG induced greater antigen specific antibody levels than liposome alone from
day 6 that continued to remain elevated for 30d after vaccination (Figure 7C). Additionally,
antigen specific antibodies were vastly more concentrated in the efferent lymph than the sera,
highlighting efferent lymphatic cannulation as an ideal model to assess both cellular and

humoral immunity induced by vaccination.
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Figure 7. Vaccination increases antigen specific antibody concentration in efferent lymph and sera. OVA
specific antibody concentration in efferent lymph after secondary injection expressed as OD (450nm) and mean
end point titre at baseline (-2h) and at different times after injection (A). OVA specific antibody concentration in
sera after secondary (B) or tertiary (C) injection expressed as OD (450nm) and mean end point titre prior to
primary injection (naive), prior to secondary or tertiary injection (-2h), and at different days after injection. Data
expressed as mean £ SEM of five individually analysed animals at each time point in both treatment groups, *
indicate differences between groups and * indicate differences from baseline (-2h) within each group,
**x0n<0.001, ****p<0.0001, #p<0.05, #p<0.01, “*p<0.001, “**P<0.0001.
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4.6 Discussion

The immunogenicity of liposomal vaccine formulations can be improved by the addition of
immunostimulatory components (104, 217). Several recent studies have demonstrated that
incorporating innate immune agonists into liposomes improves both cell mediated and
humoral antigen specific immunity in mice (122, 125). However, little is known about the
effect of liposomal adjuvant formulations on migratory cell populations obtained in vivo from
non-manipulated tissues. By directly cannulating ovine lymphatic vessels, we were able to
intercept and characterise the cells migrating from the skin and lymph nodes into the draining

lymphatic network.

The majority of inflammatory stimuli, including sterile cell damage, microorganisms and
vaccine adjuvants, induce an early inflammatory environment at the site of injection,
characterised by an influx of neutrophils from the blood (164). Typically, the more potent the
stimuli the longer this inflammatory environment persists, and the stronger the ensuing
immune response. This is desirable when clearing a persistent infection, however a mild
inflammatory response with a strong immune outcome is preferable for human vaccination
where excess inflammation can lead to enhanced reactogenicity (95). Our studies have shown
that injection with most vaccine adjuvants and even sterile saline results in the rapid
recruitment of neutrophils and monocytes within afferent lymph following injection (161,
162, 195). Consistent with this, injection of sterile liposomes alone or containing CpG
induced neutrophils and monocytes to rapidly enter the afferent lymph within 4h.
Interestingly, the addition of CpG, a bacterial PAMP, increased the total number of
neutrophils leaving the injection site but did not significantly prolong the duration of a non-
specific neutrophil associated inflammatory response at the site of injection.

Consistent with previous studies utilising this model (161, 162), the number and percentage
of total DCs in afferent lymph is remarkably unaffected by vaccine adjuvants, including
liposomes and CpG. This is in contrast to some murine studies, where dendritic cells
accumulate within the lymph node following injection with CpG (218). This phenomenon
may be the result of DC recruitment from the blood into the lymph node, or increased
damage at the site of injection from relatively higher vaccine doses that may cause aberrant

migration. However, when we calculated the relative contribution of antigen transport by
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each afferent lymph cell type, DCs were the major cell type responsible and this was

significantly enhanced by CpG 24h after injection.

Several innate immune agonists have been shown to activate DC maturation in vitro,
characterised by upregulation of MHC Il and the co-stimulatory molecules CD80 and CD86
(219-222). There are limited studies that show migratory DCs, which display a highly mature
phenotype, can further mature in response to inflammatory stimuli (140). In the present study,
CpG induced an increase in expression of CD80 and CD86 on antigen positive migratory
DCs 72h after vaccination. No increase in MHC Il expression on afferent lymph DCs was
observed throughout the time course. CpG has also been shown to induce the maturation of
naive human blood monocytes into functionally mature DCs over 2-4 days in vitro,
demonstrated by an increase in MHC Il expression (223, 224). From our data, it appears that
this is occurring in vivo within the peripheral tissues prior to emigration to the lymph node,
but only with monocytes that have taken up the antigen, presumably in concert with CpG
within the liposomes. Of the vaccine adjuvants we have tested within ovine lymphatics (161,
162, 195), CpG uniquely triggers antigen carrying monocytes and DCs to increase their T cell
activating machinery at the injection site before migrating to the local lymph node. Taken
together with increased DC antigen uptake over the vaccination time course, these results
may provide an explanation for the increased antigen specific adaptive immunity induced by
CpG (122, 125, 209).

Although CpG increased the number of afferent lymph neutrophils and monocytes carrying
antigen, this was generally not associated with an increase in the amount of fluorescence
within each cell above the liposome alone control. This suggests that CpG does not increase
the phagocytic ability of these cell types, but rather induces greater recruitment of these cells
to the injection site where antigen is present. Interestingly, monocytes and DCs contained
comparable levels of antigen fluorescence, approximately 2 fold greater than the mean
fluorescence of neutrophils across the time course. A significant increase in the amount of
antigen fluorescence within each cell was observed in both the SIRPa"" and SIRPo" DC
subsets after injection with CpG. A recent comparative genomics study revealed that the
ovine afferent lymph SIRPo"®"
CD11b" DCs and human BDCAL" DC, whist the SIRPo'™" DCs represent the mouse CD8a."
DCs and human BDCA3" DCs (144). Consistent with other studies (144, 147, 154, 195), the

SIRPa"®" DC subset transported the majority of DC-associated antigen after injection with

DCs are genetically and functionally equivalent to the mouse

both formulations. The fact that these cells have been shown to be more efficient at CD4 T
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cell activation via classical MHC Il presentation (156) and the observation that CpG
increased the ability of these cells to take up antigen, suggest that this may lead to increased

CDA4 T cell stimulation in the local lymph node.

Recent studies have shown that a subset of the afferent lymph SIRPa'™ DCs are efficient at
activating CD8 T cells via the cross presentation pathway (147). Similarly, studies in mice
have also demonstrated that skin derived DC populations are able to cross present viral
antigens to CD8 T cells in the lymph node (225). In our study, despite existing at low
numbers in afferent lymph, antigen positive SIRPa'® DCs demonstrated an improved ability
to ingest antigen after injection with CpG when compared to liposome alone. Whether this
subset is responsible for the significant increase in the number of CD8 T cells expressing
IFNy exiting the lymph node will require further investigation. CpG-induced increases in
IFNy production by CD8 T cells have been observed previously (226, 227), and incorporating
CpG into liposomes was shown to enhance antigen specific cell mediated immune responses
(228).

Unlike the conventional a-f TCR CD4 and CDS8 expressing T cells, the percentages of y6 T
cells expressing IFNy or IL-4 were similar and did not change significantly over the
vaccination time course suggesting that CpG does not skew these cells to induce a specific
immune phenotype following vaccination. Interestingly, the y& T cell population were
responsible for almost all of the IL-4 positive cells present over the time course. The
production of both IFNy and IL-4 by yd T cells has been observed previously, where yo T
cells exhibit both pro inflammatory and regulatory functions, depending on the type or
severity of the infection (229, 230).

Our study shows that secondary injection with both formulations induced a rapid reduction in
the number of cells leaving the lymph node immediately after vaccination. This phenomenon,
known as lymph node cell shut down, has been observed in several studies utilising the ovine
efferent lymphatic cannulation model (174, 186, 231). In our study, this process was
extended by an additional 24h after vaccination with CpG and was observed in all
lymphocyte populations. A similar effect has been shown previously, where the addition of
the adjuvant ISCOMATRIX™ to the Flu antigen induced an extended lymph node cell shut
down period (186). It was hypothesised that this cell shut down occurred to increase the time
for antigen carrying APCs and antigen specific lymphocytes to interact in the lymph node,
promoting the generation of an adaptive immune response (174). The acute increase in the

100



Chapter Four: Immune responses to vaccination with liposomal CpG

number of IFNy producing CD4 and CD8 T cells leaving the lymph node immediately
following CpG induced cell shut down and the significant increase in the concentration of

antigen specific antibodies observed in our study support this hypothesis.

Injection of CpG induced a significant increase in antigen specific antibody in both the
efferent lymph and peripheral blood of vaccinated animals, suggesting that the liposomal
CpG vaccine formulation has both local and systemic effects on adaptive immunity. In fact,
tertiary injection of CpG increased antigen specific antibodies that remained elevated in the
circulation for 30 days after vaccination. This has been shown previously where liposome
vaccine formulations containing CpG were up to 30 times more effective than un-
encapsulated CpG at inducing antigen specific antibodies to influenza and hepatitis B
antigens (209). The elevation of antigen specific antibody induced by CpG occurred after
secondary vaccination, however tertiary vaccination was required for the liposome alone
injections to demonstrate any significant increase in antigen specific antibody. This reinforces
previous observations that liposomal formulations without the addition of immune
stimulatory components often show limited immunogenicity and require multiple boost

injections to elicit strong immunity (104).

This is the first study to characterise the action of liposomal vaccine formulations
incorporating CpG in the local draining lymphatic network of vaccinated animals. We have
shown that the addition of CpG to these formulations significantly enhances antigen uptake
by afferent lymph cell populations and induces their maturation prior to their migration to the
local lymph node. This ultimately leads to an extended lymph node cell shut down period,
promoting the generation of an adaptive immune response, characterised by increased CD8 T
cell IFNy production and the persistence of local and systemic antigen specific antibodies.
Taken together, the results of this study establish an in vivo explanation for the increased
immune response induced by CpG and enhance our understanding of the immunogenic

function of liposomal vaccine formulations.
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Supplementary Figure 1. Flow cytometry gating strategies of cell populations and antigen positive cells in
afferent lymph. (A) DCs are gated based on SIRPo and MHC II expression, monocytes and neutrophils are
firstly gated on SIRPa expression and further defined based on SSC profile, lymphocytes are divided into T
cells based on CD4, CD8 and yd expression and divided into B cells based on CD45R and MHC 11 expression.
(B) Antigen positivity is determined based on A647-OVA+ fluorescence that is greater than pre vaccination
levels. Flow cytometry plots are of one representative animal.
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Supplementary Figure 2. Flow cytometry gating strategies of cell populations in efferent lymph. Lymphocytes
are divided into T cells based on CD4, CDS8 and y6 expression and divided into B cells based on CD45R and

MHC II expression. yd CD8+ T cells are further gated firstly on expression of yd and then expression of CDS.
Flow cytometry plots are of one representative animal.
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liposome alone or liposome + CpG. Data expressed as mean + SEM of five individually analysed animals at
each time point in both treatment groups.
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CHAPTER FIVE

Transcriptional profile in afferent lymph cells following

vaccination with liposomes incorporating CpG

5.1  Chapter Summary

The results presented within this chapter characterise the global transcriptional profile of
afferent lymph cells following injection with liposomal CpG. Chapter Four revealed that CpG
uniquely induced the maturation of antigen-positive DCs and monocytes in afferent lymph
72h after injection. However, the immunological pathways targeted by CpG at the injection
site and the molecular mechanisms controlling these effects were unclear. The present
chapter utilises functional analysis of next generation RNA-sequencing data to reveal the
overexpression of interferon, anti-viral and cytotoxic gene pathways in afferent lymph cells
72h following vaccination with liposomal CpG. Selected gene expression analysis of sorted
afferent lymph cell populations using real time PCR shows that antiviral gene signatures are
most prominent in lymphocytes and that all cell types distinctly respond to liposomal CpG,

some even in the absence of detectable TLR9 expression.
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5.2 Abstract

Vaccine formulations incorporating innate immune stimulants are highly immunogenic,
however the biological signals that originate in the peripheral tissues at the site of injection
and are transmitted to the local lymph node to induce immunity remain unclear. By directly
cannulating the ovine afferent lymphatic vessels, we have previously shown that it takes 72
hours for mature antigen-loaded dendritic cells and monocytes to appear within afferent
lymph following injection of a liposomal formulation containing the TLR ligand CpG. In this
present study, we characterise the global transcriptional signatures at this time point in ovine
afferent lymph cells as they migrate from the injection site into the lymphatics following
vaccination with a liposome antigen formulation incorporating CpG. We show that at 72h
post vaccination, liposomes alone induce no changes in gene expression and inflammatory
profiles within afferent lymph; however the incorporation of CpG drives interferon, antiviral
and cytotoxic gene programs. This study also measures the expression of key genes within
individual cell types in afferent lymph. Antiviral gene signatures are most prominent in
lymphocytes, which may play a significant and unexpected role in sustaining the immune
response to vaccination at the site of injection. These findings provide a comprehensive
analysis of the in vivo immunological pathways that connect the injection site with the local

draining lymph node following vaccination.
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53 Introduction

Vaccine formulations incorporating adjuvants that target innate immune pathways
significantly enhance antigen specific immunity; however the specific mechanisms of action
of different adjuvants are not completely understood. Vaccine-induced immune responses
generated at the site of injection are conveyed to the draining lymph node via cells and
molecules trafficking through the afferent lymphatics. Examination of the afferent lymph
compartment during the primary immune response can therefore reveal the biological
pathways responsible for setting up an adaptive immune response in the local lymph node
(204). We have previously reported the use of an ovine lymphatic cannulation model to
characterise the in vivo cellular immune response that connects the periphery with the local
draining lymph node in response to a number of adjuvants and vaccine formulations (161,
162, 195).

Liposomal vaccine formulations incorporating innate immune agonists have been shown to
augment the stimulatory capacity of the adjuvant and increase cell mediated immunity (122,
123, 125, 203, 215). Liposomes facilitate the delivery of antigen to APCs and help prevent
the potentially harmful systemic side effects induced by soluble immunomodulators (199-201,
232). Several liposome based vaccines are currently in clinical trials; however the cellular
targets of these formulations and the molecular mechanisms controlling these effects are only

beginning to be elucidated (104).

We have previously shown that an oil-based deposition adjuvant incorporating liposomes and
poly(I:C) induced an early broad inflammatory gene expression profile that resolved into an
antiviral transcriptional profile in afferent lymph cells 72h after injection (194). Whether
these changes in gene expression at 72h, despite no changes in cellular profiles, were based
on the depot effects of the oil or are a characteristic of liposomal-TLR agonist formulations
remains unclear. Previous studies incorporating CpG into a liposomal formulation show
marked changes in cellular profiles in afferent lymph 72h post injection (196). These include
the maturation of antigen-loaded migratory dendritic cells and monocytes in afferent lymph.
In the present study, we investigate the global and cell type specific transcriptional signatures
of cells in afferent lymph 72h after injection of liposomal CpG in vivo. This study provides
evidence that it is the TLR-adjuvant that drives the changes in gene expression that connect
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the peripheral injection site with the local lymph node for the generation of an adaptive

immune response following vaccination.
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5.4 Materials and Methods

5.4.1 Immunisations

All injections consisted of 500ul sterile PBS mixtures of liposomes (12% soy bean
lecithin:cholesterol (9:1) obtained from Lipoid GmBH, Ludwigshafen, Germany) containing
400pug of ovalbumin (OVA) with or without the addition of 50ug of CpG (P class CpG 23877
5 JU*C-G*T*C*G*A*C*G*A*T*C*G*G*C*G*G*C*C*G*C*C*G*T 3' (Patent # US
2013/0084306 Al). J precedes an iodo-modified nucleotide and * and - indicate a stabilised or
standard phosphodiester bond, respectively. The liposome formulations and CpG were kindly
provided by Pfizer Animal Health, now Zoetis Research and Manufacturing (Parkville, VIC,
AUS). The liposome preparations were injected subcutaneously in the area drained by the

prefemoral lymph node at 500l per injection using a 25 gauge needle.
5.4.2 Pseudoafferent lymphatic cannulation

Ovine prefemoral pseudoafferent lymphatic cannulation was performed as previously
described (161). The prefemoral lymph nodes of merino sheep were removed at one year of
age. After reanastomosis of the afferent lymphatics with the larger efferent lymphatic, a
secondary surgery was performed where a 0.96mm x 0.58mm heparin coated polyvinyl
chloride cannula was inserted into the pseudoafferent lymphatic vessel of the sheep. The
cannulae was exteriorised and placed in a sterile collection flask attached to the side of the
sheep. Eight sheep with reliable flow of afferent lymph were used in this study and randomly
assigned to the groups, liposome (n=4) and liposome + CpG (n=4). Handling of animals and
experimental procedures were approved by the Monash University Animal Ethics Committee

in accordance with the relevant licensing agreement.
5.4.3 Lymph collection, FACS and RNA extraction

Afferent lymph was collected in sterile 50ml tubes containing 0.051U of heparin (Pfizer) and
20pl 100 x cell culture penicillin-streptomycin (Invitrogen) for a period of one hour.
Afferent lymph was collected for one hour prior to injection (-2h) and for one hour 72h after
injection (72h). Immediately after collection, afferent lymph cells and supernatant were
separated by centrifugation at 400 x g at 4°C. The cell pellet was washed with 10ml of ice
cold PBS + 2mM EDTA and resuspended in 1ml of red cell lysis buffer (0.093mM
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ammonium chloride, 0.1M Tris (pH 7.2). Cells were incubated on ice for 3 minutes and
resuspended in 9ml of ice cold wash buffer twice (5% horse serum, 2mM EDTA in PBS).
Following these preparation steps, afferent lymph cells were used for RNA analysis and
fluorescence activated cell sorting (FACS). For RNA analysis, cells were resuspended at
1x107/ml in Qiazol (Qiagen) and stored at 80°C until required. For analysis and FACS,
samples were prepared by resuspending 3 x 10° afferent lymph cells in 25l of Fc-block (2%
BSA, 2mM EDTA, 0.05% azide, 5% sheep serum in PBS) and then adding 25pul of antibody
mixes. The antibodies used were anti-MHC Il-pacific blue (clone 49.1, locally produced),
anti-CD14-A700 (AbD Serotec), anti-CD172a (SIRPa) (clone DH59B, VMRD Inc. Pullman
WA), anti-CD4-FITC (clone 44.38, AbD Serotec), anti-CD8-PE (clone 38.65, AbD Serotec),
anti-yd TCR-FITC (clone 86D, locally produced), anti-CD45R (clone 20.96, locally
produced), and anti-mouse 1gG1 coupled to phycoerythrin (Caltag Laboratories).
Lymphocytes (purity: 92%), monocytes (purity: 97%), SIRPa™" DCs (purity: 90%) and
SIRP®™ DCs (purity: 94%) from four animals were sorted using an Influx cell sorter
(Becton Dickinson) using the gating strategies identified in Figure 1A. Cellular RNA was
extracted from total afferent lymph cells and sorted afferent lymph cells using an RNeasy
Micro Kit (Qiagen) according to the manufacturer’s instructions. RNA quantity was
measured using a Nanodrop (Nanodrop Technologies) and RNA quality as assessed using an

Agilent Bioanalyzer (Agilent Technologies).
5.4.4 RNA sequencing

Total afferent lymph cell RNA from three animals in both vaccine groups at pre (-2h) and
72h were sent for mRNA library preparation and next generation sequencing at the Medical
Genomics Facility at the Monash Institute of Medical Research (Clayton, Australia).
Libraries were generated with 100ng of total RNA using the Truseq Stranded Total RNA kit
(Mumina). Clusters were generated using on-board clustering on the Illumina Hiseq1500. 1 x
100bp single read Rapid Mode sequencing was performed on the Illumina Hiseq1500
according to manufacturer’s instructions. The targeted minimum number of reads per sample

was 20 million reads (Supplementary Table 1).
5.4.5 Analysis of RNA sequencing data

Sample sequencing reads were aligned to the complete sheep genome [ENSEMBLE version,
release 74 (Oar v3.1.74), 2013] using Star v20201 (default parameters (233)). Alignment
performance was assessed using RNA-SeqQC(234) (Supplementary Table 1). Duplication
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rates were calculated using Picard (http://picard.sourceforge.net). Exonic read-counts were

quantified using htseg-count (235). A summary of transcript-associated reads can be found in
Supplementary Table 2. Differential expression analysis was performed using edgeR (236)
with library normalization using the TMM method (237) and the dispersion estimated using a
trended model across the expression level. Each animal was treated as a separate replicate.
Genes having fewer than 50 total reads across all replicates were excluded from the analysis.
P-values were adjusted for multiple testing to control the false discovery rate (FDR), then a
threshold of 0.05 was applied to select the significantly differentially expressed genes. An
arbitrary cut-off of +1.5 fold change in expression was then applied to identify changes in

gene expression that are more likely to be biologically significant.
5.4.6 Functional annotation

The Metacore knowledge database and software suite (Thomson Reuters) was used to
identify biological processes and networks that were over-represented by genes differentially
expressed in the data set. The biological processes and networks are ranked based on the
likelihood that the assembly of genes within a given category occurred by random chance,
which is displayed as a p-value. For visualisation of the interactions between the interferon
and antiviral pathways, expression data were overlayed on a custom map created in Pathway

Map Creator (Thomson Reuters).
5.4.7 Real time PCR

Real time PCR was performed on the RNA sequencing samples to validate the RNA
sequencing results and identify gene expression within sorted individual cell types. For both
sets of samples, cDNA was synthesised from RNA using a Quantitect Reverse Transcription
kit (Qiagen) according to manufacturer’s instructions. Primers were designed to span an intro
region where possible using Primer 3 software on annotated ovine mRNA sequences
(Supplementary Table 3). Real time PCR was performed on individual samples in triplicate
using SYBR green master mix on an Eppendorf Realplex4 (Eppendorf). A standard curve
using defined dilutions of pooled cDNA was run with each primer pair to obtain the PCR
efficiency and relative copy number. These were then normalised to the housekeeping gene
GAPDH which showed the least variation relative to input cell number and treatment.
Differences between and within cell populations were calculated with a two-way ANOVA
using a Sidak post-test. When gene expression was detected only within a single cell

population, a Student’s t-test was performed to calculate statistical significance from pre
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injection. Significance was determined as the confidence interval being greater than 95%

(p<0.05). The statistical software used was GraphPad Prism, version 6.01.
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55 Results

5.5.1 Composition of afferent lymph 72h following vaccination with liposome alone or

liposomes incorporating CpG

Afferent lymph is primarily composed of lymphocytes, dendritic cells and monocytes (Figure
1B). Two subsets of dendritic cells were identified, distinguished based on high or low
expression of the cell surface marker SIRPa (CD172a) (Figure 1B). CD4 T cells, CD8 T
cells, yo T cells and B cells were identified within the lymphocyte population. Approximately
10% of the lymphocyte population was not identified using these markers (Figure 1B). No
changes in the percentage of total lymphocytes or dendritic cells was observed after
vaccination, however liposomal CpG induced a significant increase in the percentage of
monocytes in afferent lymph at 72h when compared to liposome alone (Figure 1C). The
SIRPa™¥" DCs increased in response to liposomal CpG when compared to pre injection,
however this was not significant between groups (Figure 1D). No significant changes in the
percentage of lymphocyte subsets was observed following injection with both formulations
(Figure 1E).
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Figure 1. Cellular composition of afferent lymph prior to and 72h following vaccination with liposome alone
and liposome + CpG. (A) Gating strategies used to identify cell populations for analysis and cell sorting. (B)
Resting cellular composition of afferent lymph expressed as the mean percentages from 10 individually
analysed animals. Composition of major cell populations (C), DC subsets (D) and lymphocyte subsets (E) in
afferent lymph prior to and 72h following vaccination with liposomes alone and liposome + CpG. Data
expressed as mean + SEM of five individually analysed animals at each time point in both groups, * indicates
significant difference between liposome alone and liposome + CpG and * indicates significant difference within

liposome + CpG at 72h from pre injection, *p<0.05, *p<0.01.
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5.5.2 Global gene expression profile of afferent lymph cells following vaccination

Differential gene expression in afferent lymph cells within treatment groups (pre vs 72h for
both formulations) and between treatment groups (72h liposome alone vs. 72h liposome +
CpG) was calculated from RNA sequencing data based on the following parameters: p<0.05,
FDR<0.01, = 1.5 fold change and at least 50 reads across all replicates, where fulfilment of
all four parameters was re9quired to reach significance. Real time PCR was performed to
validate the differential gene expression analysis, as described previously (238),
demonstrating a highly significant correlation between the fold changes reported by RNA
sequencing and real time PCR (Figure 2, Spearman’s correlation r=0.9273 p=0.0003).
Vaccination with OVA in liposomes alone induced the differential expression of one gene
72h after injection. This gene was identified as a novel protein coding gene (Table 1).
Vaccination with the OVA liposome + CpG formulation induced the differential expression
of 125 genes in afferent lymph cells 72h after injection, 80 of which related to the immune
system, 19 related to other physiological systems, 9 with unknown function and 17 that were
novel protein coding genes (Table 1). The differential gene expression analysis between the
groups at 72h revealed 78 genes were differentially expressed in the CpG group compared to
the liposome alone group at this time point, 53 of which related to the immune system, 12
related to other physiological systems, 1 with unknown function and 12 were novel protein

coding genes (Table 1).

Enrichment analysis using Metacore software revealed overexpression of the following
networks after injection with liposomal CpG: interferon signalling (p=4.919e-18), innate
immune response to RNA viral infection (p=1.104e-16), apoptosis (p=6.283e-4),
inflammation (p=7.019e-3) and chemotaxis (p=1.314e-2). Individual genes were allocated to
functional groups based on data in the literature and Metacore analysis. The mean fold
change value and functional analysis of every differentially expressed gene relating to the
immune system within the liposome + CpG group is reported in Figure 3. A list of all 125
genes differentially expressed within the liposome + CpG group and the individual responses

from each animal can be found in Supplementary Table 4.
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Figure 2. Correlation of fold change values reported with RNA sequencing and real time PCR. A subset of
genes that were shown to be differentially expressed or unchanged in the RNA sequencing data set were also
investigated with real time PCR on the same samples (IL1J, IL6, IFIT3, TLR7, IL17A). Results are presented as
log2 fold change from pre-injection at the 72h time point of three animals in the liposome and liposome + CpG
groups. A Spearman’s correlation test revealed a significant correlation (r = 0.9273, p = 0.0003) between results
obtained with RNA sequencing and real time PCR.

Table 1. Total number of genes differentially expressed in RNA sequencing data

Liposome alone Liposome + CpG Liposome + CpG
(compared to baseline) | (compared to baseline) | (compared to liposome alone)
Total number of DE 1 195 78
genes

Numb_er of genes related 0 80 53
to immune system

Number of genes related 0 19 12
to other systems

Number of genes with

. 0 9 1
unknown function
Number of genes

unknown 1 17 12

*DE = differentially expressed, where p<0.05, FDR<0.01 and + 1.5 fold mean fold change was required to reach

significance.
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5.5.3 Vaccination with liposomal CpG induces a genetic profile in afferent lymph highly

enriched for anti-viral and interferon-mediated immunity

Genes within the interferon response pathway that were the most highly up-regulated
following injection with liposomal CpG include IFIT3, IFIT2, ISG17, IFIT1, 1SG20, IFl44,
MX1, BATF2, IFI6 and PKR (Figure 3A) (208). CpG induced significant up-regulation of
many antiviral genes. The most highly expressed include RIG-1, OAS1, RSAD2, BST-2A,
OAS2, HERC5 and LGP2 (Figure 3B). Interactions between the interferon-response genes
and the antiviral genes are shown in Figure 4, which leads to the initiation of the innate

antiviral inflammatory immune response.

55.4 Injection with liposomal CpG up-regulated genes involved in cell

migration/maturation and intracellular DNA-sensing

Genes involved in cellular processes such as migration, maturation and antigen presentation
were significantly enhanced in afferent lymph cells following injection of liposomal CpG
(Figure 3C). These include CLEC4F, CMPK2, CXCL9 (MIG), CXCL10 (IP-10), CXCL11
(I-TAC), SAMD9 and SIGLECLI. Interestingly, CLEC4F demonstrated the greatest increase
in expression (7.16 fold). Only Fibronectin-1 (FN-1) was down-regulated (Figure 3C).
Intracellular DNA-sensing was also a significant feature of the liposomal CpG injection,
characterised by up-regulation of genes including FOXS1, MB21D1, TRIM26, TRIM56 and
ZBP1 (Figure 3F). Of these genes, ZBP1, a gene involved in cytosolic viral DNA sensing
(239), was the most highly expressed (Figure 3F).

5.5.5 Apoptotic signatures in afferent lymph following vaccination with liposomal CpG

A significant feature revealed during enrichment analysis was the up-regulation of genes
involved in the apoptotic network. The individual genes involved in the apoptotic response
and their mean fold change expression values are listed in Figure 3D. These genes include
DAXX, FASL, GZMA (Granzyme-A), PRF1 (Perforin), TNFSF10, TREX1, UBA7 and
XAF1. Interestingly, CD5L, shown to be an inhibitor of apoptosis (240), is 3.7 fold down-
regulated from pre-injection in the CpG group (Figure 3A).
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Figure 3. CpG induces the differential expression of a broad range of immune genes within afferent lymph
cells. Genes were allocated to functional groups based on literature and Metacore analysis. Results are presented

for three animals in the liposome + CpG group as mean fold change from pre-injection at the 72h time point.
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5.5.6 Liposomal CpG induces a unique inflammatory gene profile in afferent lymph

IL27 and IL1P were the only inflammatory cytokines differentially expressed 72h following
injection of liposomal CpG (Figure 3E). Interestingly, IL1p was down-regulated following
liposomal CpG injection (Figure 3E). The G Protein-coupled receptor, P2RY6 which is
involved in the pro-inflammatory immune response (241), was 4.3 fold up-regulated

following injection of liposomal CpG (Figure 3E).

» RNaseL

o

2-5A oligoadenylate

blocking viral infection .

2774
2]
"“‘ - l
¥ 4(5 q a2
. if OAS2 2‘-5'-oligoadeﬁylate synthetase
\ f : pon — @
e\ [ W OB\ IRF7 A N ons1
? S A / / TRy
W 1) R ol —1 \ .
IFN-alpha, | o ® AF\; \ A | TR \OAQSS
| IRF1 A\ \ IsGF3, = TR N
\ ' \“ \ \‘ < , A @ - \ (G | Q‘_\; ~ » «.)
\ \ \ \/| - 1 «?
é Ao { L\ Al \ W ADAR1
| TN FE AL L N A MxA
¥ \ )\ J @

IL-1 beta o)
T ]
;

v

(
. ) Lt
l &)

MIG

Figure 4. CpG induces the persistence of interferon, antiviral and chemotactic genes in afferent lymph. The
Metacore Pathway Map Creator (Thomson Reuters) was used to highlight the induction of these pathways 72h
following injection of liposome + CpG. Expression values are represented by thermometers, where up-regulated
values are red and down-regulated values are blue. If no thermometer is shown, no significant change in
expression was observed. Green lines indicate positive interaction; red lines indicate negative interaction; grey
lines indicate unspecified interaction. B: binding; TR: transcriptional regulation; IE: influence on expression; Z:
catalyses; GR: group relation.
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5.5.7 Gene expression in sorted cell populations following injection with liposomal CpG

To determine which afferent lymph cell populations expressed a subset of the differentially
expressed genes identified from RNA sequencing, RNA was extracted from SIRPa"" DCs,
SIRPa'™" DCs, monocytes and lymphocytes sorted from afferent lymph prior to injection (-2h)
and 72h after injection of liposomal CpG. These cells were analysed for expression of IFIT3,
RIG-I, TLR-9, PSMA2, CLECA4F, IL6, CXCL10 and IL17A genes by real time PCR and
normalised to the housekeeping gene GAPDH (Figure 5). The lymphocyte population
demonstrated the greatest increase in expression of genes IFIT3, RIG-I and TLR-9 at 72h
(Figure 5). RIG-I was not detected in monocytes prior to injection, however was induced in
this population 72h after injection with liposomal CpG (Figure 5). Interestingly, TLR-9 was
not detected in monocytes at either time point or in lymphocytes prior to injection however
was significantly induced in lymphocytes 72h following liposomal CpG injection (Figure 5).
PSMAZ2, a gene involved in antigen processing and presentation (205), is uniquely expressed
by all DCs and significantly increased in the SIRPu'™ DC subset at 72h (Figure 5).
Interestingly, IL6 expression is restricted to the SIRPa"" DC subset (Figure 5). CLECA4F was

low

induced at 72h in all cell populations excluding the SIRPa ™" DCs, with the greatest
significance observed in the monocyte population (Figure 5). CXCL10 was expressed by all
cell populations at both time points, however a significant increase in expression was
observed in monocytes at 72h (Figure 5). IL17A was expressed only in the lymphocyte

population 72h after injection of liposomal CpG (Figure 5).
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Figure 5. Gene expression in sorted afferent lymph cell populations prior to injection and 72h following
injection with liposome + CpG. Gene expression was calculated by normalising experimental gene expression
with the housekeeping gene GAPDH. ND indicates gene not detected in the cell type at that time point. Data
expressed as mean + SEM of four individually analysed animals at each time point in the liposome + CpG group,
* indicates differences between cell types and *indicates significant differences from pre injection (-2h) within
each cell type, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, *p<0.05, #p<0.01, **p<0.001.

122



Chapter Five: Transcriptional profile of afferent lymph cells

5.6 Discussion

Vaccine-induced immune responses generated at the site of injection are conveyed to the
draining lymph node via cells and molecules trafficking through afferent lymph. While
elegant murine models can detect the cell types that originate within the periphery, it is very
difficult to quantify the kinetics and overall numbers of cell types that migrate. By directly
cannulating the ovine afferent lymphatic vessels, we have previously shown that vaccination
with liposomal CpG induces the maturation of migratory dendritic cells and monocytes in
afferent lymph, however this only occurs 72h after injection (196). We have also shown that
an oil-based liposomal-poly(l:C) formulation induces transcription of a broad range of
inflammatory genes early after injection, that resolved within 48h. The only gene signatures
that remained up-regulated within cells contained in the lymphatic compartment beyond 48h
were primarily anti-viral, yet it was unclear whether this was due to the poly(l:C) adjuvant,
liposomes or the depot effects of the oil (194). As liposomal CpG is a more potent adjuvant in
sheep than liposomal poly(l:C) (data not shown), we were interested to determine if CpG also
induced changes in gene expression within afferent lymph cells 72h post injection, once the
percentage of all inflammatory cells, excluding monocytes, had subsided to control levels. In
the present study, we have quantified the global transcriptional signatures in non-manipulated
afferent lymph cells as they migrate from the site of injection into the lymphatics 72h after
injection of liposomal CpG. This study provides a comprehensive analysis of the immune
response induced in the periphery that connects the injection site with the local lymph node

for the generation of an adaptive immune response following vaccination.

CpG has been shown to induce strong Thl interferon cytokine responses, however the
molecular mechanisms controlling these effects are not completely understood (226, 227).
We show that injection with liposomal CpG induces a global transcriptional profile in
afferent lymph that is reflective of the in vivo innate immune response to viral and bacterial
infection. The up-regulation of multiple interferon effectors is required to induce a functional
Th1 immune response capable of combating viral or bacterial infection (242, 243). Sustained
expression of interferon-induced genes over several days results in resistance to viral
infection and DNA damage, without harm to host cells (244, 245). The interferon-mediated
antiviral transcriptional immune response observed in our study supports evidence that CpG

may be an effective adjuvant for protection against viral infection (246-248). The presence of
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this response at 72 hours may also be important in shaping the polarisation of adaptive T cells,

which is typically observed 3-5 days following vaccination.

Transcriptional responses induced by human vaccination have also been investigated.
Subcutaneous injection of polylCLC, a stabilised analogue of poly(l:C), induced the up-
regulation of genes involved in interferon and inflammasome signalling in the circulation of
all subjects (95). The potent yellow fever vaccine, YF17D, was also shown to induce the up-
regulation of several interferon stimulated genes, including the OAS and MX families (192).
Similarly, 24 hours after injection of the adjuvant formulation, Matrix-M, genes including
CXCL11, ISG15, MX1, OAS1 and RSAD2 were up-regulated in the draining lymph node of
pigs (206). Our present study reveals that these genetic signatures observed in the circulation
and in draining lymph nodes following vaccination are transported to the local lymph node by

cells within afferent lymph.

Interestingly, despite no change in the percentage of lymphocytes in afferent lymph over time,
this population demonstrated the greatest up-regulation of interferon and antiviral genetic
signatures observed after injection of liposomal CpG, including IFIT-3, RIG-1 and TLR-9
genes. TLR-9 expression was undetectable in lymphocytes prior to injection and was heavily
induced following vaccination. Naive human B cells constitutively express low to
undetectable levels of TLR-9 and have been shown to up-regulate TLR-9 expression
following BCR activation (249). It is therefore possible that the up-regulation of TLR-9
observed in our lymphocyte population is primarily within afferent lymph B cells that are
activated following vaccination. Populations of B cells draining within afferent lymph are
distinct form those present within lymph nodes and blood, and express higher levels of
antigen presentation molecules (170). It will require more detailed experiments to confirm

which lymphocytes within afferent lymph up-regulate TLR-9.

The up-regulation of genes involved in the cytotoxic T cell response (Granzyme-A, Perforin
and Fas ligand) and the chemotaxis of T cells (CXCL9, CXCL10 and CXCL11) was also
observed following injection, further supporting the hypothesis that lymphocytes play an
important role in the early immune response to vaccination. Indeed, innate lymphoid cells
(ILCs) have been shown to play significant roles in tissue immunity and the innate response
to pathogens, including Th1 ILCs (cytotoxic NK cells) and Th17 ILCs (Roryt+ ILCs)(33). It
is likely that the cytotoxic signatures observed in our study originate from NK cells. These
cells are well known for their cytolytic activity (250), have been shown to express
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intracellular TLR-9 and are activated by CpG (251, 252). Additionally, activated IFNy-
producing NK cells have previously been identified in afferent lymph (253). The presence of
Th17 ILCs in afferent lymph remains to be elucidated, however Th17-related signatures have
been observed in afferent lymph 48h-72h following injection of poly(l:C) (194). It is unlikely
these signatures are due to the activation of classical T cells as part of the antigen-specific
adaptive immune response, as the model used in this study requires surgical removal of the
local lymph node prior to cannulation of the afferent lymphatic vessel (204), thereby
removing the contribution of lymph node feedback. Together, these results provide further
evidence indicating lymphocytes are key mediators of information transfer from the

periphery to the lymph node during the innate response to vaccination.

Transcriptional pathways involved in the innate response to intracellular DNA were also up-
regulated following injection of liposomal CpG. These include TLR7, RIGI, MDA5, LGP2,
IRF3, IRF7, TRIM56 and ZBP1 (254). The peak activation of TLR-signalling genes in
response to CpG and poly(l:C) has been shown to occur between 24 and 48h after injection,
returning to baseline expression by 72h (194, 255). In this study, we report expression of
these genes out to at least 72h following injection of liposomal CpG. This is consistent with
our previous reports, where liposomal CpG induced late activation of monocytes and DCs
when compared to liposomes alone and liposomal poly(l:C) (195, 196). In the present study,
we also show a significant increase in CMPK2, a gene involved in the activation and
differentiation of monocytes and macrophages (256, 257). SIGLEC1, a lectin expressed on
monocytes following TLR-9 stimulation (258), was also up-regulated in our study. The
functional role of SIGLECL1 is not entirely clear, however it has been shown to bind to CD43
on activated T cells (258). Additionally, up-regulation of HES4, a biomarker of maturing
DCs (259), was observed 72h after injection of liposomal CpG. These results begin to unveil
the transcriptional pathways induced by CpG that result in the late activation and maturation
of monocytes and DCs in afferent lymph (196).

This study also reveals a significant increase in PSMF1, a gene that encodes the protein for
the proteasome inhibitor PI31 subunit that is involved in MHC class | cross-presentation
(260). PSMA2, a related gene that is also involved in cross-presentation (205), was shown to
be expressed in both SIRPa™¥" DCs and SIRPa® DCs, however a significant increase after
vaccination was only observed in the SIRPa'™ DCs subset. This is an interesting finding as
the SIRPa DC subset is generally believed to be uniquely responsible for cross-

presentation (147). However, future research is required to determine the functional capacity
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of these cells following in vivo activation by CpG, Interestingly, CLEC4F and CLEC10A,
pattern recognition receptors from the C-type lectin family, were also up-regulated following
injection of liposomal CpG. The biological functions of these receptors are not completely
understood, however CLECA4F has been identified on infiltrating monocytes in the liver and
CLEC10A is expressed on circulating monocytes and dendritic cells (261, 262). We also
show CLECA4F to be the most highly expressed gene following injection of CpG and to be
induced in SIRPa™" DCs, monocytes and lymphocytes in afferent lymph, implying this gene

may play an important role in the immune response to vaccination.

Whilst the primary goal of an adjuvant formulation is to enhance immunity, it is also
important for these responses to be negatively regulated to prevent inappropriate
inflammation and tissue damage (70). This is likely to be critical with CpG as it does not
induce self-tolerance, where multiple injections of CpG continue to enhance tissue
inflammation and systemic cytokine responses in mice (263, 264). In the present study, the
most heavily down-regulated gene 72h after injection of liposomal CpG was IL1p. This gene
is most commonly associated with activation of the inflammasome, and this process must be
tightly controlled (265). Our results indicate that liposome associated CpG either induces a
mechanism that reduces transcription from the IL1p gene in afferent lymph cells or blocks the
recruitment of IL1B-expressing cells into the afferent lymph. It also implies that liposomal
CpG preferentially induces a mechanism that down regulates the inflammasome whilst still

providing the pro-inflammatory signals required to promote immunity (120).

The complex immune response to vaccination requires the synergistic interaction of multiple
biological pathways, highlighting the need for a systems biology approach to vaccine
development. Vaccine formulations incorporating innate immune stimulants are highly
immunogenic, however the biological pathways they target at the site of injection to induce
immunity in the local lymph node are unclear. Functional analysis revealed up-regulation of
genes involved in anti-viral innate immunity, interferon signalling and granzyme-A mediated
apoptosis. We also investigated the cell populations in afferent lymph responsible for these
transcriptional signatures, determining that different cell types distinctly respond to liposomal
CpG, some even in the absence of detectable TLR9 expression. Together with our previous
report characterising the local and systemic immune response induced by liposomal CpG
(196), these findings reveal novel in vivo immunological pathways that connect the periphery
with the local draining lymph node and how these are shaped by innate immune agonists

following vaccination.
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Supplementary Table 1. Summary of the alignments statistics. Duplication percentages
were calculated by counting the number of duplicated reads divided by the total number of
mapped reads.

sample Total reads  Quality Filtered Uniquely Mapped Multi-mapped  Duplication Unmapped

(no.) Reads (no.) Reads (%) reads (%) (%) Reads (%)
S1-VAC1-PRE 21,551,188 21,414,788 86.4 9.1 61.2 4.5
S1-VAC1-POST 30,186,326 30,030,404 87.8 9.5 53.5 2.7
S2-VAC1-PRE 19,448,978 19,316,764 87.3 9.3 50.0 3.4
S2-VAC1-POST 22,668,524 22,540,197 88.0 9.1 494 2.9
S3-VAC1-PRE 24,545,525 24,407,594 88.2 8.9 51.4 2.9
S3-VAC1-POST 23,375,545 23,244,160 87.6 9.6 53.3 2.8
S4-VAC2-PRE 29,321,491 29,157,172 88.1 9.1 52.4 2.8
S4-VAC2-POST 32,513,972 32,341,552 88.4 8.9 57.4 2.7
S5-VAC2-PRE 24,367,522 24,227,580 87.0 10.0 55.3 3.0
S5-VAC2-POST 22,098,164 21,963,712 86.3 10.7 57.9 3.0
S6-VAC2-PRE 24,905,083 24,767,269 87.6 9.6 52.7 2.8
S6-VAC2-POST 23,999,217 23,859,377 87.8 8.1 53.2 3.0

Supplementary Table 2. Summary of transcript-associated reads. Rates are per mapped
read. Intragenic rate refers to the fraction of reads that map to genes (introns or exons).
Exonic rate is the fraction of reads that map to exons. Intronic rate is the fraction of reads
mapping to introns. Intergenic rate is the fraction mapping to genomic regions between genes.
Expression profile efficiency is the ratio of exon reads to total mapped reads.
Transcripts/genes detected is the number of transcripts/genes with at least 5 sequencing reads.

Sample Intragenic  Exonic  Intronic  Intergenic Expression Profiling Transcripts Genes Detected
Rate Rate Rate Rate Efficiency (frac.) Detected (no.) (no.)
S1-VAC1-PRE 0.709 0.420 0.289 0.290 0.420 14,261 10,878
S1-VAC1-POST 0.712 0.418 0.294 0.287 0.418 14,982 11,088
S2-VAC1-PRE 0.715 0.437 0.277 0.285 0.437 14,541 10,826
S2-VAC1-POST 0.713 0.410 0.303 0.287 0.410 14,587 10,855
S3-VAC1-PRE 0.711 0.426 0.285 0.288 0.426 14,900 11,051
S3-VAC1-POST 0.711 0.448 0.263 0.288 0.426 14,862 11,023
S4-VAC2-PRE 0.709 0.419 0.290 0.290 0.419 14,970 11,095
S4-VAC2-POST 0.711 0.436 0.275 0.288 0.436 14,981 11,102
S5-VAC2-PRE 0.708 0.445 0.263 0.291 0.445 14,859 11,018
S5-VAC2-POST 0.719 0.464 0.255 0.280 0.464 14,686 10,924
S6-VAC2-PRE 0.710 0.443 0.268 0.289 0.443 15,022 11,143
S6-VAC2-POST 0.706 0.451 0.255 0.294 0.451 15,058 11,152
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Supplementary Table 3. Primer sequences for genes investigated with real time PCR

Gene Primer sequences (5°-3°)
GAPDH Forward: GTCCCCACCCCCAACGT
Reverse: TCTCATCATACTTGGCAGGTTTCTC
IL-6 Forward: CCTCCAGGAACCCAGCTATG
Reverse: GGAGACAGCGAGTGGACTGAA
IFIT-3 Forward: GTTGTCGAGGCTCTGGGAAA
Reverse: TCCAGTGCCCTTAGCAACAG
TLR-7 Forward: TCTCCAAGGTGCTTT
Reverse: CCACCAGACAAACCA
IL-1B Forward: CGAACATGTCTTCCGTGATG
Reverse: TCTCTGTCCTGGAGTTTGCAT
IL-17A Forward: AGGAGCTACCATGGCGTCTA
Reverse: CCTCACATGCTGTGGGAAGT
PSMA-2 | Forward: TGGTGTATAGTGGCATGGGC
Reverse: TGAGCTGTGGGAATGGGTTC
TLR-9 Forward: CCCTGGAGAAGCTGG
Reverse: GACAGGTCCACGAAG
RIG-I Forward: GCCTCAGTTGGTGTTGGAGA
Reverse: GACGTGTCGAGAGAAGCACA
CLEC4F | Forward: ATTCAACCGTGCGTTTTGGG
Reverse: TCATTCCACTTCCGCTGCAT
CXCL10 | Forward: GCTCATCACCCTGAGCTGTT
Reverse: AGCTGTCAGTAGCAAGGCTG
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Supplementary Table 4. Individual animal responses (counts per million) of all genes
differentially expressed from pre-injection in the CpG group.

GENENAME _ENSEVBL 1D CRTRT Chsen Croume Ciogw eouep Cesiew
P2RY6 ENSOARG00000006714 279 21.03 221 26.07 259 11.43
NOVEL ENSOARG00000007039 35.45 138.12 41.9 105.82 38.17 114.85
1SG17 ENSOARG00000007233 31.23 1028.33 100.17 1082.18 78.48 334.65
IFIT5 ENSOARG00000014815 14.42 248.9 28 190.67 28.98 7475
BST-2A ENSOARG00000025182 22.31 266.69 42.09 237.04 44.68 113.67
IFIT2 ENSOARG00000015169 22.07 1008.95 78.99 1280.17 75.53 280.68
ZBP1 ENSOARG00000017418 35.05 711.83 62.63 375.67 39.86 159.21
NOVEL ENSOARG00000019272 11.07 271.63 28.36 194.91 22.56 65.86
IF16 ENSOARG00000003341 34.18 762.33 97.99 552.49 60.73 233.78
OAS1 ENSOARG00000002881 30.51 907.87 71.9 3345 50.3 210.37
DDX58 ENSOARG00000014731 13.54 49551 34.63 168.64 24.97 104.23
IFIT1 ENSOARG00000015177 345 12452 109.62 860.82 75 272.79
IFIT3 ENSOARG00000014800 15.93 997.75 67.08 655.81 38.97 172.36
SIGLEC1 ENSOARG00000002007 6.21 23.57 6.36 24.82 5.17 18.14
CMPK?2 ENSOARG00000014636 65.01 931.37 92.62 572.89 73.04 198.31
MB21D1 ENSOARG00000006104 5.98 68.1 9.09 52.05 954 19.14
1SG20 ENSOARG00000010964 3.66 152 16.54 145.46 12.66 39.92
IF144 ENSOARG00000013440 46.69 1029.43 109.35 699.2 80.62 227.79
BST-2B ENSOARG00000016787 5.74 46.04 10.91 34.25 8.47 22.68
XAF1 ENSOARG00000000888 26.29 399.65 55.54 311.98 47.71 112.76
HES4 ENSOARG00000007304 0.72 9.69 1.27 10.29 2.14 8.35
FOXS1 ENSOARG00000001757 133 89.81 20.18 52.53 18.82 4354
IF127 ENSOARG00000014413 1137.61 4526.44 1168.3 4115.25 1504.26 2634.51
RSAD2 ENSOARG00000014648 46.21 497.09 42.09 369.8 29.61 83.37
0AS2 ENSOARG00000009097 159.58 1967.33 351.23 1280.46 261.92 672.3
NOVEL ENSOARG00000005557 27.65 279.67 41.81 184.81 41.47 76.11
CXCLO ENSOARG00000016543 58.48 243.05 88.17 387.6 113.17 265.89
ZNEX1 ENSOARG00000012500 374.93 4664.49 651.37 3442.99 492.8 1001.7
PKR ENSOARG00000009740 43.34 4114 51.45 284.47 63.85 104.6
SPATS2L ENSOARG00000015954 2.79 16.49 418 19.53 6.87 18.42
SNORD12 ENSOARG00000022705 6.37 29.55 9.73 36.36 9.45 20.14
LGP2 ENSOARG00000018383 65.57 543.82 109.8 44157 111.29 207.65
IF144L ENSOARG00000013421 70.83 854.48 1228 424.73 113.61 246.21
MX1 ENSOARG00000010283 94.09 2455.9 290.78 1438.23 144.74 454.49
GZMA ENSOARG00000007970 359 21.16 6.73 28.76 6.6 15.69
SNORD12 ENSOARG00000024331 6.85 34.98 11.54 42,62 11.24 21.86
NOVEL ENSOARG00000001815 38 293.42 65.81 155.75 63.49 13653
IRF7 ENSOARG00000006626 41.19 473.73 89.62 665.91 71.97 137.35
NOVEL ENSOARG00000015072 30.99 304.34 38.54 186.44 35.67 59.96
EAM26F ENSOARG00000018074 7.49 24.88 9.91 46.47 12.31 25.58
1P-10 ENSOARG00000016611 21.59 37347 57.63 447.63 83.11 141.97
HERCS ENSOARG00000000530 37.44 295.96 42.99 138.82 41.29 7457
TRANK1 ENSOARG00000016617 206.35 1891.12 237.88 778.95 212.15 431.63
NT5C3A ENSOARG00000006503 24.38 190.75 34.72 190.96 28.45 42.18
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GENENAME _ENSEVBL 1D RERL Chshe Coume Ciomwe Crowep Cshem
CLEC4F ENSOARG00000011222 0.24 4219 6.73 62.63 107 23.04
NOVEL ENSOARG00000000904 26.61 266.82 39.18 156.71 27.29 47.81
RNF213 ENSOARG00000000942 790.41 5874.71 1019.32 1952.53 938.96 2151.89
NOVEL ENSOARG00000019033 23.34 109.26 28.18 62.72 30.94 51.8
CXCL11 ENSOARG00000016668 0.88 14.71 1.64 9.81 1.96 4.17
NOVEL ENSOARG00000008211 4.06 33.88 4.09 12.31 3.75 9.89
ATXN3 ENSOARG00000012754 2518 107.13 24 81 26.31 39.37
CD69 ENSOARG00000021063 109.87 820.95 199.97 1209.27 179.07 280.95
UBA7 ENSOARG00000011997 84.93 685.1 113.44 387.22 108.71 174.63
MDAS ENSOARG00000006142 93.85 504.58 1009 322.66 112.99 183.79
EPSTI1 ENSOARG00000007427 68.2 367.77 90.72 197.02 79.37 157.39
NOVEL ENSOARG00000001138 134.24 892.27 155.25 355.85 146.07 291.02
HSH2D ENSOARG00000000506 29.32 238.44 24.72 8Ll 31.57 48.81
NOVEL ENSOARG00000000896 59.12 7701 119.98 517.18 55.74 11575
CXorf21 ENSOARG00000018770 13.78 65.62 15.36 46.18 22.12 28.39
TRIMS6 ENSOARG00000015270 30.83 120.94 32.54 81.39 26.49 45.81
TMEML06A ENSOARG00000005269 145 53.94 16.73 35.02 17.12 21.67
SERTAD1 ENSOARG00000011360 19.12 73.18 3163 115.35 3L3 45.9
CMTR2 ENSOARG00000011167 9.08 40.54 12.36 20.2 12.57 26.22
DAXX ENSOARG00000009519 148.66 854.89 24251 658.03 199.22 3215
RTP4 ENSOARG00000020495 57.92 474.48 86.62 292.84 77.14 103.87
NOVEL ENSOARG00000021075 43.02 160.38 63.72 11833 54.4 88.36
LAYN ENSOARG00000014248 .57 34.98 6.73 17.03 535 13.06
C2lorfol ENSOARG00000015776 39.84 161.96 47.81 168.26 45.3 57.51
RBM43 ENSOARG00000009199 76.48 240.85 65.45 232.14 66.53 1016
FAM111B ENSOARG00000011604 8.45 30.72 5.64 28.19 14.18 20.32
UBE2L6 ENSOARG00000009969 50.27 152.82 62.9 12141 64.3 95.43
CDKN2AIP ENSOARG00000007148 83.02 400.61 13007 434.45 98.81 157.85
NOVEL ENSOARG00000004500 72.42 253.15 53.72 257.63 57.16 82.64
IL1B ENSOARG00000020866 23.98 13.47 11235 26.07 361.08 7.26
NOVEL ENSOARG00000002441 18.88 93.59 18.09 54.64 15.43 24.13
IRE3 ENSOARG00000013335 43.18 17117 65.99 125.16 4753 83.19
ZNFX1-AS1_2 ENSOARG00000022293 39.44 91.94 44.36 122.85 4221 67.22
BCL2L14 ENSOARG00000020888 44.22 72.36 49.21 89.28 40.22 102.69
SNORD12 ENSOARG00000023569 191 11.06 3 10.2 232 581
PARPY ENSOARG00000020150 77.92 360.55 89.08 222.23 96.76 137.62
ADAR ENSOARG00000002952 1795 881 221.15 511.12 199.85 316.78
PDE12 ENSOARG00000013642 63.1 302.56 69.26 242.72 58.95 79.2
RNASEL ENSOARG00000018978 343 25.63 818 19.63 8.03 14.24
PML ENSOARG00000004233 98.23 466.44 138.89 27851 11557 198.4
CLEC10A ENSOARG00000009867 247 12.78 1.45 13.66 321 4.63
TNFSF10 ENSOARG00000020741 105.01 508.91 96.62 269.37 99.52 146.87
APOBEC3Z1 ENSOARG00000016213 10.76 217.14 60.99 339.79 46.28 71.38
INDO ENSOARG00000002251. 290.32 775.46 386.04 988.87 456.24 737.62
COX7AL ENSOARG00000005289 11.31 30.23 13.27 46.27 13.56 19.78
WARS ENSOARG00000002035 646.36 1778.98 712.45 1575.6 743.83 1102.75
FASLG ENSOARG00000014582 7.01 23.43 8.91 23.86 8.56 13.88
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SEMENAUE L e irh ' opee(am areh . apee(om sioh
IFI35 ENSOARG00000004413 79.11 255.35 108.17 237.04 115.13 168.91
TRIM26 ENSOARG00000015605 122.13 472.7 184.25 385.1 156.06 244.84
AKAP7 ENSOARG00000013910 3.27 25.97 4.09 12.31 3.57 5.62
SAMD9 ENSOARG00000018615 337.72 1923.35 385.59 821.57 395.06 564.8
PARP14 ENSOARG00000020160 207.54 1189.67 224.24 531.04 237.66 322.86
TLR7 ENSOARG00000011288 15.54 56.83 14 37.33 18.99 22.32
BATF2 ENSOARG00000011372 0.08 2.82 0.18 241 0.45 0.73
IRF2BPL ENSOARG00000002269 21.43 66.59 34.72 62.72 27.29 43.18
TACSTD2 ENSOARG00000008349 0.08 2.54 0.82 4.04 0.71 2.54
ATAD1 ENSOARG00000014098 74.81 274.79 91.99 251.86 93.55 112.49
PNPT1 ENSOARG00000002164 89.55 350.24 97.53 271.19 87.13 112.22
FN1 ENSOARG00000019329 147.23 68.03 149.98 86.01 304.9 35.83
NOVEL ENSOARG00000009583 22.87 97.23 33.18 117.94 30.68 313
TREX1 ENSOARG00000000153 9.8 39.1 17 53.01 19.62 22.59
NOVEL ENSOARG00000006790 47.88 181.2 42.45 70.52 46.19 75.29
CCNE1 ENSOARG00000004067 5.42 23.78 7.82 36.36 9.19 9.53
NOVEL ENSOARG00000008702 20.63 76.34 28.45 48.97 28.8 38.65
IL27 ENSOARG00000003180 191 7.22 2.36 17.41 2.94 4.45
PRF1 ENSOARG00000006139 52.98 231.43 85.35 216.94 118.96 142.88
TRIM38 ENSOARG00000001519 71.15 205.39 91.99 186.25 89.62 121.38
STOML1 ENSOARG00000004309 4.54 16.01 3.82 9.62 4.19 8.35
CDADC1 ENSOARG00000008439 25.81 94.62 29.27 59.55 30.94 37.47
CD5L ENSOARG00000006980 3.35 0.27 1 0.29 1.69 0.27
LYGE ENSOARG00000001470 61.74 264.69 98.26 149.88 98.63 149.41
LGALS3BP ENSOARG00000003257 48.52 227.04 75.08 126.51 79.37 102.69
TRIM21 ENSOARG00000000944 42.86 116.54 42.27 73.88 46.46 63.96
NOVEL ENSOARG00000002737 1.99 11.82 1.36 7.6 1.43 2.18
C19orf66 ENSOARG00000014804 48.28 156.47 68.45 211.07 54.76 65.5
DAB2 ENSOARG00000009431 4.62 1.17 3.45 1.54 11.41 1.63
U6 ENSOARG00000021887 0.08 1.79 0.36 1.73 0.09 0.64
FBXO33 ENSOARG00000008856 63.82 163.96 63.72 199.04 67.51 75.75
PSMF1 ENSOARG00000018814 70.35 227.31 95.53 161.72 93.19 129.82
XRN2 ENSOARG00000004443 176.95 608.61 175.07 463.7 177.64 212.82
ATL3 ENSOARG00000002871 913 270.33 106.9 281.97 117.89 137.44
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CHAPTER SIX

Mathematical modelling of DC trafficking and T cell activation in

the local lymph node

6.1  Chapter Summary

The results of this thesis have characterised the cellular response in the lymphatic system to
liposomes incorporating poly(l:C) or CpG. Chapters Three and Four have shown that the
addition of poly(l:C) or CpG to the liposome formulation enhance cell-associated antigen
uptake and induce distinct patterns of DC and monocyte maturation in afferent lymph. The
results also show that the adjuvanted formulations enhance local and systemic antigen-
specific adaptive immunity. However, even under the strongest immunogenic stimuli of CpG,
the number of antigen-positive DCs migrating to the lymph node was less than 0.5% of all
cells within afferent lymph. Given such a small number of antigen-positive DCs, and the fact
that cognate T cells exist at a very low frequency of approximately 1 in 1 million, we were
interested to investigate if the number of antigen-positive DCs were sufficient to induce the
observed adaptive response. As this is difficult to experimentally determine in sheep, we
developed a mathematical model of DC trafficking and T cell activation to determine the
probability that a cognate interaction occurs in the lymph node and the time taken for this
response to occur. This also allowed us to investigate the extent to which the adjuvanted
formulations influence T cell activation. The mathematical model was developed using DC-T
cell interaction data from the literature and our own experimental data obtained from the
lymphatic cannulation studies. The development of a mathematical model using real time in
vivo measurements of DC-associated antigen trafficking after vaccination has implications for
vaccine design and provides important information to help answer fundamental questions in

immunology.
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6.2 Introduction

A major goal in vaccine development is the induction of effective antigen-specific T cell
immunity. This is particularly important for diseases without effective vaccines, including
HIV, malaria and hepatitis C, which require strong T cell responses to induce protective
immunity. DCs are essential for the activation of naive T cells and are regularly targeted in
novel vaccines (266). In order to induce naive T cells to proliferate and differentiate, DCs
must deliver two signals. The first signal is antigen presented on MHC class | or class Il
molecules. The second signal is derived from cell associated co-stimulatory molecules and
soluble cytokines which act as T cell activation factors. Most vaccine formulations
incorporate vaccine antigen/s with an adjuvant that typically activates innate immune
pathways present in almost all subsets of DCs. The co-delivery of antigen and innate immune
adjuvant enhances T cell priming via a number of mechanisms, including increased antigen
uptake by immature DCs, enhanced maturation of DCs and/or enhanced recruitment of
immune cell populations to the site of vaccination (8, 266). It is unclear, however, if the best
approach in vaccine development is to target more numbers of immature DCs that are capable
of engulfing antigen or to target fewer numbers of mature DCs that are efficient at providing

immunostimulatory signals to cognate T cells in the lymph node.

The generation of T cell immunity therefore requires the acquisition of antigen by DCs and
the subsequent breakdown and presentation of this antigen on MHC molecules present on the
surface of the DC. The DCs loaded with MHC-antigen complexes then migrate to the lymph
node where they interact with rare antigen specific naive T cells that express T cell receptors
(TCRs) capable of binding to and recognising the MHC-peptide complex on the DC (267).
For this process to occur, antigen positive DCs (Ag+ DCs) must locate the cognate T cell in
the lymph node, present at a frequency of approximately 1 in 10°(268). The estimated TCR
repertoire consists of at least 2x10" receptors, each with different antigen specificity (269).
The DCs must therefore scan a large number of T cells for a cognate interaction to occur and
an effective immune response to be established. The mechanisms by which this occurs and
the kinetics of DC and T cell interactions in the lymph node are only beginning to be

understood.
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Two-photon imaging experiments have significantly contributed to the understanding of DC-
T cell interactions. A study by Miller and colleagues in 2004 revealed that DCs survive in the
lymph node for approximately 60h and suggested that DCs do not leave the lymph node
(268). This study also investigated the movement and velocity of DCs and T cells,
demonstrating that DCs move significantly slower (2-3um/min) than T cells (>10um/min) in
the lymph node (268). Several studies have demonstrated that DC and T cell interactions
occur by chance, as T cells move in random directions until they encounter an obstacle in
their path (268, 270, 271). To enable visualisation of these rare events, two-photon imaging
studies often employ adoptive transfer or genetic approaches that result in higher numbers of
Ag+ DCs and frequencies of antigen-specific T cells that are well beyond the physiological
range (269). T cells also migrate further and remain in the lymph node longer than can be
analysed with two photon imaging, which is limited to a 30-60 minute observation window
(269). To assess these parameters in vivo, the afferent and efferent lymphatic vessels can be
cannulated in large animal models. Ag+ DCs migrate from the injection site into the lymph
node via the afferent lymphatic vessels. Following cognate interaction, activated T cells leave
the lymph node via the efferent lymphatic vessels which eventually drain back into the
circulation (204). Data obtained using the lymphatic cannulation models can therefore
enhance the understanding of the relationship between lymph node input and output, and the

strength of the adaptive immune response generated.

A recent study by Thomas and colleagues in 2012 used the ovine efferent lymphatic
cannulation model to show that the transit time of T cells through a lymph node is
heterogeneous, suggesting that they move randomly within the lymph node from the point of
entry to the point of exit (272). A probability distribution indicated that the mean T cell
transit times through a lymph node range from 24 to 44 hours. These transit times were
similar to that observed previously in mice, where lymph node migration times were
estimated to be between 24 and 30 hours (273). Consistent with the two-photon imaging
studies (268), DCs have not been observed in ovine efferent lymph in homeostatic conditions,
providing further evidence that DCs are recycled in the lymph node (196). These studies
indicate that the parameters of DC and T cell interaction in the lymph node are remarkably

similar between species.

Our previous work has utilised the ovine lymphatic cannulation models to quantify antigen
uptake and cellular trafficking to and from the lymph node in real time following vaccination

of a liposomal formulation containing the innate immune agonist CpG (196). We showed that
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this formulation induced an antigen-specific immune response that was significantly greater
than the liposome alone formulation and liposomes incorporating poly(I:C). While our data
show that numerous cell types enter the site of injection and traffic to the lymph node via the
afferent lymphatics, only DCs can activate naive T cells. Following vaccination with
liposomal CpG, the number of Ag+ DCs that migrated to the lymph node was less than 0.5%
of all cells within the afferent lymph. Despite such a small number of Ag+ DCs migrating to
the lymph node, and the extremely low cognate T cell frequency of approximately 1 in 10°,
an effective adaptive immune response was generated. This suggested that a cognate
interaction occurred, however with this needle-in-a-haystack problem, it was unclear how the

antigen loaded DC and cognate T cells located each other in the lymph node.

A number of studies have used computational or mathematical modelling of lymph node cell
dynamics to confirm results obtained from experimental data or explore hypotheses that
would be difficult or impossible to explore experimentally (269). These models are often
based on known data of cell interactions and are then manipulated to predict immunological
outcomes to real or hypothetical immune stimuli. In this chapter, we aimed to develop a
mathematical model of DC trafficking and T cell activation in the local lymph node using
DC-T cell interaction data from two-photon experimental studies in the literature and our
own experimental data obtained from Ilymphatic cannulation studies.  Using this
mathematical model, we show that the addition of CpG or poly(l:C) to the liposomal vaccine
formulation enhances the probability that the total TCR repertoire will be scanned after
vaccination. We also estimate the minimum number of Ag+ DCs that must migrate from the
site of injection for the TCR repertoire to be scanned and the time taken for this process to
occur. The development of a mathematical model using real time in vivo measurements of
DC-associated antigen trafficking after vaccination has implications for vaccine design and
the ability to induce an optimal number of Ag+ DCs at the site of injection for increased

vaccine efficacy and safety.
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6.3  Developing the mathematical model

Using parameters from the literature and our own experimental data (Table 1), we have
developed a two compartment model of T cell circulation. Our model includes a ‘lymph node’
compartment and a ‘system’ compartment (Figure 1). The ‘lymph node’ compartment
includes DC numbers that have entered via the afferent lymph from the site of vaccination as
well as cognate T cells trafficking to and from the ‘system’ via the circulation and lymphatic
network. Our model describes the cellular trafficking to and from a single lymph node, in this
case it represents the prefemoral lymph node from which the experimental values were
obtained (204).

Table 1. Parameters from the literature and experimental data that are used in the model.

From the literature Our experimental data
DC survival time ( k) 60h (268) No. of CD4 T cells recirculating | 2.76x10" per hr
T cell recirculation time | 24h (272) No. of CD4 T cells in LN 1.9x10’
Cognate CD4 T cells 1in 10° (269) Mean weight of LN 1.99
CD4 TCR repertoire 2 x 107 (269) Volume of LN ( V) 1.9x10* pm®
T cell velocity (v) 660um per hr 274) | No. of Ag+ DC per hr in AL 4h 24h 48h | 72h
T cell turning rate (1) 30 turns per hr (274) | Liposome 6969 | 2118 2096 | 1349
DC radius (r4) 20-25um (268) Liposome + CpG 5595 | 15700 | 2574 | 6109
T cell radius (r;) 3um (275) Liposome + poly(l:C) 5070 | 8691 6947 | 3045

*AL = afferent lymph

Ag+ DCs enter the lymph node from the site of vaccination but do not leave the lymph node.
This characteristic was included in the model as our experimental data revealed that DCs are
not observed in efferent lymph under homeostatic conditions or at any time point after
vaccination (196). DCs survive for approximately 60 hours after lymph node entry (268), and
this value from the literature is used as the DC survival time in our model. Unlike DCs, T
cells continually recirculate between the lymph node and the system. Each T cell takes
approximately 24 hours to transit through the lymph node, as observed in a study
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investigating T cell recirculation to and from a single lymph node in the ovine model (272).
The frequency of cognate T cells in the lymph node exists at 1 in 10° and the total TCR
repertoire is approximately 2 x 10 (269). Therefore, we use 20 different ‘types’ of cognate T
cells to represent the cognate T cell repertoire in our model. Our experimental data shows that
the mean number of T cells entering and exiting the lymph node under homeostatic
conditions is 2.76x10" T cells per hour. Given that each T cell takes approximately 24 hours
to circulate through the lymph node (272), this implies there are 6.62x10° T cells cycling
through an individual lymph node every 24 hours. Therefore, given that 1 in 10° T cells in the
lymph node are antigen specific, a total of 662 T cells that are able to interact with the Ag+
DC (or approximately 33 of each type of cognate T cell) traverse the lymph node every 24
hours. We have chosen this value to reflect the TCR repertoire as it is the most reliable data
on T cell trafficking within a lymph node. The total repertoire is likely to be larger; however
without knowing precisely how many CD4 T cells are present in the whole animal, it is
difficult to estimate the total repertoire. This is reflective of observed CD4 T cell migration
and at this stage the model does not include CD8 T cell migration. Therefore, all future
reference to T cell activation in this model is in relation to Ag+ DC-CD4 T cell interactions.

A compartment model such as ours assumes that intra-compartment distributions of
interacting cell populations are well-mixed. That is, DCs and T cells are uniformly positioned
randomly within the lymph node at any given moment in time. It has been shown that T cell
motion in the lymph node is random in nature (276-278). T cells have been shown to be
highly motile, crawling with a mean, unbiased, velocity of 11um per minute (or v = 660um
per hour) and turn at a rate of 0.5 turns per minute (or A = 30 turns per hour) (274). The
volume of DC and T cell interaction is 1.9 x 10"2um?®, which has been determined from our
own experimental data revealing that the mean mass of an ovine prefemoral lymph node is
1.99. Whilst on the micrometre scale T cells appear to have velocity-jump motion, it is
important to note that the expected jump distance v/A is much smaller than the typical
distances cognate T cells are required to cover in search of Ag+ DCs in the lymph node. For
this reason, it is appropriate to model the motion of T cells using Brownian motion

parameterised by a diffusion constant of D = v2/(31) (276).

An antigen-specific DC will scan a cognate T cell when the T cell is within range of its
dendrites. We assume that this process is very efficient since DCs are effective at dismissing

non-cognate T cells. In our model, we therefore assume that if the cell centres of a particular
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DC and T cell pair are within a distance of R = r; + 1, the T cell is presented with antigen
and this T cell type is considered to be ‘found’. DCs are significantly larger than T cells, with
a radius of 20-25um (r;), compared to a radius of 3 um (r,), respectively (268, 275). We
therefore set R = 25 pum. The rate A at which diffusing T cells (with diffusion constant D)
find spherical targets of radius R (the distance accessible to DC dendrites) within a well-
mixed domain of volume V is well documented in mathematics literature (279) and has been

shown to be exponentially distributed with a rate constant given by;
A = 4mRD/V. [1]

Importantly, this rate describes the rate at which one particular DC will contact one particular
T cell. Therefore, according to the Law of Mass Action, the rate at which a particular cognate
T cell ‘type’ is scanned is given by AN;N,; where N, and N, are the number of Ag+ DCs and

type-specific T cells co-existing in the lymph node at a given time.

el i R T cell motion (D) i
LYMPHNODE _-{ L= L =vE/BD)
. = | Sh @ @ !
Ag+ DC survival Sal ! _ :
time (x) AN i Ag+ DC-T cell interaction (A) |
RN = 4mRD/V |
R 1
Ag+ DC entry
f( T cell entry T cell exit
(ka) (kq)
injection
site
SYSTEM

Figure 1. Two compartment model of T cell circulation and interaction with Ag+ DCs in the lymph node. T
cells continually recirculate between the lymph node and the system. T cells enter the lymph node from the
system at a rate of k, and leave the lymph node to return to the system at a rate of k,. Ag+ DCs enter the lymph
node from the injection site at a rate of f(t) and survive in the lymph node for time k. Within the lymph node,
interactions between Ag+ DCs and T cells occur when the cells are within radius R. The rate of interaction is
determined by distance R, the diffusive motion of T cells (D) and the volume of the lymph node (V).
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Since equation [1] is an exponential rate constant, we can construct a Markov model for the
state of a particular type of cognate T cell in the lymph node. Considering that there may be
N T cells of a particular type, we can define the state of this type of T cell to be ‘found’ or
‘not found’ by an Ag+ DC. The Markov model proposes that there can be 0-N number of that
type of cognate T cell in the lymph node at a given time. This number is represented by the
index i. The rate at which i increases from i to i + 1 is given by arrival rate per cell k, of T
cells into the lymph node. The rate at which i decreases from i to i — 1 is given by the
departure rate per cell k; of T cells from the lymph node into the system. Under homeostatic
conditions, cognate T cells are present only in the ‘not found’ state and cannot transition to a

‘found’ state until Ag+ DCs are introduced into the system.

Under homeostatic conditions and in the absence of Ag+ dendritic cells, a probability

distribution for i has an analytic mathematical form;

P () () ()

where P; is the probability of i (having i number of type specific T cells simultaneously in the

lymph node) and (1:[) is the Binomial coefficient describing the number of combinations of i

distinct T cells that can be chosen from the possible N T cells in the whole system. This

distribution of probabilities is chosen as the initial condition.

Once Ag+ DCs are introduced into the system, the rate at which the ‘found’ state can be
achieved is given by the number of Ag+ DCs, the rate of DC-T cell interaction and the
number of cognate T cells in the lymph node, or AN4i. A diagram of the Markovian state

space of this model, together with the rates by which the states change is given in Figure 2.
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Figure 2. The Markov model that describes the state of cognate T cells in the lymph node at a given time. The
number of cognate T cells in the lymph node can range from 0-N (where N is the total number of cognate T
cells in the system). This number is denoted by the index i, and is governed by the arrival (k,) and departure
rates (k) of all circulating T cells. Cognate T cells can exist at one of two states, ‘not found’ or ‘found’ by an
Ag+ DC. The rate at which a cognate T cell transitions to the ‘found’ state from the ‘not found’ state is
dependent on the rate of DC-T cell interaction (A), the number of Ag+ DCs in the lymph node (N,) and the
number of cognate T cells present in the lymph node at that time (i).

Finally, we need to determine N, (the number of Ag+ DCs in the lymph node). This quantity
is dynamic because Ag+ DCs enter the lymph node at variable rates f(t) at different times t
after vaccination and DCs die at a rate of k = 1/60 per hour (that is, 1/60" of the DC
population in the lymph node dies every hour). The population N; can be computed by

solving the ordinary differential equation

4= f(t) — KNg. 3]

Using the afferent lymphatic cannulation model, we have obtained data for f(t) at times
t = 4,24, 48,72 hours after vaccination with liposomes alone, liposomal CpG and liposomal
poly(1l:C) (Figure 3).
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Ag+ DCs in afferent lymph
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Figure 3. Quantification of Ag+ DC migration from the site of injection into the lymph node via afferent lymph
following vaccination with three liposomal formulations. Data expressed as mean + SEM of five individually
analysed animals at each time point in all treatment groups, **p<0.01.

As we only investigated the kinetics of Ag+ DC migration at 4 time points after vaccination,
rather than a more comprehensive kinetic analysis, we are forced to assume a form for f(t)

against which we will fit the data. A natural form for this distribution is the Gamma

distribution £ (t)~N, I' (2, 8) with a shape parameter of 2. We chose this distribution for two
reasons. Firstly, this distribution of times typically arises from the waiting time of two queued
events. These two events include DC migration into the lymph node, where an initial event
must occur (DCs finding and ingesting the antigen at the injection site) before the final event
(DC entry into the lymph node). Secondly, it allows for a description of vaccine-specific
inflow of DCs using just two, important, parameters; the total number of Ag+ DCs migrating
to the lymph node N, and the average time taken (spread of times) after vaccination for DCs
to reach the lymph node (26). The Isqcurvefit (least squares curve fit) function in Matlab was
used with 10° maximum function evaluations and maximum iterations to find the parameters
N, and 6 for each of the vaccine formulations. Importantly, the numerical fits of the derived
f(t) functions for each formulation describe relative total DC influx and duration well
(Figure 4). It is important to note that whilst equation [3] can be solved explicitly for N, as a
function of time, we found it just as convenient to solve this equation numerically using a
forward Euler solution methodology since it was already required of us to solve the Markov

model numerically using small numerical time steps.
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Gamma distribution of Ag+ DC migration into LN over time
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Figure 4. Distribution of Ag+ DC entry into the lymph node using data obtained from afferent lymphatic
cannulation. A curve (sold line) was fit to mean Ag+ DC numbers (closed circles) for liposome alone (blue),
liposome + CpG (black) and liposome + poly(1:C) (red) at 4h, 24h, 48h and 72h post vaccination. The gamma
distribution for each vaccine formulation was used to define the total number of Ag+ DCs migrating to the
lymph node over the complete vaccination time course and the average time taken for these DCs to reach the
lymph node.

The completely defined Markov model (Figure 2) provides a calculation of the probability
that, at a given time in the future, a cognate T cell has been scanned by an Ag+ DC. Whilst
the process of antigen presentation involves a series of complex biological events, the
scanning mechanism once contact has been made is highly robust and relatively rapid (on the
scale of minutes) (268). Therefore a single interaction between a DC and a cognate T cell is
considered to correspond with successful presentation of antigen. If an interaction event has

occurred, the T cell in question is described as ‘found’ or ‘scanned’.

The efficacy of a vaccine formulation can be evaluated based on the ability of Ag+ DCs to
scan the entire repertoire of n naive T cell types. If we denote the (numerically calculated)
probability of being ‘found’ for any one naive T cell type as ps(t) we can determine the
probability, ¢;, that j T cell types of the T cell repertoire have been scanned as a function of
time (assuming that each T cell type contains the same number of T cells N) using the

binomial distribution

n

$;(©) = () pr (01 = pr(O))". (4
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The measure of vaccine efficacy that may now be clearly defined from this model is the
average proportion of the TCR repertoire that has been scanned (limt_)Oo Z;-‘zoﬁcpj(t)). In

this model, if the proportion of the TCR repertoire scanned reaches 95%, the entire TCR
repertoire is considered scanned. The proportion of the repertoire scanned may never reach
100%. This is due to stochasticity and the subsequent probability that Ag+ DCs and cognate

T cells moving randomly in the lymph node will miss each other by pure chance.
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6.4 Results of the model

6.4.1. Liposomal vaccine formulations induce distinct kinetic profiles of Ag+ DC LN entry

The least squares curve fit function in Matlab was used to find the average total number of
Ag+ DCs in the lymph node and the average time taken for these Ag+ DCs to enter the
lymph node for the liposome alone, liposomal CpG and liposomal poly(l:C) vaccine
formulations. The results demonstrate that the liposomal vaccine formulations induce distinct
kinetic profiles of Ag+ DC lymph node entry (Table 3). The liposome alone formulation
induced the least number of Ag+ DCs (1.5093x10°) however these DCs took an average of
only 7 hours to enter the lymph node after vaccination. Liposomal poly(l:C) induced less
Ag+ DCs (5.6496x10°) than liposomal CpG (6.7115x10°), however the Ag+ DCs from the
poly(1:C) group entered the lymph node more slowly than the CpG group (21.67h and 17.21h,

respectively).

Table 3. Total number and time taken for Ag+ DC LN entry for each formulation

Total Ag+ DCin LN Time (0)
(Nq)
Liposome 1.5093x10° 7.03h
Liposome + CpG 6.7115x10° 17.21h
Liposome + poly(1:C) 5.6496x10° 21.67h

6.4.2. Liposomal CpG induces the fastest TCR repertoire scanning

Using the distribution of Ag+ DCs entering the lymph node (Figure 5A) and the
mathematical modelling of DC-T cell interaction, we predict that vaccination with liposomal
CpG should induce faster TCR repertoire scanning than vaccination with liposomal poly(l:C)
or liposomes alone. This is shown in Figure 5, where vaccination with the liposomal CpG
formulation induced the greatest number of Ag+ DCs that are alive in the LN (Figure 5A)

and scans all 660 cognate T cells (in our system) faster than liposomal poly(l:C) and
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liposomes alone (Figure 5B). This can also be shown graphically using the percentage of the
TCR repertoire scanned, where liposomal CpG scans the repertoire faster (31h) than
liposomal poly(I:C) (38h) and liposomes alone (51h) (Figure 5C). Despite liposomal poly(l:C)
inducing an intermediate number of Ag+ DCs and the greatest duration of Ag+ DC lymph
node entry (Table 3, Figure 5A), our model predicts that liposomal CpG scans the repertoire
7h faster than this formulation (Figure 5C). Interestingly, all vaccine formulations, including
liposome alone, induce enough Ag+ DCs to scan our representation of the cognate TCR

repertoire within four days after vaccination (Figure 5B-C).
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Figure 5. The average time for Ag+ DCs to scan the TCR repertoire after vaccination. (A) the number and
distribution of Ag+ DCs that are alive in the LN over time, (B) the number of cognate T cells scanned over time
and (C) the percentage of the TCR repertoire scanned over time (in hours) following vaccination with each
liposomal vaccine formulation.
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6.4.3 What is the minimum number of Ag+ DCs required to scan the TCR repertoire?

Our model predicts that all three liposomal vaccine formulations induce the migration of a
sufficient number of Ag+ DCs from the peripheral injection site to scan the TCR repertoire
within four days. Even the liposome control formulation, which induces considerably less
Ag+ DCs than the adjuvanted formulations (Table 3, Figure 5A), is able to scan the TCR
repertoire. This suggests that the liposomal CpG and poly(l:C) formulations are inducing
high Ag+ DC numbers that may be saturating the system. We therefore wanted to investigate
the extent of this saturation and estimate the minimum number of Ag+ migratory DCs that
are required to scan the TCR repertoire. To do this, we used our mathematical model to run a
simulation that reduces Ag+ DC numbers arriving in the lymph node and examines the effect
on the percentage of the repertoire scanned, given the finite lifetime of DCs. This simulation
estimated that 95% of the repertoire can be scanned if an average of only 1.3x10°> Ag+ DCs
enter the lymph node (Figure 6). The liposomal CpG and poly(l:C) formulations induce
approximately 5.2 fold and 4.3 fold more Ag+ DCs than required to scan the repertoire,

respectively.

Interestingly, as Ag+ DC numbers are theoretically reduced, liposomal poly(l:C) becomes the
most efficient formulation, where only 1.25x10° Ag+ DCs are required to scan the repertoire,
when compared to liposomal CpG (1.27x10°> Ag+ DCs) and liposome alone (1.33x10° Ag+
DCs) (Figure 6). In this simulation, as we are controlling for Ag+ DC number, the only
experimental difference between the formulations is the time taken for DCs to enter the
lymph node. Indeed, liposomal poly(l:C) induced the largest time distribution for Ag+ DC
lymph node entry (Table 3, Figure 5A). This suggests that, if all of our liposomal vaccine
formulations induced the average minimum of 1.3x10°> Ag+ DCs, the vaccine which induces
the Ag+ DCs to enter the lymph node over the largest amount of time will scan more of the
repertoire than the vaccines that induce lymph node entry over a shorter amount of time.
Therefore, at reduced Ag+ DC numbers, it is the duration of Ag+ DC lymph node entry that
becomes a critical factor for deep TCR repertoire scanning. However, this does not take into
account how long it takes to scan the repertoire. We next aimed to determine the effect of

theoretically reducing Ag+ DC numbers on the time taken to scan the TCR repertoire.
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Figure 6. Our model was used to perform a simulation where Ag+ DC numbers entering the lymph node were
reduced and the resulting effect on the percentage of the TCR repertoire scanned was determined. The inserted
graph is a magnification that shows the minimum number of migratory Ag+ DCs required for the TCR
repertoire to be scanned for each liposomal vaccine formulation (dotted lines). Coloured circles represent the
actual numbers of Ag+ DC numbers observed experimentally for liposome alone (blue), liposomal poly(l:C)
(red) and liposomal CpG (black).
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6.4.4. If Ag+ DC numbers are reduced, how long does it take for the repertoire to be

scanned?

The second simulation provided in Figure 7 predicts how long it takes for the TCR repertoire
to be scanned when Ag+ DC numbers entering the lymph node are reduced and provides a
comparison between liposome alone, liposomal poly(l:C) and liposomal CpG. If we use the
minimum number of Ag+ DCs required to scan 95% of the repertoire for each vaccine
formulation (as revealed in Figure 6), it will take approximately 61, 86 and 97 hours to scan
the repertoire for liposome alone, liposomal CpG and liposomal poly(l:C) formulations,

respectively (Figure 7).

Reducing Ag+ DC number influences the time taken to scan repertoire
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Figure 7. Our model was used to perform a simulation that reduces the number of Ag+ DCs entering the lymph
node and provides the corresponding time taken for 95% of the TCR repertoire to be scanned at these numbers.
Dotted lines indicate, if Ag+ DC numbers are reduced to the minimum number required for each vaccine
formulation (as revealed in Figure 6), the time taken for the entire repertoire to be scanned. Coloured circles
represent the actual numbers of Ag+ DC numbers observed experimentally for liposome alone (blue), liposomal
poly(I:C) (red) and liposomal CpG (black). Shaded area (1) indicates that the repertoire will not be scanned
within 10 days if the Ag+ DC number is reduced below this number. Shaded area (2) indicates that if Ag+ DC
number is increased above this number no improvement in the time taken to scan the repertoire will be observed.
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We have previously shown that, at theoretically reduced Ag+ DC numbers, the Ag+ DCs that
enter the lymph node over a larger amount of time will scan more of the repertoire than Ag+
DCs that enter the lymph node over a shorter amount of time. Interestingly, this second
simulation reveals that, whilst liposomal poly(l:C) will scan more of the repertoire than the
other formulations at lower Ag+ DC numbers (Figure 6), liposomal poly(I:C) will take the
longest amount of time to scan the TCR repertoire when compared to liposome alone and
liposomal CpG (Figure 7). That is, a longer duration of Ag+ DC entry enhances the
probability that the entire TCR repertoire will be scanned, however this process will take
longer to occur. Conversely, a shorter duration of Ag+ DC entry leads decreases the
probability that the TCR repertoire will be scanned, however if successful, this process will

occur faster.

The simulation in Figure 7 also reveals that, for any vaccine formulation, the entire TCR
repertoire will not be scanned within 10 days (the maximal time limit of this simulation) if
the Ag+ DC number is reduced to less than 1x10°. Conversely, no improvement in the time
taken to scan the T cell repertoire will be seen if Ag+ DC numbers are increased beyond
9.6x10° (Figure 7).
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6.5 Discussion

The ability to target DCs at the site of injection for the induction of antigen-specific T cell
immunity represents a major strategy in vaccine development. We have previously shown
that the addition of poly(l:C) or CpG to liposomal vaccine formulations alters the kinetics and
increases the number and maturation of Ag+ DCs in afferent lymph. The sum of these effects
lead to enhanced antigen-specific adaptive immunity (196, 280), however the relative
contribution of each individual response on T cell activation remained unclear. We therefore
developed a mathematical model to determine the relative effect of vaccine-induced changes
in the kinetics of Ag+ DC influx on TCR repertoire scanning in the local draining lymph
node. This mathematical model was used to estimate the minimum number of Ag+ DCs
required in the lymph node to scan our estimate of the TCR repertoire, and the extent to
which reducing Ag+ DC number influences the time taken for an antigen-specific response to

occur.

Our model revealed that all vaccine formulations induced more Ag+ DCs than required to
scan the TCR repertoire. At these induced Ag+ DC numbers, we estimate the repertoire is
scanned in under two days for the adjuvanted formulations, with CpG inducing this response
7h faster than poly(l:C). Despite the success of all three formulations in scanning the
repertoire, we see vast differences in the resulting adaptive immunity, indicating that antigen
uptake is not a limiting factor in this vaccine scenario. This was most evident when
comparing CpG and liposome alone, where CpG increased the number of IFNy+ CDS8 T cells
in efferent lymph and enhanced systemic antigen-specific antibody concentration after
secondary vaccination. Liposome alone, however, did not increase adaptive immunity in
efferent lymph and only produced antigen-specific antibodies after tertiary injection. This
suggested that although liposomes alone induced the migration of enough Ag+ DCs to scan
all cognate T cells in the lymph node, these DCs were not efficiently activating the T cells to
produce a potent adaptive immune response. The addition of CpG increased the expression of
co-stimulatory molecules CD80 and CD86 on Ag+ DCs in afferent lymph. Up-regulation of
CD80/CD86 has been shown to enhance T cell activation (281) and provides an explanation
for the enhanced adaptive immunity observed with CpG when compared to liposome alone,

despite both vaccines scanning the TCR repertoire within approximately 2 days.
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This initial result from our model has important implications for vaccine design, suggesting
that enhancing Ag+ DC activation and maturation at the site of injection, rather than
enhancing antigen uptake, is more likely to be a critical factor for inducing an effective
adaptive immune response. The results suggest that even if a vaccine induces enough Ag+
DCs at the site of injection to scan all cognate T cells, a strong antigen-specific immune
response is unlikely to be induced unless these Ag+ DCs are able to effectively activate the
cognate T cell. This highlights the necessity of incorporating adjuvants within vaccines that
are able to potentiate immune responses at the site of injection for enhanced immunity in the

local lymph node.

Whilst the primary goal of an adjuvant formulation is to enhance immunity, it is also
important to balance these responses to prevent inappropriate inflammation and reduce the
risk of harmful side effects. Given that poly(l:C) and CpG induce an excess of Ag+ DCs, we
wanted to determine the minimum number of Ag+ DCs actually required in the lymph node
to scan our estimate of the TCR repertoire. This simulation using our model revealed that
poly(I:C) and CpG are inducing between 4 and 5 fold more Ag+ DCs than needed to scan the
repertoire and that an average of only 1.3x10°> Ag+ DCs are required in the lymph node.
These are important predictions that need to be confirmed experimentally. To do this, a fixed
number of Ag+ DCs can be directly inserted into the afferent lymphatic vessel and the
resulting antigen-specific T cell immunity in efferent lymph determined. These are
technically difficult experiments that require surgical optimisations currently underway in our
laboratory. Nevertheless, these preliminary findings may suggest that the commercial vaccine
formulations investigated in our study are utilising high antigen doses that induce more Ag+
DCs than required to further enhance immunity and may increase the risk of side effects.
These results also suggest that increasing the amount of antigen within each Ag+ DC, and
consequently increasing their ability to present antigen (282), may lead to enhanced cognate
T cell activation, rather than increasing the number of Ag+ DCs that contain a low amount of

antigen.

Similar modelling approaches have been used to enhance our understanding of the
relationship between antigen dose and the immune response generated in the local lymph
node. One study developed a virtual human model that qualitatively and quantitatively
captures cell migration, activation and priming between the lung and the draining lymph node

in TB infection (283). The simulations reveal that strong activation of DCs leading to
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maximal antigen presentation could represent a novel strategy for the development of new
treatments against TB (283). A follow up study by the same group sought to determine
whether increasing antigen dose can enhance T cell priming in the local lymph node, with the
hypothesis that increasing bacterial numbers in the lung would lead to more antigen in the
lymph node, which should ultimately enhance T cell priming (284). Interestingly, the data
revealed that within a 10 to 50 fold range, antigen dose had little effect on antigen-specific T
cell priming in the lymph node. For vaccine design, it is therefore important to consider the
dose-dependent relationship between antigen and T cell priming, as the priming of T cells

appears to be readily saturated by antigen.

If antigen dosage is reduced, as explored in our model by theoretically reducing the number
of Ag+ DCs, the time taken for Ag+ DCs to enter the lymph node becomes a critical factor
for both the proportion of the TCR repertoire scanned and the time taken for this process to
occur. Given a fixed minimum number of Ag+ DCs, our model predicted that if the Ag+ DCs
enter the lymph node over a longer period of time (poly(l:C)), the greater the proportion of
the TCR repertoire scanned, however this process will take longer to occur. This process
takes longer to occur as there are less Ag+ DCs present in the lymph node at a given instant.
However, these Ag+ DCs are present in the lymph node over a longer period of time, thereby
enhancing the proportion of the TCR repertoire scanned. This can also be explained given the
24h T cell circulation rate, where a longer duration of Ag+ DCs that are alive in the lymph
node enhances the probability that interactions between an Ag+ DC and all recirculating
cognate T cells will occur. On the other hand, if Ag+ DCs enter the lymph node over a
shorter period of time (liposome alone), the probability that interactions between Ag+ DCs
and recirculating cognate T cell will occur is reduced.

Overall, these findings suggest that if the antigen dose within a vaccine is reduced to the
minimal amount, Ag+ DCs from the site of injection must migrate to the lymph node over a
longer period of time in order to guarantee all cognate T cells are scanned. The caveat,
however, is that this process will take longer to occur. It seems, therefore, that reducing
antigen dosage leads to a trade-off between the proportion of the repertoire scanned and the
time taken for an antigen-specific response to occur. For example, liposomal poly(l:C) scans
more of the repertoire when Ag+ DC numbers are reduced to the minimal amount, however
this process takes 36h longer to occur than liposome alone. CpG, however, appears to satisfy

both criteria, enhancing the proportion of the repertoire scanned when compared to liposome
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alone whilst scanning the repertoire 11 hours faster than poly(l:C). Our model therefore
reveals that it is necessary to consider the kinetic profile of DC migration from the site of

injection into the lymph node when reducing antigen dosage within vaccines.

The current preliminary model includes several assumptions and limitations that should be
discussed. Firstly, we assume the migration of Ag+ DCs into the lymph node is in the form of
a gamma distribution. Whilst the properties of this distribution describe the experimental data,
we were forced to fit this distribution using only four time points post vaccination. As this
curve is used to determine the total number of Ag+ DCs in the lymph node, it would have
been ideal to perform a series of lymph collections to reveal the number of Ag+ DCs for the
entire 72h period after vaccination rather than four selected time points. Whilst the time
points analysed were chosen as they best represent the changes observed in DC migration
following vaccination, specific experiments should be performed in the future to develop a
more comprehensive model of DC migration. Secondly, the current model has been
developed for classical MHC-11 CD4 T cell activation using the entire lymph node. The
complexity of the lymph node, including structural and functional zones, was not included in
this model nor was the process of cross presentation to CD8 T cells. A goal for the future is
to design a 3D model of the lymph node that includes T cell zones that can model interactions
between Ag+ DCs and CD4/CD8 T cells. However, further research to determine the specific
details of these processes within the ovine lymph node is required before this can be achieved.
This model intentionally focuses on the contribution of antigen positive DCs migrating from
the injection site on T cell activation in the lymph node. It is also clear, however, that lymph
node resident DCs are able to take up antigen (285). A future goal of this model is to
incorporate the contribution of lymph node resident DCs on antigen presentation to T cells. In
order to do this, the number of antigen positive DCs present in the lymph node at
corresponding time points after vaccination could be quantified and incorporated into the

working model.

We have used TCR repertoire scanning as a measure of vaccine efficacy in our model under
the assumption that the TCR repertoire consists of at least 2x10” receptors and that cognate T
cells exist at a frequency of 1 in 10°. Whilst this is a valid estimate from the literature (286,
287), an experimentally measurable output of vaccine-induced TCR clones needs to be
developed. This is technically feasible through deep sequencing of the TCR in efferent lymph
post vaccination; however these would then need to be confirmed experimentally with

antigenic peptides, which is extremely laborious in sheep. Whilst the number of OVA-

155



Chapter Six: Mathematical modelling

specific T cells induced after stimulation is often determined in transgenic mice (288, 289),
this is not easily obtained in sheep. The best available measure of antigen-specificity in our
model is to assess T cell proliferation or cytokine production following antigen stimulation
(290). This allows determination of the number of antigen-specific CD4 and CD8 T cells
generated in efferent lymph following primary vaccination however offers little information
of TCR diversity. A combination of deep sequencing of TCR diversity and the 3D lymph
node model may allow us to investigate the effect of processes such as lymph node shut down
on the number of antigen-specific T cells generated following primary vaccination. Finally,
as mentioned previously, the results of this model need to be confirmed experimentally

before it can be used to predict the efficacy of vaccine formulations.

In this chapter, we developed a preliminary mathematical model of DC trafficking and T cell
activation in the local lymph node using known parameters from the literature and
experimental data obtained from the lymphatic cannulation model. To our knowledge, this is
the first study to mathematically model T cell activation following vaccination using real in
vivo measures of DC migration from the site of injection and single lymph node T cell
recirculation rates. Whilst only a small percentage of DCs migrating in afferent lymph carry
antigen, we have revealed that the Ag+ DC numbers induced by all formulations are
sufficient to scan our representation of the cognate T cell repertoire. Theoretically reducing
antigen dosage using the parameters of our model revealed that the time taken for DCs to
enter the lymph node is a critical factor for TCR repertoire scanning at low Ag+ DC numbers.
The model predicts a trade-off between the proportion of the repertoire scanned and the time
taken for this to occur, where a larger distribution of DC migration to the lymph node
increases the proportion of the repertoire scanned however this process takes longer to occur,
and vice versa. Overall, whilst this model requires experimental confirmation, the preliminary
results provide important information for novel vaccine development, including the optimal
number of antigen positive DCs required in afferent lymph, the effects of reducing antigen

dosage and the contribution of migratory DC kinetics on vaccine efficacy.
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General discussion

Despite the remarkable success of vaccination, there are a range of human and veterinary
diseases that are in need of new or improved vaccines. The rational design of vaccines for
these diseases relies on increased understanding of the immunological mechanisms that
contribute to vaccine immunity, the development of novel vaccine delivery systems and the
characterisation of immune stimulants that are able to enhance vaccine efficacy without side
effects. Current subunit vaccines are able to drive durable and protective antibody mediated
immune responses. However, the development of therapeutic vaccines against cancer and
chronic infections may require the induction of effective cytotoxic T cell responses that are
able to kill infected or malignant cells (291). Vaccine formulations incorporating stimulants
that target innate immune receptors have been shown to significantly increase cell-mediated
vaccine immunity. When incorporated into liposome-based delivery systems, the TLR
ligands CpG and poly(l:C) are able to induce protective cellular and humoral immune
responses in mice (120, 125). However, the cellular targets of these liposomal adjuvant
formulations and the in vivo mechanisms of immune induction in other animals remain to be

elucidated.

By directly cannulating the ovine lymphatic vessels, the results of this thesis revealed that the
addition of poly(l:C) or CpG to liposomal vaccine formulations enhanced the immediate
inflammatory response at the site of injection, improved antigen uptake by innate cell
populations and induced genetic signatures associated with innate anti-viral immune
responses in afferent lymph. Liposomal poly(l:C) and CpG also increased the production of
antigen-specific antibodies in the circulation following vaccine challenge. This work
demonstrates that liposomal vaccine formulations require the addition of innate adjuvants to
enhance their immunogenicity. Several studies have compared the responses to free adjuvant
and free antigen with those induced by particulate delivery. A recent study showed that
nanoparticle-encapsulated OVA with CpG was more effective at inducing antigen-specific
CTLs, even if 10 times more free OVA and 5 times more free CpG were used (292). Similar
results were observed with liposomal poly(l:C), where stronger antigen-specific CD8 T
cell responses were observed when compared to free poly(I:C) (120, 293). Together,
these findings suggest that combinations of liposomes and innate adjuvants demonstrate

higher efficacy than when either is administered alone. The mechanisms behind this
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enhanced immunogenicity are not completely clear, however it is believed that
incorporating adjuvants into liposomes protects them from degradation and facilitates the
delivery of antigen and adjuvant into the one APC (104). It has also been shown that
liposomes travel to the draining lymph node, prolonging antigen retention and increasing

antigen uptake by lymph node resident DCs (285).

Liposomal adjuvant formulations can therefore reduce antigen and adjuvant dosage without
sacrificing immunogenicity. Nucleic acid based TLR ligands, including poly(l:C) and CpG,
have been linked to over-stimulation of the immune system, leading to adverse events (294).
This toxicity has been the major hurdle preventing their clinical application. Recent results
from clinical studies show that poly ICLC, a stabilised analogue of poly(l:C), induces local
site reactions and mild flu-like symptoms in healthy individuals (95). CpG was shown to be
generally safe and well tolerated in healthy individuals, however autoimmune responses and
hematologic events were observed in patients with severe infectious disease or cancer (295).
Encapsulating innate stimulators is likely to limit their systemic availability and reduce any
off-target effects. Incorporating poly(l:C) into a liposome prevented the systemic release of
pro-inflammatory cytokines that occurred following injection of free poly(l:C) (120,
293). Combined with the safety profile of liposomes when used as an antigen delivery
vehicle (104), these results suggest that liposomal adjuvant formulations are safe and
effective candidates for inclusion in novel vaccines. Indeed, liposomes combined with
the hepatitis B surface antigen and the TLR 4 ligand MPL, an adjuvant recently approved
for human use, induced strong and persistent cell mediated immunity in humans.
Additionally, no serious adverse events were reported (118). Whilst these results are
promising, the safety and efficacy of liposomal CpG and poly(l:C) need to be evaluated

in a clinical setting.

In this thesis, the enhanced immunogenic properties of liposomal CpG and poly(l:C)
were not associated with an increase in pro-inflammatory cytokines within the lymphatic
system. Soluble IL1B, TNFa and IL6 were not detected in afferent lymph at any time point
after vaccination with the liposomal adjuvant formulations. The inability to detect these
cytokines may be due to the sensitivity of the ovine cytokine ELISA reagents, where the most
sensitive reading is in the ng/ml concentration range. Alternatively, formulation with
liposomes may prevent or reduce the release of these cytokines into the lymphatic network
following injection. The results also show that whilst poly(I:C) and CpG enhanced the

immediate inflammatory response at the site of injection, as demonstrated by a rapid increase
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in the number of neutrophils in afferent lymph, neither adjuvant prolonged the duration of
this inflammatory response to 24h after injection. This has important implications for vaccine
safety, where extended non-specific inflammatory responses have been linked to increased
vaccine reactogenicity and site reactions (95). The combined results of this thesis provide
important evidence for the safety and efficacy of liposomal CpG and poly(l:C), utilising an
outbred animal model following a dose and volume comparable to that administered to

humans.

Vaccines against a number of animal diseases are required not only to improve the health of
companion animals and increase production of livestock, but also to prevent the animal-to-
human transmission of infectious diseases (2). The liposomal adjuvant formulations
investigated in these studies were supplied by Pfizer Animal Health (now Zoetis Research
and Manufacturing). In addition to the current studies and previous reports from our
laboratory (162, 194, 195), other groups have investigated the immunostimulatory effects of
TLR ligands in livestock when used as adjuvants within vaccine formulations.
Intrapulmonary administration of CpG was shown to stimulate systemic innate responses in
sheep, including elevation of the anti-viral effector molecule 2'5’-A synthetase. The dose
required to induce these effects could be reduced by 80% if CpG was formulated with the oil-
in-water delivery system Emulsigen (296). Another study showed that subcutaneous
immunisation with CpG and a vaccine containing M. bovis culture filtrate (CFP) combined
with BCG induced greater protection against bovine tuberculosis than CFP-BCG or BCG
alone (297). In contrast, a recent study investigating the effect of CpG on protective
immunity against alcelaphine herpesvirus-1 (A1HV-1) malignant catarrhal fever, a fatal
lymphoproliferative disease of cattle, showed that intramuscular injection of CpG with
Emulsigen and attenuated A1HV-1 or attenuated A1HV-1 alone did not improve immunity
(298). These studies highlight that adjuvant formulations need to be evaluated in the target
species. It is unlikely that one formulation will tick all the boxes, and as such further studies
are required to define optimal formulations, dosage and routes of administration, which may

have to be tailored to each antigen.

The present findings also show that liposomal CpG and poly(l:C) target distinct pathways at
the site of injection to induce their immunological effects. Liposomal CpG uniquely
increased dendritic cell associated antigen transport and induced the maturation of monocytes
and dendritic cells 72h after injection. These immunostimulatory properties were not

observed with liposomal poly(l:C) or liposomes alone. Together with the enhanced antigen-
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specific humoral immunity observed with this formulation, these findings suggest that CpG is
a more effective adjuvant in this model when compared to poly(l:C). A major goal in vaccine
development is the ability to target DCs at the site of injection for the induction of antigen
specific T cell immunity (266). Several studies in mice have investigated the ability of
adjuvant formulations to induce DC activation in lymph nodes draining the site of injection.
One study showed a rapid increase in the number of DCs in the draining lymph node within
24h of a single injection of nanoparticles containing the TLR 7/8 agonist R848 (292). A
second study showed that nanoparticle-encapsulated CpG with OVA antigen more potently
activated and induced the maturation of cross-presenting DCs in the draining lymph node 20h
after injection when compared to free CpG. The number of DCs in the lymph node that were
double positive for both the adjuvant and the antigen also increased after injection with this
formulation (291). Combined with the results documented in this thesis, this suggests that the
enhanced Thl cellular immune responses observed with these adjuvant formulations may be
due to the activation of DCs at the peripheral injection site, leading to enhanced T cell
activation in the local lymph node. These studies also suggest that DCs may be activated
within the lymph node to enhance T cell priming.

This thesis also shows that injection with liposomal CpG enhanced IFNy production by CD8
T cells in the efferent lymph of the draining lymph node. A recent pre-clinical study reported
that a hepatitis B peptide vaccine adjuvanted with CpG significantly enhanced IFNy
production and cytotoxic responses in PBMCs from patients with chronic hepatitis B
infection (299). Another study reported that CpG was capable of inducing proliferative
PBMC responses to hepatitis B vaccine antigen in HIV-infected adults (300). Similarly,
subjects who received 1/10"™ the dose of a commercial influenza vaccine combined with CpG
had 4-7 fold higher IFNy producing PBMCs after antigen challenge when compared to low
dose vaccine alone recipients (97). Most work investigating vaccine efficacy in humans relies
on measurements taken from peripheral blood, however, interactions between antigens and
the immune system largely take place in peripheral tissues and lymph nodes (301).
Understanding the responses that occur in these tissues, in combination with results obtained
from human peripheral blood, may assist in the design of novel vaccines that induce effective

local immunity for the induction of a protective antigen-specific immune response.

The mathematical model developed in this thesis further confirms that the pathways targeted
by adjuvants at the site of injection influence immunological outcomes. The model predicts

that all liposomal formulations induce a sufficient number of antigen-positive DCs to scan
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our estimate of the cognate TCR repertoire. However, as stated previously, the adjuvanted
formulations induced greater immunity than the control formulation. This suggests that it is
the activation status, rather than the number, of migratory DCs carrying antigen that
contribute to enhanced immunity. No increase in expression of the co-stimulatory molecules
CD80/CD86 was observed on antigen-positive DCs following injection of liposome alone,
suggesting that even if a vaccine induces enough antigen-positive DCs at the site of injection
to scan the repertoire, an antigen-specific response may not be induced unless these DCs are
able to efficiently activate cognate T cells. Instead, the absence of co-stimulation may lead to
T cell anergy (302). The model suggests that maximising the maturation of antigen-carrying
DCs at the site of injection, rather the increasing the number of immature DCs carrying
antigen, is a worthy approach in novel vaccine development. Indeed, lymph node resident
DCs are also able to become activated and take up antigen, thereby representing an

alternative approach to target dendritic cells draining the site of vaccination.

Delivery systems and adjuvants are therefore necessary components of vaccines that are able
to potentiate immune responses to antigens that are not highly immunogenic, reduce antigen
dosage, drive the immune system toward a preferred type of response and enhance immunity
in immune-compromised individuals. There are a number of adjuvant systems currently in
development that are specifically aimed at boosting Thl immune responses (301, 303, 304),
and the results documented here suggest CpG is an excellent inducer of Thl immunity in
sheep. The precise mechanisms that explain the enhanced immunogenicity induced by
adjuvants remain unclear. For example, the modes of action of aluminium-based adjuvants,
which have been incorporated in human vaccines for well over 80 years, are still not
completely understood (305). Our mathematical model suggests that enhancing co-
stimulation is a critical factor for vaccine efficacy and current commercial adjuvanted
vaccines are likely to induce more antigen-positive DCs than are required for an effective
adaptive immune response. Further expanding our knowledge of the mechanisms of adjuvant
immunomodulation is crucial for the development of new adjuvants with specific properties.
This informed, mechanistic-based design of adjuvant systems is likely to accelerate the

development of novel and effective vaccines.

A systems biology approach to vaccinology has the potential to elucidate the mechanisms
involved in the generation of an immune response and identify the biomarkers responsible for
vaccine protection. The tools of systems biology include high-throughput technologies such

as RNA sequencing, that are used in combination with immunological assays, such as flow
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cytometry and antibody profiling, to generate a system-wide unbiased analysis of the immune
response to vaccination (190). Systems approaches have been used to identify genetic
biomarkers that contribute to the differences in immunity observed in humans following
vaccination. A recent study reported that genes involved in inflammation and antigen
presentation are important in characterising high and low antibody responses to rubella
vaccination (306). Another study used predictive modelling to determine that the gene
expression signatures of individuals in the first week after influenza vaccination can predict
the antibody responses observed in these individuals 30 days after vaccination (193). Studies
such as these can lead to a greater understanding of the mechanisms of protective immunity
which will help guide the development of novel vaccines that are able to combat global

diseases.

The systems biology approach of this thesis revealed significant differences in the cellular
and transcriptional immune profiles from the site of injection following vaccination with
nucleic acid based innate immune stimulators incorporated into liposomal vaccine
formulations. These findings have provided the foundation for future studies utilising
lymphatic cannulation and mathematical modelling to investigate the pathways that are
predictive of a successful vaccine outcome. These studies have the potential to elucidate the
mechanisms responsible for the variability in immunity observed between high and low

vaccine responders and identify potential correlates of protection within vaccines.

In conclusion, the work presented in this thesis provides a comprehensive analysis of the real
time in vivo immune response induced by the nucleic acid adjuvants poly(l:C) and CpG when
incorporated into a liposome-based delivery system. The results demonstrate that liposomal
vaccine formulations require the addition of adjuvants to enhance their immunogenicity and
that poly(l:C) and CpG induce distinct and overlapping responses in the lymphatic system
which characterise their immunological effects. Whilst the safety and efficacy of liposomal
adjuvant formulations needs to be evaluated in a clinical setting, their ability to enhance T
cell immunity whilst reducing antigen dosage suggest they are ideal candidates for inclusion
in vaccines against diseases that require effective cell mediated immune responses.
Collectively, this body of research enhances our understanding of the complex immune
response to vaccination that is required for the development of effective vaccines against

globally important diseases.
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