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Abstract

Immunisation is the single most successful medical intervention to date. With
the improved understanding of cancer immunity, cancer vaccines have quickly become
weapons to be honed in the fight against cancer. The low immunogenicity of malignant
cells hampers cancer immunotherapies. Cancer vaccines promise to overcome this

problem.

Outer membrane vesicles (OMVs) are spherical structures shed from all gram-
negative bacterial outer membranes. Currently, OMV-based vaccines focus on infectious
disease. There are gaps in their use as cancer antigen delivery vehicles for cancer
vaccines. Due to their adjuvanticity and simplicity for genetic engineering, OMVs have

great potential as a cancer vaccine platform.

Here the aim is to show that it is possible to express an antibody derived single-
chain variable fragment (scFv), specific for dendritic cell receptor DEC205, on the surface
of OMVs using a bacterial protein as a carrier. Then demonstrate OMVs can be used to
elicit good CD8* T cell responses. And finally show that their adjuvant and delivery

vehicle properties lend them for use in in situ cancer vaccination.

| have shown we can engineer OMVs to express a functional scFv specific for the
dendritic cell receptor DEC205 using a carrier. And that our proteome-minimised OMVs
improved surface expression of the scFv fusion protein. The expression of the dendritic
cell specific scFv increases internalisation of OMVs in dendritic cells. Importantly, this
demonstrates an effective method for modifying OMV interaction with antigen
presenting cells. Moreover, our OMVs, without additional dendritic cell targeting, are
efficient vehicles for antigen delivery and can be used to elicit strong CD8* T cell
responses. Finally, we show that our proteome-minimised OMVs alone induce anti-
tumour immunity when injected intratumorally. Additionally, in the presence of tumour-

specific neoepitopes we elicit an improved anti-tumour response.

The flexibility of OMVs both as adjuvants and vehicles for antigen delivery means
they make a versatile vaccine platform, which can be fine-tuned using the techniques

demonstrated.
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Chapter 1: Introduction

1.1. Cancer background

Cancer is a large group of diseases defined by the uncontrollable proliferation
and invasive growth of abnormal cells. This occurs when normal cells transform into
tumour cells, in a multistep process involving the acquisition of mutations. It is generally
the result of exposure to carcinogens together with genetic factors. Cancer can affect
any part of the body, and overtime is able to spread from its original localisation to other
organs, this mechanism is known as metastasis. Crucially, it is the metastatic disease
that causes the majority of cancer deaths (Hanahan and Weinberg 2000; Dillekas et al.
2019).

The discovery and development of novel and highly effective cancer therapies
are of the utmost importance considering the global burden of cancer. It is the second
leading cause of death globally and in 2018 alone was responsible for an estimated 9.6
million deaths worldwide (Bray et al. 2018). The number of new cases per year is also
on the rise, from an incidence of 18.1 million in 2018 to an estimated 29.5 million in
2040 (Bray et al. 2018). Ageing also greatly increases the risk of cancer due to the
accumulation of somatic mutations, the decreased efficiency of DNA repair mechanisms
and impaired immune responses. Therefore, cancer incidence rises with age and over
80% of all cancers occur in people over the age of 50 (Lin et al. 2019).

Fortunately, our understanding of cancer and its complexities has greatly
developed in the last 20 or so years, and as it continues to do so, we create more tools
and medicines with which to fight cancer. For example, in 2000 Hanahan and Weinberg
proposed six hallmarks of cancer, present in all forms of the disease. They consist in the
gain of following capabilities; ability to resist cell death, evasion of growth suppressors,
sustained proliferative signalling, replicative immortality, induction of angiogenesis, and
invasion and metastasis (Hanahan and Weinberg 2000). At the time, targeted cancer
therapies, specific for these characteristics made significant breakthroughs in clinical
research. These included the first monoclonal antibodies and tyrosine kinase inhibitors,
such as trastuzumab and imatinib respectively (Chabner and Roberts 2005). Despite the
success of targeted therapies, usually targeting growth factors and angiogenesis, it was
quickly realised that targeting these characteristics alone did not fully encompass all the
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aspects of cancer, and in fact left out some important features, in many cases
accountable for patient relapses and non-response. Therefore these features: genetic
instability, altered metabolism, tumour-promoting inflammation and evasion of
immune-mediated destruction, were included and cancer hallmarks updated (Hanahan
and Weinberg 2011). Cancer researchers are working to understand each hallmark in-
depth and this understanding eventually leads to new treatment methods. The inclusion
of immunological features has been instrumental in understanding disease progression.
Moreover, studies elucidating how cancer evades immune-mediated destruction have
led to various breakthroughs. Cancer immunotherapy has expanded and accelerated in
the last decade, with much clinical success (Emens et al. 2017). This is due to the

amalgamation of both new and old knowledge of cancer immunity.
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1.2. Immunity

The role of the immunity in cancer development and progression has been one
of the most challenging concepts in both immunology and oncology.

Immunity is the body’s self-defence mechanism to resist pathogenic
microorganisms to which we are continually exposed. The immune system can be
divided into the innate and adaptive immune systems. The former is evolutionarily
conserved and the latter a highly evolved complex system. It is able to recognise
“foreign” particles as well as damage in order to remove internal threats to the body.

Innate immunity comprises a general response to infection, which is rapid, taking
just hours. It consists of complement proteins and cytokines, as well as cellular
components including dendritic cells (DCs), macrophages, granulocytes (neutrophils,
eosinophils and basophils), mast cells, natural killer (NK) and innate lymphoid cells (ILCs).
Whereas adaptive immunity has a slow (days or weeks), but antigen-specific response,
and is able to induce memory. It consists of two major types of lymphocytes, B cells and
T cells, responsible for humoral and cell-mediated immunity respectively. Some
cytotoxic lymphocytes such as NK T cells and y6 T cells overlap into both innate and
adaptive immunity (Murphy and Weaver 2016).

For an effective immune response, there is usually interaction between the two
systems. The innate immune system in a non-specific first line of defence. Sensor cells
such as DCs and macrophages, express pattern recognition receptors (PRRs) which are
able to detect microbial-associated molecular patterns (MAMPs) present on invading
microorganisms. Additionally, they are able to recognise damage-associated molecular
patterns (DAMPs), and danger and stress signals. Subsequently, these cells respond
directly with effector activity, and inflammatory cytokines, such as tumour necrosis
factor a (TNFa), interleukin-12 (IL-12) and interferons, are released that act on other
immune cells, such as the innate NK cells and ILCs. These are recruited into target tissues
and kill infected cells or amplify the signals from innate recognition towards adaptive
immunity. Generally, adaptive responses are initiated when the innate immune
response fails to reduce or eliminate a new infection. DCs are professional antigen-
presenting cells (APCs) and are the crucial link between the innate and adaptive immune
system (Figure 1). They are phagocytes that take up the invading microbe. Once active,

they mature and migrate to draining lymph nodes. Here they present microbe-derived
12



antigens, along with co-stimulatory molecules, to naive T cells. Antigens are presented
at the DC surface as peptides bound by major histocompatibility complex (MHC)
molecules. This peptide-MHC complex binds the T cell receptor (TCR), which is in a
complex with the cluster of differentiation 3 (CD3) molecule. Depending on the class of
MHC molecule and co-stimulator expression, this interaction will cause polarisation and

expansion of T cells into distinct subsets (Murphy and Weaver 2016).

Innate immunity Adaptive immunity

“ B ./ o ey @
ot ’—';,: Tell
Neutrophil Macrophage

Eosinophil

B cell
Antibody production

-

Basophil

Natural killer cell \ a v
Mast cell \

Expansion of activated
CD8* T cells

Figure 1: A brief overview of immunity — Innate immune cells are the first to detect invading pathogens. Importantly,
dendritic cells act as the interface between innate and adaptive immunity. Dendritic cells mature and prime T cells.
They are the conductors of the type of adaptive immune response generated. Image created using BioRender.com

MHC molecules can also be divided into class | and class Il (MHC | and MHC II
respectively). MHC | are expressed by every nucleated cell in the body. They bind
peptides derived from intracellular antigens such as viral proteins, and other cytosolic
proteins, to check for damage or infection. These peptides are 8-10 amino acids long.
The peptide-MHC | complex is recognised by cytotoxic T cells (CD8* T cells). MHC Il
molecules are expressed by all APCs (DCs, macrophages and B cells), they bind peptides
derived from extracellular antigens taken up by phagocytosis. These are longer peptides
and generally more variable in length, often ranging 13-20 amino acids. This peptide-

MHC 1l complex is recognised by helper T cells (CD4* T cells). Additionally, DCs can
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present extracellular antigens as peptides on MHC | to CD8* T cells by cross-presentation
(Figure 2). This requires internalisation of antigens and intracellular processing, whereby
antigens are broken down into peptide by the proteasome. They are then loaded onto

MHC | molecules for presentation (Joffre et al. 2012).

All DCs | CD8* DCs only
MHC class | pathway MHC class Il pathway 5 Cross-presentation
Peptice-MHC class|  Peptide-MHC class Il Exogenous h Peptide-MHC class |
(endogenous) {endogenous and exogenous) antigen H (exogenous)
v o v ;
:

P
: &

* Endogenous
antigen

Endogenous
&% antigen

gmmmme

< ,-?,,

Endocytic route

Endoplasmic reticulum
] 'MHC classn

Nature Reviews | Immunology
Figure 2: Antigen presentation in dendritic cells (Villadangos and Schnorrer 2007) — All dendritic cells (DCs) have MHC
I and MHC Il presentation pathways. MHC | molecules present peptides that are mainly derived from endogenous
proteins. MHC Il molecules present peptides derived from exogenous antigens. They are endocytosed and peptides
generated by proteolytic degradation in endosomal compartments. CD8* DCs have a unique ability to deliver
exogenous antigens to the MHC | pathway, this phenomenon is called cross-presentation. The precise mechanism of
cross-presentation is still not fully understood.

CD8* T cells are known as cytotoxic T cells because their function is to kill target
cells (usually infected cells) by recognition of specific antigens presented on MHC |. On
the other hand, CD4* T cells are able to activate other immune cells, such as B and T
cells. Thus earning the name T helper (Tx) cells. These can be broken down into five
subsets, which have distinct roles. Tul, Tu2, Tyl7, and Ty (follicular helper), activate
their respective target cells; and regulatory T cells (Tgreg cells), which are involved in
damage limitation of immune responses by suppressing the activity of the other
lymphocytes. Tul cells activate macrophages to kill intracellular pathogens and aid CD8*

T cell activity. Tu2 cells active eosinophils, basophils and mast cells. Th17 cells recruit
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neutrophils to the infection site and promote antimicrobial peptide production by
epithelial cells. Finally, Ten cells are specialised B cell activators; they stimulate B cells for
isotype switching and antibody production, the humoral response (Figure 1).

Anti-antigen B cell activity requires both interactions with Ty cells and binding of
the antigen by the B cell receptor (BCR), a B cell membrane-bound antibody. B cells with
high affinity for the antigen proliferate and differentiate, leading to affinity maturation
of the antigen-specific antibody and antibody release. Antibodies defend the host in
three ways. Neutralisation, whereby they bind pathogens or toxins, inactivating them.
Opsonisation, in which pathogens are coated in antibodies, and this signals for
phagocytosis and destruction by macrophages and neutrophils. Alternatively,
complement activation, where bacteria bound antibodies activate the first protein of
the complement cascade, leading to bacteria lysis and phagocytosis (Murphy and
Weaver 2016).

Cells expressing MHC | are able to display both self and foreign antigens. The
immune system is responsible for removing cells that present foreign antigens.
Lymphocytes with an affinity for self-antigens are usually eliminated by negative
selection, creating immune tolerance. Mutations in cancer create foreign antigens, but
tumour suppression of the immune system mean that these antigens are not always
recognised by immune cells. So, not only does the immune system have an effect on
cancer but cancer has an effect on the immune system. Herein lies to the complexity of

cancer immunity.

1.2.1. Dendritic cells

I”

Dendritic cells are considered “professional” antigen-presenting cells because
they are specialised at recognising invading microbes or antigens, are approximately
100-fold more potent adaptive immune response initiators than macrophages or
monocytes (Steinman and Witmer 1978), and can cross-present exogenous antigens on
MHC I. They are found in most tissues, especially barrier tissues such as the skin, lungs
and gut. Though dendritic cells were discovered in 1973 by Ralph Steinman and Zanvil

Cohn (Steinman and Cohn 1973), DC biology is just coming of age in terms of

understanding and importance in immunology.
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In the absence of infection or inflammation, they are in an immature state.
Meaning they express low levels of MHC molecules and co-stimulatory molecules. When
infection occurs, the presence of MAMPs or DAMPs stimulates DC maturation, leading
to increased expression of MHC molecules, co-stimulatory molecules CD80, CD86 and
CDA40, as well as upregulation of chemokine receptors such as CCR7 and CD62L, which
enable DC migration to secondary lymphoid tissues, where they interact with T and B
cells for an adaptive immune response.

For optimal detection of molecular patterns DCs express a plethora of PRRs
summarised in figure 3, via which they fine-tune immune responses. Expression of these

PRRs depends on DC subset and maturity.
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Figure 3: Schematic representation of types of pattern recognition receptors (PRRs) in DCs. Toll-like receptors (TLRs)
are found on the cell surface membrane and in the membrane of endosomes. C-type lectins (CLRs) are cell surface
transmembrane receptors for glycans containing carbohydrate recognition domains (CRDs), which bind ligands in a
Cay*-dependent manner. Cytoplasmic PRRs include the nucleotide-binding oligomerisation domain (NOD) and leucine-
rich repeat (LRR)-containing receptors (NLRs) involved in inflammasomes; The retinoic acid-inducible gene I (RIG-1)-
like receptors (RLRs) and DNA sensor. Commonly occurring motifs and domains are shown. AIM2 = absent in
melanoma 2; CLEC-1 = C-type lectin receptor 1; DAl = DNA-dependent activator of interferon-regulatory factors; DCIR
= dendritic cell immunoreceptor; DC-SIGN = dendritic-cell specific ICAM-3 grabbing non-integrin; DEC-205 = dendritic
cell receptor for endocytosis 205; DLEC = dendritic cell lectin; IPAF = ice protease-activating factor; ITAM =
immunoreceptor tyrosine-based activation motif; ITIM = immunoreceptor tyrosine-based inhibitory motif; LGP2 =
laboratory of genetics and physiology 2; MDAS5 = melanoma differentiation-associated gene 5; MMR = macrophage
mannose receptor; NLRP1/3 = nucleotide-binding oligomerisation domain, leucine-rich repeat and pyrin domain
containing 1/3; PKR = double-stranded RNA activated protein kinase; PYD = Pyrin domains; TIR = Toll/interleukin-1
receptor homology domain. (Miyaji et al. 2011)

As previously outlined, antigen presentation on MHC | or MHC Il is crucial to the
type of immune response elicited. Dendritic cells are the conductors of the type of
immune response. They determine whether CD4* T cells are activated to become Ty
cells, thus releasing various cytokines to direct the response, e.g. interleukin-12 (IL-12)

promotes a Tul response responsible for cellular immunity, whereas IL-4 release
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stimulates a Tu2 response leading to IL-10 and further IL-4 secretion, signalling a
humoral (B cell) response (Chen et al. 2016). Tyl cells primarily produce interferon-y
(IFNy) and IL-2 that are responsible for T cell activation and inflammation. CD8* T cells
are activated to release tumour necrosis factor a (TNFa), IFNy and to enact cytotoxic
effects on cells presenting the cognate antigen.

Dendritic cells can be broadly divided into two subsets; plasmacytoid DCs (pDCs)
and conventional DCs (cDCs) (Figure 4). The pDCs are mainly recognised by being B220*
in mice, and CD123* in humans. The cDC subset can be further divided into cDC1 (CD8*
in mice and CD141" in humans) and ¢cDC2 (CD8/CD11b"* in mice and CD1c* in humans).
CD8* DCs have a high expression of CLRs such as DEC205, which is involved in antigen
capture and cross-presentation. As well as Clec9A, which has also been shown to
facilitate antigen presentation (Macri et al. 2016). TLR3 is also highly expressed in this
subset. However, CD8 DCs express Clec4A4, a CLR involved in antigen capture and
presentation on MHC Il (Den Haan et al. 2000; Uto et al. 2016). The pDCs are not as good
antigen presenters as cDCs, though they can also be stimulated to activate CD8* T cells
by cross-presentation, they often correlate with poor cancer prognosis. The role of cDC2
is less clear because it is context-dependent. They are involved in humoral and cellular
immunity against extracellular pathogens, including CD4* T cell immunity in cancer,
while cDC1s are involved in Tyl and CD8* T cell immunity against cancer and intracellular
pathogens. They specialise in cross-presentation and correlate with a beneficial cancer
prognosis (Wculek et al. 2019). Dendritic cell lineage correlates with expression of
transcription factors interferon regulatory factor 4 and 8 (IRF4 and IRF8 respectively).
Monocyte-derived DCs (mo-DCs) are distinct entities derived from primitive myeloid

progenitors. Monocyte are IRF4/8 low but can be induced to differentiate into mo-DCs.
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Figure 4: Dendritic cell subsets. Different DC subsets in blue boxes, with corresponding differentially expressed surface
markers in green boxes. Markers correspond to those expressed in mouse DCs for simplicity. DC subsets in humans
closely resemble their mouse counterparts. Simplified from DC subset reviews (Collin and Bigley 2018; Wculek et al.
2019) in order to highlight markers relevant to this PhD thesis.
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1.3. Cancer immunity and immunotherapy

1.3.1. A brief history

Although the role of the immune system in cancer was studied by oncologist Dr
William Coley over a century ago, it remained unappreciated and largely
unacknowledged until relatively recently. This is partly due to the discovery of
radiotherapy and chemotherapy, but also because of the lack of understanding of the
immune system (McCarthy 2006). Now it is accepted that tumours suppress immune
responses and evade anti-tumour immunity in a number of ways (Schreiber et al. 2011).

In 1891 Dr Coley began systematically studying the activation of an immune
response to treat malignant tumours. He started by injecting a patient with inoperable
bone sarcoma with streptococcal bacteria in order to cause an infection, thus
stimulating the immune system. Finding that the tumour disappeared, he was
encouraged to test this practise on other patients. To prevent patients dying from
infection, he began to work with heat-killed Streptococcus pyogenes combined with
Serratia marcescens (then known as Bacillus prodigiosus), this type of concoction was
known as Coley’s toxin (McCarthy 2006; Sell 2017). Throughout his career, he used
Coley’s toxin to treat hundreds of patients with inoperable bone and soft-tissue
sarcomas. He demonstrated for the first time, that stimulation of the immune system
could inhibit cancer growth. His work was widely discussed, and despite successes,
heavily criticised by many in the scientific community. The combination of a lack of
understanding of immunology, the breakthrough and support of radiotherapy, and
inconsistencies and poor reproducibility of Coley’s own work, meant that his method
saw limited clinical investigation for the treatment of cancer (McCarthy 2006).

However, in 1909 Paul Ehrlich proposed the concept that tumour formation is
usually suppressed by the immune system. Nascent transformed cells appear frequently
but the immune system detects and eliminates these cells before they develop into
cancer, a concept now known as immunosurveillance (Ehrlich 1909). This concept, much
like Dr Coley’s work, would pass through various phases of acceptance and scepticism.
Until the 1950s, when Lewis Thomas and Frank Macfarlane Burnet published works

supporting the theory of cancer immunosurveillance. They proposed that the host could
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be protected from cancer growth by early immune recognition and subsequent
elimination of neoplastic cells (Burnet 1957; Dunn et al. 2002).

Due to the early observations that infection can cause tumour regression, the
efficacy of the Bacillus Calmette—Guérin (BCG) vaccine, a live attenuated Mycobacterium
bovis tuberculosis vaccine, was demonstrated in the treatment of bladder cancer by Bast
et al. in the 1970s (Bast et al. 1974). However, due to ongoing scepticism, it was not
approved for superficial bladder cancer until 1990 (Lum and Torti 1991; Lamm 1992).

The 1990s yielded a big turnaround for cancer immunotherapy when
immunocompetent knockout mouse models were used to demonstrate that IFNy
protects against tumour growth and formation, and has a role in tumour surveillance
(Dighe et al. 1994; Kaplan et al. 1998). Meanwhile, in the clinic, interleukin 2 (IL-2),
known as an activator of cytotoxic T cells, was being trialled for treatment of metastatic
renal cell carcinoma and melanoma. Of the fraction of patients that had an objective
response (approximately 15%), half of them were completely cured (Rosenberg and
Lotze 1986; Fyfe et al. 1995; Atkins et al. 1999), leading to FDA approval of IL-2 in both
settings. These discoveries and FDA approvals meant that finally there was widespread
acceptance of cancer immunity. This was solidified by the work of Robert Schreiber’s
group on immunoediting in which they outlined a mechanism for cancer immunity

(Dunn et al. 2002).

1.3.2. Mechanisms of cancer immunology

Now there are two concepts that explain the role of the immune system in
cancer: cancer immunoediting and the cancer immunity cycle. Understanding these
mechanisms has led to key breakthroughs in cancer immunotherapy. Cancer
immunoediting describes the seemingly paradoxical roles of the immune system in
suppressing tumour growth, yet also promoting tumour progression. It was elegantly
delineated using “the three E’s”, elimination, equilibrium and escape (Dunn et al. 2002,
2004).

The elimination phase encompasses cancer immunosurveillance, in which both
the innate and adaptive immune systems together are able to detect and destroy a

developing tumour before it manifests clinically (Dunn et al. 2002). The immune system
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becomes aware of the nascent tumour through danger signals, damage-associated
molecular pattern molecules (DAMPs) and stress signals. PRRs on innate immune cells
are activated, causing the release of cytokines and creating a microenvironment with
anti-tumour adaptive immune responses (Guerra et al. 2008). Anti-tumour immune
responses, like most other immune responses, require the activation of both innate and
adaptive immune systems to confer efficient protection. Therefore, tumour elimination
requires the expression of tumour antigens, which can be presented on MHC molecules
for the activation and expansion of both CD4* and CD8* T cells (Schreiber et al. 2011).
Tumour antigen expression is the result of the build-up of various mutations, and
dysregulation of normal cellular processes, that defines cancer. There are various types
of tumour antigen, detailed in Table 1: Classes of tumour antigens, they are dependent
on how the tumour originated (spontaneous versus carcinogen-induced mutations),
anatomic location (e.g. prostate, breast etc), and rate of growth (Chen and Mellman
2013). Tumour antigens have the potential to be presented as peptides bound to MHC |
on the surface of the tumour cell. These allow the tumour cell to be distinguished from
normal, healthy cells. If complete tumour elimination occurs, cancer
immunosurveillance has been successful and the process of immunoediting finishes

here.
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Table 1: Classes of tumour antigens Tumour antigens can be divided into three classes (adapted
from Janeway’s Immunobiology(Murphy and Weaver 2016) and (Hollingsworth and Jansen
2019))

Class Subclass Patient Central Example Cancer
(derivation/origin) | prevalence | tolerance type
Tumour- Differentiation high High Tyrosinase Melanoma
associated
antigen (TAA)
Over-expression high High HER2 Breast / Ovary
Post-translational high High MUC-1 Breast/
modification pancreas
Post-transcriptional high High NA17 Melanoma
modification
Cancer germline Cancer testis antigens high Low MAGE / NY-ESO Melanoma /
antigen (CGA) Breast / Glioma
Tumour-specific Oncoviral high None HPV type 16, E6 and Cervical cancer
antigens (TSA) E7 proteins
Mutated driver high None BCR-ABL Leukaemia
oncogene
Mutated oncogene low None B-catenin Colorectal
cancer
Mutated suppressor low None Cyclin-dependent Melanoma
gene kinase 4

The equilibrium phase occurs when a rare differentiated tumour cell acquires the
ability to survive elimination. Here adaptive immune responses inhibit tumour cell
proliferation and shape tumour immunogenicity. The tumour cells are maintained in a
dormant state. In this phase, tumour cells may go undetected in patients for decades.
Until eventually, growth is resumed as either metastases or a recurrent tumour. The role
of adaptive immunity mechanistically distinguishes equilibrium from elimination. It was
shown that only adaptive responses, CD4* and CD8* T cells, IFNy and interleukin-12 (IL-
12), were responsible for the maintenance of tumour cells in equilibrium, causing
growth inhibition and tumour cell killing (Koebel et al. 2007). Selective pressures mean
that tumour cells that acquire immuno-evasive mutations can progress on to the next
phase.

Tumour cells in the escape phase have evaded immune recognition and
destruction. This can happen for several reasons: when in response to the first two
phases of immunoediting, differentiated tumour cells are selected for, with an increased

ability to survive immune responses. Immune responses in the microenvironment
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change due to cancer-induced immunosuppression or age-related immune
deterioration. There are a number of mechanisms for tumour immune escape. Tumour
proliferation and establishment can be caused by increased cellular resistance to
immune cytotoxicity. Tumour cells may also lose antigen expression. This can occur in
several ways: loss of MHC | molecules, loss of antigen processing functions (no peptide
production or inability to load peptide on MHC 1), or lack of expression of strong
rejection antigens. These changes are driven by genetic instability and immunoselection
(Dunn et al. 2002; Khong and Restifo 2002). They make the tumour undetectable to the
immune system, allowing it to escape, sometimes referred to as a “cold” tumour.
Additionally, tumour cells can also promote the formation of an immunosuppressive
microenvironment. Thus aiding immune escape (Radoja et al. 2000). By releasing
cytokines such as vascular endothelial growth factor (VEGF), transforming growth
factor-b (TGF-b), galectin, or indolamine 2,3-dioxygenase (IDO) they active
immunosuppression. Moreover, immunosuppression is propagated by the recruitment
of Treg cells and myeloid-derived suppressor cells (MDSCs) that inhibit protective
immunes responses.

While cancer immunoediting describes how tumours eventually escape immune
regulation. It is difficult to see exactly where cancer immunotherapies should be aiming.
We know that cancer immunity is controlled by a series of highly regulated events. The
cancer immunity cycle allows us to address these events as a whole, rather than
singularly. In this way, we can understand how the immune system can control, and
crucially, be manipulated to improve cancer immunity.

The effective killing of cancer cells by the immune system can be regarded as a
seven-step process. Once initiated it should proceed and expand, continuing in a cycle.
This is known as the Cancer-Immunity cycle (Chen and Mellman 2013). Step one, the
tumour cell releases tumour antigens, which are captured and processed by DCs. An
immunogenic, rather tolerogenic, response must be achieved by proinflammatory
cytokine signalling and danger/stress signalling. Step two, DCs perform MHC | and I
presentation of the antigens to T cells. Step three, T cells are thus primed and activated
against tumour antigens. At this stage, it is critical that an immunogenic, rather than
tolerogenic immune response is induced. Step four, the activated effector T cells traffic

to the tumour. Step five, they infiltrate the tumour. Step six, via the TCR recognition of
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antigen peptide-bound MHC |, T cells specifically bind tumour cells. Step seven, the

cytotoxic T cells kill their target tumour cell, causing additional release of tumour

antigens, thus restarting and expanding the cycle. Continued cycles increase the breadth

and depth of the anti-tumour immune response (Chen and Mellman 2013). When this

cycle is performing optimally, complete elimination can occur. Conversely, escape and

the clinical manifestation of cancer occurs when any of the steps in the cancer-immunity

cycle are dysregulated.

The aim of cancer immunotherapy must be to initiate (or reinitiate) and allow

the continuation of the cancer immunity cycle. Therefore, therapies must overcome

escape mechanisms at each step, as in Table 2.

Table 2: Tumour escape mechanisms at each step of the cancer immunity cycle

Step

Cells
involved

Dysregulation

Mechanism

1) Release of tumour
antigens

Tumour cells

Reduced expression
of tumour antigens

Selection of tumour cells that lack
tumour antigen expression
Induction of Tolerogenic cell death

suppression in the
microenvironment

2) Tumour antigen DCs (APCs) Deficient antigen Lack of MHC expression (+ co-stimulatory

presentation presentation molecules)
Lack of proinflammatory stimulation
(cytokines and DAMPs etc)
Anti-inflammatory signalling (IL-10, IL-4,
IL-13)
Tolerogenic presentation

3) Priming and activation DCs=> T cells Induction of Expression of checkpoint inhibitors

of T cells tolerance (CTLA4, PD-L1)
Treg activation

4) Trafficking of T cells to T cells Decreased trafficking Lack of chemokines (CX3CL1, CXCL9,

tumours CXCL10, CCL5)

5) Infiltration of T cell T cells Decreased tumour VEGF, endothelin

into tumours infiltration Lack of LFA1/ICAM1

6) Recognition of tumour | Tcells > Faulty recognition Recognised to tolerate

cells by T cells tumour cells Reduced peptide-MHC expression = not
recognised

7) Killing of tumour cells Tcells 2> Resistant to Lack of IFNy

tumour cells apoptosis, Checkpoint inhibition (PD-1, PD-L1, LAG-

3 etc)

25




1.3.3. Cancer immunotherapy

Cancer immunotherapies cover a wide range of therapies (Figure 5). They can be
classified as active or passive depending on whether they are designed to act directly on
the immune system (active) or the tumour (passive). Passive immunotherapies such as
tumour targeting monoclonal antibodies (mAbs) have had widespread success in the
clinic since the late 1990s (Dougan and Dranoff 2009). Spurred by the landmark
approvals of Rituximab for B cell ymphoma in 1997 and Trastuzumab for HER2-positive

breast cancer in 1998.

Antibodies are useful therapeutic agents because of their multi-functionality.
Using their variable domains, they are able to target specific epitopes, their binding can
be used to block or even activate the target. In addition, through their constant domains
they can engage Fc receptors, allowing antibody-dependent cellular cytotoxicity (ADCC),
as well as engaging complement immune mechanisms such as complement-dependent
cytotoxicity (CDC) or complement-dependent cell-mediated cytotoxicity (CDCC) (Peters
and Brown 2015).

In the last decade the biopharmaceutical industry has made substantial advances
in developing antibody therapeutics, almost tripling the number of licensed antibody
therapeutics in the clinic (Kaplon et al. 2020). Technical developments involving protein
engineering of antibody formats have also increased their flexibility. Allowing the
development of fragment antibodies and bispecific or multi-valent antibodies (Labrijn
et al. 2019). This versatility has had a significant impact on the development of cancer

immunotherapies.
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Figure 5: Flow chart of cancer immunotherapy approaches — Cancer immunotherapy can be either passive or active.
Passive immunotherapy involves giving antibodies or adoptive cell transfer in patients with a weak immune system.
Once inside the bodies these molecules can compensate for deficient immune functions. Active immunotherapy
involves stimulating the cancer patients own immune system to fight the cancer. Flowchart adapted from the IASLC
Atlas of PD-L1 immunohistochemistry testing in lung cancer (Tsao et al. 2017)

In the last 10 years, active immunotherapies, specifically mAbs that block
regulatory immune checkpoint inhibitors have had a huge impact on cancer treatment.
First in class was Ipilimumab, a cytotoxic T lymphocyte antigen 4 (CTLA-4) blocking mAb.
Shortly followed by mAbs targeting programmed cell death protein 1 (PD-1), or its
ligand, PD-L1 (Topalian et al. 2015; Postow et al. 2015; Baumeister et al. 2016). These
are immune checkpoint inhibitors, when the respective ligand-receptor pairs bind (e.g.
PD-1:PDL1 or CTLA-4:CD80/CD86) they signal a down-regulation of T cell activity.
Blocking these targets is designed to “release the breaks” on immunosuppression,
allowing effector T cell stimulation. Releasing the breaks implies that at some point
there was an effective anti-tumour immune response. Anti-tumour CD8* T cell
cytotoxicity is dependent on tumour cell expression of antigenic peptides on MHC |, the
effectiveness of these treatments has demonstrated that patient tumours are
recognised by the immune system, and can elicit tumour-specific CD4* and CD8* T cell
responses. Meaning that tumour-specific antigens are being recognised. In fact, tumour

mutational burden and neoantigen frequency, correlate with treatment success
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(Schumacher and Schreiber 2015; Tran et al. 2017; Yarchoan et al. 2017). In turn,

resistance often occurs due to tumour antigen loss or low mutations burden (Figure 6).
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Figure 6: Correlation between tumour mutational burden and objective response rate with checkpoint inhibitors
(anti-PD-1 or anti-PD-L1) in 27 tumour types. The x-axis (logarithmic scale) shows the median number of coding
somatic mutations per megabase (MB) of DNA in 27 tumour types or subtypes among patients who received PD-1 or
PD-L1 inhibitors. The y-axis shows the objective response rate of these patients to the treatment. The number of
patients who were evaluated for the objective response rate is shown for each tumour type (size of the circle), along
with the number of tumour samples that were analysed to calculate the tumour mutational burden (degree of shading
of the circle). MMRd denotes mismatch repair-deficient, MMRp mismatch repair-proficient, and NSCLC non—-small-cell
lung cancer (Yarchoan et al. 2017).

Cellular immunotherapy has also greatly progressed in the last decade. In 2010,
Sipuleucel-T was the first FDA approved cellular immunotherapy. It is a therapeutic
vaccine against hormone-refractory prostate cancer expressing prostatic acid
phosphatase (PAP). It is comprised of autologous DCs, stimulated and matured ex vivo
with PAP-GM-CSF. In the USA it is used to treat castration-resistant prostate cancer
patients (Gardner et al. 2012). Though initially approved by the EMA, its market
authorisation was withdrawn by the holder due to financial issues. Partly because
European governments were reluctant to fund this personalised cell therapy due to

issues with cost-benefit rules. But also because of the technical challenges of
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leukapheresis (obtaining patient leukocytes) (Gardner et al. 2012). However, adoptive
cell transfer, particularly of chimeric antigen receptor T cells (CAR-T cells) have been a
technological success. In 2017, both Tisagenlecleucel (Kymriah™) and Axicabtagene
ciloleucel (Yescarta™) were approved by the FDA, and the EMA the following year. Both
are CD19 specific CAR-T cells used in the treatment of B-cell cancers and have complete
remission rates of over 50% (Hopfinger et al. 2019). Tisagenlecleucel, for the treatment
of B-cell precursor acute lymphoblastic leukaemia (ALL) in patients aged 0-25 years
(Prasad 2018). Axicabtagene ciloleucel for the treatment of large B-cell lymphomas in
adult patients.

As outlined in figure 5, there are many types of cancer immunotherapy. Here |

will focus on cancer vaccines in detail because they are most relevant to my PhD thesis.

1.3.4. Cancer vaccines

In general, immunisation is the single most significant and successful medical
intervention to date. Traditionally, vaccines are given as a prophylactic therapy, in that
healthy people are vaccinated so the immune system is primed and ready to respond to
prevent specific diseases. As has already been discussed, the idea of using this very
effective intervention against cancer is not new. However, it is only now that cancer
immunity is well understood, that cancer vaccines have become significant weapons in
the fight against cancer.

One of the main problems hindering cancer immunotherapies is the low
immunogenicity of malignant cells. Tumour cells can present self-antigens, downregulate
the antigen presentation process or secrete regulatory cytokines to create an
immunosuppressive microenvironment resulting inimmune evasion as previously described.
Cancer vaccine therapies are best equipped to overcome this problem.

Cancer vaccines can be broadly divided into prophylactic or therapeutic vaccines,
though there is beginning to be some overlap. Cancer vaccine mechanisms are diverse and

usually depend on vaccine administration methods (see Figure 7).

29



Cancer

vaccines

Systemic In situ
| | | |
-l _ .
Oncovira Tumour Oncolytic Adjuvants
antigen : .
antigen virotherapy (BCG)
(HPV)
Prophylactic Therapeutic

Figure 7: Overview of cancer vaccines — Cancer vaccines can be broken down by treatment administration method
and vaccine approach. The type of vaccine approach is generally meant for either prophylactic or therapeutic
treatments, though with new developments the lines are beginning to blur. Administration is traditionally systemic
but in situ (or intratumoral) cancer vaccination is being more frequently explored.

Prophylactic cancer vaccines targeting oncogenic viral antigens have already
been successful in the clinic. Such as vaccines against human papillomavirus (HPV)
(Kenter et al. 2009; Karaki et al. 2016; Yang et al. 2016) and hepatitis B virus (HBV) (Lee
et al. 1998; Chang 2009; Pol 2015), which are causes of cervical and liver cancer
respectively. In fact, the universal HBV vaccination campaign launched in Taiwan over
30 years ago provided the first evidence that vaccination could prevent cancer in
humans (Chang 2009). It has been estimated that the protective efficacy of HBV
vaccination for primary liver cancer is 84% (Qu et al. 2014). Yet oncogenic virus vaccines
are limited because oncogenic viruses and their antigens are expressed and causative in
just a fraction of cancers. However, there is now a focus on researching these oncogenic
virus vaccines for therapeutic cancer treatment. As such, the HPV vaccine is being
repurposed for therapeutic treatment of HPV-associated head and neck cancers due to
oncoviral antigens being ideal tumour antigens for vaccines (Wang et al. 2018).

Creating therapeutic cancer vaccines, which can be administered as a treatment
once the disease clinically manifests, is the current challenge of the field. This is because
the appearance of tumour antigens comes hand in hand with the appearance of the

diseased cells. The goal is to achieve an immune response to the tumour that is durable
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and self-propagating. To achieve this, T cells must be optimally primed, and the
activation state of dendritic cells and antigen source are key to this function. Therefore,
an effective cancer vaccine ought to include three critical components. One, protective
tumour antigens against which the immune response must be elicited; two, an
immunostimulatory adjuvant; and three, a delivery mechanism for effective
engagement of an anti-tumour immune response (Grandi et al. 2016).

In terms of administration, there currently two approaches to cancer

vaccination: systemic and in situ vaccination (Dougan et al. 2019).

1.3.4.1.  In situ vaccination

In situ vaccination is an effective strategy, yet is perhaps the simplest in terms of
vaccine design. It dates back to Coley’s toxin and the BCG bladder cancer vaccination.
The main principle is to inject adjuvants directly into the tumour and tumour
microenvironment, thus stimulating an immune response at the tumour site. Antigens
are not required in the formulation because the rationale is that the induction of tumour
cell death causes the release of tumour-specific antigens, which are phagocytosed by
the dendritic cells. With the help of adjuvants, the DCs become active and prime T cells,
leading to the development of a potent anti-tumour T and B cell response (Sagiv-Barfi
et al. 2018). Therefore, effective in situ cancer vaccines require an adjuvant and a
tumour cell death mechanism because that is how the tumour-specific antigens are
supplied to the system. The right adjuvant alone may incite tumour cell death directly
via the cytotoxic immune response. It is this simplicity that allows in situ vaccination to
be considered both off-the-shelf and personalised, i.e. it is patient-specific on delivery,
without the need to identify and formulate tumour-specific antigens. In addition,
efficacious in situ vaccinations induce an abscopal effect, meaning the anti-tumour
immune response is observed at distant, metastatic tumour sites, not only where the
vaccine was injected (Pierce et al. 2015; Hammerich et al. 2015, 2019; Sagiv-Barfi et al.
2018; Khalil et al. 2019).

In situ vaccination with the BCG vaccine for superficial bladder cancer was the
first FDA approved in situ cancer vaccination. The only other approved in situ vaccine is
T-VEC (talimogene laherparepvec), the first FDA approved oncolytic virotherapy,

discussed below. There are currently several adjuvants in clinical trials for intratumoral
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administration, TLR agonists dominate this area. The TLR7/8 agonist imiquimod, for
topical treatment of skin carcinomas, is being used in combination with various
intratumoral approaches (Green et al. 2007; Kidner et al. 2012). Poly I:C based
formulations are also of interest, such as Poly-ICLC, which mimics viral dsRNA and
stimulates TLR3 (Ammi et al. 2015; Kyi et al. 2016). BO-112 is another synthetic dsRNA,
based on poly I:C in clinical trials (Aznar et al. 2019). Bacterial LPS and CpG-enriched
DNA, targeting TLR4 and TLR9 respectively, have also shown efficient microenvironment
activation when administered in situ (Maito et al. 2012; Hammerich et al. 2016; Frank et
al. 2018). The stimulator of interferon gene (STING) agonists are also gaining significant
attention due to their ability to activate APCs and generate cytotoxic and Tul T cell
responses (Sallets et al. 2018). Thus, adjuvanticity is recognised as key to in situ
vaccination in terms of turning the immunosuppressive microenvironment into an
immunologically active one. However, their use as a potentiator in combination with
other therapies, maybe be the key to the most effective in situ treatments (Aznar et al.
2017; Sato-Kaneko et al. 2017). The other important aspect of in situ vaccination is
tumour cell death. It may be achieved through the creation of a pro-inflammatory
environment alone, or in combination with classical radio- and chemotherapies. Though
these classical cancer therapies are known for their cell-killing ability, they are
indiscriminately cytotoxic, meaning they also kill healthy cells, including immune cells.
However, designed to be precision tumour cell killers, oncolytic virotherapies are
particularly adept as in situ therapeutic modalities. | have included them with in situ
cancer vaccines because they are currently only injected into accessible tumours
(Dougan et al. 2019) and have an immunogenic component. Although they are often

considered a stand-alone therapy.

1.3.4.2. Oncolytic virotherapies

As mentioned, the recently approved in situ vaccination oncolytic virotherapy T-
VEC, in now in use against melanoma. It is based on an attenuated Herpes simplex virus
type 1 (HSV-1), engineered to replicate within tumour cells and synthesise GM-CSF
(Rehman et al. 2016). HSV-1 neurovirulence and antigen presentation blocking genes
have been deleted, preventing blister development and allowing antigen recognition. T-

VEC targets and propagates in tumour cells by binding surface nectins to enter the cell.
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It preferentially replicates in cancer cells by exploiting dysregulated oncogenic and
antiviral signalling pathways. Notably, the protein kinase R (PKR) and type | IFN
pathways. The generation of an immune response is also enhanced by the expression of
GM-CSF, for the recruitment and activation of DCs (Kohlhapp and Kaufman 2016).
There are several oncolytic viruses in development based on various RNA and
DNA viruses, though most are herpesvirus or adenovirus-based (Kaufman et al. 2015).
In general, oncolytic virotherapies specifically recognise and kill tumour cells, resulting
in a mixture of apoptosis, necrosis and phagocytosis, aimed at eradicating the tumour
mass. The virus-mediated killing effect is enhanced because the specific tumour cell
death also causes the release of tumour-specific antigens derived from those cells. The
virus itself introduces MAMPs meaning that the therapy activates both the innate and
adaptive immune responses at the site of injection, triggering a cytotoxic effect against
tumour cells (Bartlett et al. 2013). They can also induce the abscopal effect by
subsequent migration of T cells to other tumour sites (Raja et al. 2018). There are

currently a large number of oncolytic viruses in clinical trials (Harrington et al. 2019).

1.3.4.3. Systemic cancer vaccines

The systemic vaccine approach was anticipated to mirror the achievement of
conventional vaccinations for infectious disease. However, the development of
efficacious cancer vaccines has been extremely challenging. Expectations were that by
choosing the right adjuvant and right antigen, cancer vaccines could eradicate cancer in
the way that vaccines have done for so many infectious diseases. Initially, cancer
vaccines failed to live up to their hype. Many strategies involved single or few antigens
in the form of long peptides, or irradiated or lysed tumour cells (Wong et al. 2016). In
2011 a paper was published analysing the results of cancer vaccine trials in multiple solid
cancers since 2004, they observed an overall objective response rate of 3.7% in 856
patients (Klebanoff et al. 2011). These initial setbacks were largely down to difficulties
in identifying tumour-specific antigens and effective adjuvants.

Mutations in cancer cell genes can generate neoepitopes, which are mutation-
derived peptides that can be bound by MHC molecules. Neoepitopes are tumour-specific
antigens, not present in normal cells, that can be presented on MHC molecules, inducing

tumour-specific T cells which exert an anti-tumour response (Mumberg et al. 1996; Dudley
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and Roopenian 1996; Lennerz et al. 2005). Along with the progress in next-generation
sequencing, vaccines based on cancer neoepitopes formulated with novel adjuvants are
showing high efficacy in the preclinical setting. Additionally, clinical trials are showing
promising results, particularly in combination with other immunotherapies (Ott et al.
2017; Sahin et al. 2017). Due to their nature, neoepitopes based cancer vaccines are
usually personalised.

Two groups have made key breakthroughs in the personalised neoepitope
cancer vaccine field. Sahin and colleagues showed that RNA-based vaccines formulated
with neoepitopes identified using in silico prediction tools are highly effective in
preventing tumour growth in various mouse models (Kreiter et al. 2015). This work also
highlighted the importance of MHC Il epitopes in driving immune responses to cancer.
They have now also validated this approach in the first personalised neoepitope vaccine
in humans (Sahin et al. 2017). In thirteen patients with stage Ill and IV melanoma, they
identified non-synonymous tumour-specific mutations. Then, by predicting high MHC I
and | binding affinity and high epitope expression, they selected ten mutations in order
to create a personalised RNA neoepitope vaccine for each patient. Vaccination
significantly reduced metastatic events in all thirteen patients, resulting in sustained
progression-free survival. One patient experienced rapid disease progression following
vaccination, but after combination with PD-1 blockade experienced a complete
response (Sahin et al. 2017).

In the same year, another small clinical trial was published, including six
melanoma patients also achieved successful results with neoepitope vaccination. The
patients were vaccinated with 13-20 long peptide neoepitopes (15-30 amino acids in
length) mixed with poly ICLC adjuvant Hiltonol (TLR3 and melanoma differentiation-
associated protein 5 (MDA-5) agonist). This time, neoepitopes were predicted based on
their MHC | binding affinities. Despite this prediction method, vaccination-induced
neoepitope specific T cells that were CD8* but mostly CD4* T cells. After resection and
vaccination, stage Ill melanoma patients remained without disease recurrence for over
two years. The two patients with stage IV melanoma experienced lung metastases and
recurrent disease after vaccination. However, as in the previous study, they both
achieved complete tumour regression after PD-1 immune checkpoint inhibitor therapy

(Ott et al. 2017).
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These two clinical studies demonstrate the safety, feasibility and efficacy of
personalised multi-neoepitope cancer vaccination. They also provide strong evidence
for the benefit of the combination therapy using neoepitope vaccination and immune
checkpoint inhibitors therapies, such as pembrolizumab. These data offer renewed

promise for the future of personalised neoepitope cancer vaccination in the clinic.
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1.4. Outer membrane vesicles as a vaccine platform

Gram-negative bacteria naturally produce outer membrane vesicles (OMVs).
They are derived from budding out of the outer membrane to form a spherical,
bilayered, membranous structure of ~20-300 nm in diameter (Grandi et al. 2016). These
particles are primarily made up of lipopolysaccharide (LPS), phospholipids and outer
membrane and periplasmic proteins. The production of OMVs by gram-negative
bacteria is an evolutionarily conserved process, which serves the purpose of performing
a multitude of biological functions including; intra- and inter-species communication,
biofilm formation, genetic transformation, resistance to environmental stresses and
delivery of toxins to host (Kulp and Kuehn 2010; Schwechheimer and Kuehn 2015).

The presence of MAMPs, such as LPS and lipoproteins, confer OMVs with
inherent adjuvanticity, giving them great potential as a vaccine platform (Ellis and Kuehn
2010; van der Pol et al. 2015). By binding and activating immune cell pattern recognition
receptors (PRRs), such as toll-like receptor 4 (TLR4) they can stimulate innate and
adaptive immunity (Ellis et al. 2010; Moshiri et al. 2012; Gerritzen et al. 2017). They are
readily phagocytosed, able to activate DCs, inducing maturation and the production of
pro-inflammatory cytokines (Kaparakis-Liaskos and Ferrero 2015). Studies have shown
that OMVs elicit a Thl dominant immune response (Kim et al. 2013; Fantappié et al.
2014; Rosenthal et al. 2014). This is required for the elimination of both pathogens and
tumour cells (Rosenthal and Zimmerman 2006). Importantly, we and other groups, have
demonstrated that OMVs induce both B and T cell responses specific for the delivered
antigens (Alaniz et al. 2007; Kim et al. 2013; Fantappié et al. 2014; Laughlin et al. 2015;
Gerritzen et al. 2017; Grandi et al. 2017, 2018; Irene et al. 2019)

OMVs can be used to display and deliver heterologous antigens by adsorption or
genetic engineering of the OMV producing strain. Engineered protein antigens can co-
localise in the lumen or on the surface of the OMV (Kesty and Kuehn 2004; Chen et al.
2010; Fantappie et al. 2014). We have shown that heterologous lipoproteins can be
incorporated into the OMV membrane and that is possible to deliver heterologous
antigens as fusion proteins to the OMV surface (Fantappié et al. 2017; Grandi et al. 2017,
2018; Irene et al. 2019).

The concept of using OMV-based vaccines against infectious pathogens has been

around for a long time. OMV-based vaccines against Neisseria meningitidis serogroup B
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have been successfully used in the clinic for over 20 years (Sierra et al. 1991; Rosenqvist
et al. 1995; Arnold et al. 2011). The OMV-based vaccine Bexsero has been approved by
the EMA and FDA, among others, to prevent N. meningitidis serogroup B infections
(Giuliani et al. 2006; Serruto et al. 2012). This demonstrates both the safety and efficacy
of OMV vaccines.

Recently, OMV-based vaccines have gained in popularity for use against
infectious diseases. Initiatives such as the Vacc-iNTS project help launch phase | clinical
trials of an OMV-based vaccine against invasive non-typhoidal salmonellosis disease
(https://vacc-ints.eu/). In addition, an OMV-based vaccine against Shigella sonnei, for
the prevention of the diarrheal disease shigellosis, demonstrated good safety and
immunogenicity profiles in early phase clinical trials (NCT03527173) (Obiero et al. 2017;
Launay et al. 2019). However, the use of OMV-based vaccines in cancer therapy is still
in its infancy (Zhang et al. 2019). This is because a successful cancer vaccine requires
three essential components that must be carefully balanced: the right adjuvant, the right
tumour antigens and effective delivery. The wrong type or amount of any of these
components could lead to an ineffective immune response or even cause immune
evasion.

In our laboratories, we have been fine-tuning the characteristics of our OMVs.
The hypervesiculating Escherichia coli (E.coli) strain BL21(DE3)AompA is used as a
progenitor strain, our starting point. This mutant strain derives from the E. coli
BL21(DE3) strain carrying a deletion in the ompA gene, causing subsequent loss of the
transmembrane outer membrane protein A (OmpA). OmpA plays a key role in anchoring
the outer membrane to the bacterial peptidoglycan and loss of this interaction causes
the hypervesiculating phenotype (Bernadac et al. 1998; Deatherage et al. 2009; Park et
al. 2012). We call these OMVsaompa.

In order to refine our OMV platform, our group has been working to reduce the
number of endogenous protein in OMVsaompa and reduce the reactogenicity. Reduction
in endogenous protein load was achieved by the identification and subsequent deletion
of “dispensable” genes potentially coding for immunogenic OMV proteins. This was
done using an in house validated CRISPR/Cas9 knockout protocol (Zerbini et al. 2017).
The procedure led to the successful knockout of 58 genes and importantly, their

encoded proteins and the strain was named E. coli BL21(DE3)A58 (Zanella 2019). OMVs

37



from this strain (called OMVsassg) allow us to reduce the burden of immunity not specific
for our antigen of interest. As previously stated, OMVs have intrinsic adjuvanticity due
to the presence of several MAMPs. LPS represents a large portion of OMVs (Park et al.
2010) and is a ligand for TLR4. Stimulation of TLR4 leads to the cytokine production
responsible for OMV adjuvanticity. However, it is also responsible for OMV
reactogenicity, which may cause adverse reactions to vaccines. Therefore, the
reactogenicity must be moderated for clinical use. In E. coli, the lipid A portion of LPS is
naturally present in the hexa-acylated form. However, it has been shown that penta-
acylated LPS has reduced agonistic activity on TLR4 and thus reduces reactogenicity
(Steeghs et al. 2008). Deletions of msbB and pagP, acyl-transferase genes of the LPS
biosynthesis pathway, have been shown to produce LPS containing penta-acylated lipid
A (Somerville et al. 1996; Bishop et al. 2000; Irene et al. 2019). By including the
inactivation of these two genes to our strain, we developed the E. coli BL21(DE3)A60
strain, to give us proteome-minimised, reactogenicity-minimised OMVs, called OMVsaeo0
hereafter (Zanella et al. 2020).

Hypervesiculating strains such as E. coli BL21(DE3)AompA, and E. coli
BL21(DE3)A60 even more so, allow for simple purification of high yields of OMVs from
bacterial cultures (Deatherage et al. 2009; Fantappie et al. 2014, 2017; Gerritzen et al.
2017; Zanella et al. 2020). The supernatant is easily separated from the biomass by
centrifugation, then vesicles can be purified using tangential flow filtration, potentially
achieving yields of 100 mg of OMVs per litre of culture (Berlanda Scorza et al. 2012).

These features make our OMVs good potential vaccine tool.
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1.5. Aim of the thesis

In the laboratory of synthetic and structural vaccinology, we study the use of
OMVs as a vaccine platform, focusing on infectious disease and cancer vaccines. Here |
investigate the use of OMVs for antigen delivery and presentation. | aim to discover the
most efficacious approaches to cancer vaccination using the OMV platform.

As discussed previously, DCs play a key role in determining the effectiveness of
an anti-cancer immune response. To optimally exert their function, they should (1)
avidly bind the antigen, (2) efficiently process the antigen and present antigen derived
peptides in the context of MHC molecules, and (3) rapidly reach the site where their

action is needed.

The aim of my thesis is to understand how we can best use our OMV platform by
trying to optimise each of the three steps described above. Therefore, | aim to:

1. Understand whether it is possible to engineer OMV to express an antibody
derived single-chain fragment variable (scFv) on the surface enabling OMV
targeting to the DEC205 receptor on dendritic cells (optimisation of antigen
binding)

a. Develop constructs with carrier proteins fused to the scFv to enable scFv
expression in OMV.

b. Characterise the expression of protein carrier-scFv fusion proteins in
OMVs.

c. Understand whether the FhuD2-amDEC205 fusion protein is functional
when expressed on OMVs and whether it can improve the efficacy of
OMVs over those not targeting mDEC205.

2. Study the ability of OMVs to induce CD8" T cell responses in vivo (optimisation of
presentation of antigen-derived peptides)

a. Using model CD8* T cell epitopes, immunise mice with OMV-associated
epitopes and measure the CD8* T cell response.

b. By studying long and short peptides encompassing CD8* T cell epitopes,
understand how the peptide processing and presentation may affect the

immune response.
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3. Investigation the use of OMVs in situ cancer vaccination using mouse models
(optimisation of DC recruitment)
a. Demonstrate in situ adjuvanticity and cancer cell cytotoxicity of OMVs.

b. Study tumour growth after in situ vaccination with OMVs.
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Chapter 2: Targeting OMVs to dendritic cells using single-chain

variable fragments

2.1. Introduction

Advances in DC biology have led to improvements in strategies for vaccine
development, such as specific DC targeting (Apostolopoulos et al. 2013; Macri et al.
2016). In particular, methods using antigens bound to antibodies have been used to
target the antigen to a DC receptor for internalisation, processing and presentation.
Antigens have been delivered to MHC molecules via targeting various DC receptors,
mostly C-type lectins (CLRs) such as DEC205 and Clec9A, and Fc receptors. Many
vaccines rely on humoral immunity, thus their effectiveness measured by antibody
titres. However, effective cancer vaccines also require an effective T cell response,
achieving which can be challenging. Given that CLRs are expressed diversely on DC
subsets, targeting antigens to DC receptors is a way to guide the immune response
toward a particular type of T cell response. Choosing the right target is challenging
because there is still conflicting evidence as to which receptor allows the enhanced
antigen presentation on MHC | or MHC Il. For my PhD project, | have chosen to focus on
DEC205 because it is a well characterised CLR, there is evidence for DEC205 targeting to
MHC | for cross-presentation and there is an anti-mouse DEC205 antibody sequence
available.

DEC205 is a type | endocytic CLR, with a molecular weight of 205 kDa,
characterised by a cysteine-rich domain, fibronectin type-ll domain and ten
carbohydrate recognition domains (CRDs) (Jiang et al. 1995). Due to its expression in
DCs, particularly CD8* DCs, DEC205-specific antibodies have been studied in order to
target antigens for processing and improved presentation, and to elicit a better antigen-
specific T cell response. A number of antigens have been tested in this way, e.g.
ovalbumin, and HIV gag p24, among others. It has been demonstrated that vaccination
by using antigen targeting via DEC205 increases the efficiency of T cell immunity (Bonifaz

etal. 2004).
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The function of DEC205 seems to involve binding necrotic cells for cross-
presentation of debris-associate antigens (Shrimpton et al. 2009). It can also bind and
uptake CpG oligonucleotides, which are ligands for TLR9 (Lahoud et al. 2012).

The induction of a robust MHC-I cross-presentation and OVA-specific CD8* T cell
has been demonstrated by using ovalbumin (OVA) conjugated DEC205 antibodies to
target mouse CD8* DCs (Bonifaz et al. 2002, 2004). In mice, injection of OVA-conjugated
DEC205 antibodies alongside an adjuvant, induced proliferation and accumulation of
OVA-specific naive CD8* and CD4* T cells, causing differentiation into effector T cells
(Bonifaz et al. 2002, 2004). They found OVA-conjugated DEC205 antibodies produced
much stronger immunity than soluble OVA at 1000-times higher doses. Prolonged
antigen presentation by MHC-I, but not by MHC-II molecules was also observed (Bonifaz
et al. 2004). Adjuvant administration in tandem with antigen-conjugated anti-DEC205
antibodies is necessary to induce a robust T cell immune response. In the absence of an
adjuvant, DEC205 on immature DCs are targeted leading to T-cell tolerance (Petzold et
al. 2012). A few hours after subcutaneous injection, antigens are detected at the surface
of CD8* DCs in both lymph nodes and spleens, causing systemic antigen presentation by
MHC-I and MHC-II molecules (Bonifaz et al. 2004).

There is also evidence that targeting DEC205 in humans, elicits a robust
activation of T cells. Ex vivo human monocyte-derived DCs (moDCs) stimulated with anti-
DEC205 antibodies conjugated to the human immunodeficiency virus (HIV) gag protein
p24 potently induce CD8* T-cell proliferation and interferon-y secretion (Bozzacco et al.
2007). Additionally, when incubated with moDCs, anti-DEC205 single-chain fragment
fused to melanoma-associated antigen 3 (MAGEA3) caused increased secretion of IL-2
by antigen-specific CD4* T cells compared with antigen-electroporated or peptide-
pulsed moDCs (Birkholz et al. 2010). In contrast to NY-ESO-1 antigen alone, NY-ESO-1
conjugated anti-DEC205 antibodies promote CD8* T cell activation (Tsuji et al. 2011).
Moreover, the first phase | clinical trial of a protein vaccine targeting DCs, showed
treatment of cancer patients with cutaneously administered NY-ESO-1 fused to anti-
DEC205 with resiquimod and/or poly-ICLC induced antigen-specific antibodies and T
cells, leading to a partial clinical response without toxicity (Dhodapkar et al. 2014).

A number of antigens have also been targeted to DEC205 using single-chain

variable fragments (scFv) derived from antibodies. Demangel et al. demonstrated the
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enhanced generation of effector Tyl cells specific for Ag85B (a Mycobacterium
tuberculosis antigen) by pDNA vaccination of the antigen fused to the DEC205-scFv
(Demangel et al. 2005). Another DNA vaccine, encoding the heavy-chain domain of
Botulinum neurotoxin serotype A fused to an anti-DEC205 scFv generated stronger
humoral and T cell proliferative responses (Chen et al. 2017b). Another fusion, targeting
the Toxoplasma gondii surface antigen SAG1 to DEC205 improved local and systemic
humoral and cellular immune responses (Lakhrif et al. 2018). Recently, Ngu et al found
that DC targeting of ovalbumin (OVA) antigen using recombinant DEC205 specific scFv-
OVA induced a much higher antigen uptake and presentation to both CD8* and CD4* T
cells compared to soluble OVA. They also found that vaccinating with DEC205 specific
scFv-gag with poly ICLC, they induced strong and long-lasting specific CD4* T cells against
HIV-gag p24 (Ngu et al. 2019).

Single-chain variable fragments (scFv) are derived from the variable region of IgG
antibodies. Antibodies are used for tumour targeting and immune checkpoint targeting
cancer therapies. However, they are not limited to this indication alone. Numerous
mAbs are approved for multiple disease indications, such as autoimmune and
cardiovascular diseases to name a couple. Not only are they used therapeutically, but
they are also valuable research tools due to their specificity and diversity. The structure
of an antibody is modular in nature, as shown in figure 8. The variable region is made up
of fragments of the variable light chain and the variable heavy chain regions. A flexible
glycine- and serine-rich linker can be used to link these two domains to create a scFv.
The variable region is important because the antigen-binding specificity of an antibody
is located here. There are three complimentary-determining regions (CDRs) in each VL
and VH domain. The sequence variability in these regions allows diverse binding

specificities (Holliger and Hudson 2005).
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Heavy chain Light chain

scFv

Figure 8: Classical antibody structure and scFv structure. Antibody tools and therapeutic entities are generally based
on immunoglobulin G (IgG). A classical antibody consists of two heavy and two light chains, held together by disulphide
bonds, in a “Y” structure. The variable regions are responsible for the creation of the binding regions. The single-chain
variable fragment (scFv) is made up of the variable heavy chain domain linked to the variable light chain domain.
Image adapted from Rodrigo et al. 2015 (Rodrigo et al. 2015)

Bird et al. first described the scFv in 1988 (Bird et al. 1988). These fragments
have since gained popularity as a tool and well as a therapeutic entity for many reasons.
Firstly, their small size of approximately 25 kDa makes them a better candidate for
production in microbial systems in contrast to full-size antibodies (Holliger and Hudson
2005). Secondly, placing the VH and VL regions on a single chain allows the scFv to be
expressed from a single transcript, conversely to the required expression of both the
heavy and light chains of antibodies, usually in mammalian expression systems. Thirdly,
they generally have better tissue penetration that full antibodies. Finally, not only are
they used in many chimeric formats, but they are the binding module of CAR-T cells. For
example, the CD19 binding specificity of Kymriah and Yescarta is due to the chimeric
antigen receptor containing an anti-CD19 scFv (Makita et al. 2017).

Importantly, E. coli has been used for the production of soluble scFv (Miller et al.
2005; Gaciarz et al. 2016). As well as E.coli surface display of scFv for screening antibody
libraries (Francisco et al. 1993; Daugherty et al. 1999). There is also evidence that some
scFvs can be enriched in OMVs when fused to pore-forming toxin ClyA or lipoprotein
SlyB (Kim et al. 2008b; Chen et al. 2017a). Specifically, fusion of a digoxin specific scFv
to ClyA allowed functional display of the scFv on the OMV surface (Kim et al. 2008b).

Considering these pieces of evidence, | believed there is potential for the expression of

44



scFv on the surface of our OMVs. In fact, in our laboratory we successfully engineered
OMVs with carrier proteins to allow the expression of polypeptide antigens (Grandi et
al. 2017, 2018)

With the aim of developing a novel carrier enabling OMV surface expression of
scFvs, | studied a number of strategies for scFv expression in OMVs. | investigated the
expression of anti-DEC205 scFv to enable targeting of OMVs to the DEC205 receptor
with the final aim of improving OMV delivery of antigens to DC and antigen cross-

presentation, thus improving vaccine efficiency.
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2.2. Results

2.2.1. The hunt for a novel carrier of scFv for surface expression in OMVs

The aim of this part of my PhD project was engineer OMVs with DEC205 scFv.
This required the fusion of the scFv to a carrier protein in order to allow expression of
the scFv on the surface of our bacterial OMVs. This challenge requires the fusion protein
to cross the inner membrane, attach to the outer membrane, and be surface exposed,
rather than facing into the periplasm. Subsequently, the scFv must also be present on
the shed OMV surface. For the development of the scFv fusion proteins, extensive
cloning, using techniques such as the polymerase incomplete primer extension (PIPE)
method were employed. The characterisation was analysed by assessing protein
expression in bacteria lysates and OMVs using SDS-PAGE.

The anti-mouse DEC205 scFv sequence was taken from antibody NLDC-145
(Inaba et al. 1995; Demangel et al. 2005). The scFv was cloned using a DNA string that
was codon optimised for expression in E. coli. The amino acid sequence of the VH and
VL were linked together with a 15-residue standard linker (GaS)s (Huston et al. 1988).
The expression of the scFv fusion protein was verified by SDS-PAGE analysis of whole
bacteria cells and OMVs.

In addition to the challenge of crossing the inner membrane and periplasm of
gram-negative bacteria to be enriched in OMVs. The expression of scFv in OMVs is
complex because scFv are themselves a truncated fusion protein of a mammalian
antibody. Therefore, scFvs do not occur in nature and are not naturally expressed in
bacteria. It is well known that scFv can be expressed in E.coli in soluble form (Miller et
al. 2005; Kim et al. 2008a; Wang et al. 2013; Vaks and Benhar 2014; Gaciarz et al. 2016).
There are also examples of scFv expression and anchoring on the E. coli surface
(Francisco et al. 1993; Velga et al. 1999; Daugherty et al. 1999). Yet, there is only one
example of scFv surface expression in OMVs, using the E. coli cytotoxin ClyA (Kim et al.

2008b).
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Figure 9: Schematic representation of plasmids contain fusion constructs and fusion protein structure. A, shows the
Lpp leader sequence (LSLpp) and the first amino acid of Ipp (Lpp1) fused to the scFv for anti-mouse DEC205. B, shows
the ompA leader sequence (LSompA) fused to the scFv sequence in the position of the passenger domain, fused to the
autochaperone region and 8-barrel, pet* protein. C, Depicts the LSLpp, fused to the first 9 amino acids of Lpp, then
truncated ompA (TompA), containing transmembrane regions 3-7, fused to the scFv. D, Shows the Lpp leader sequence
and first amino acid (allowing lipidation), fused to FhuD2, then the scFv.

Initially, four distinct methods for cloning and expression of the scFv in OMVs
were attempted, as described below. The fusion protein expression was analysed as
follows: the BL21(DE3)AompA strains containing each single fusion construct were
grown at 30°C to an ODggp of 0.4-0.6. The expression of the fusion proteins was induced

by addition of 0.1 mM of isopropyl-B-D-1-thiogalactopyranoside (IPTG). At harvest, 1 ml
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of cells were collected for lysate analysis, the rest were pelleted and OMVs purified as
specified in materials and methods section. Finally, to assess the presence of the fusion
proteins, lysates were separated by SDS-PAGE. When the fusion protein was present in

the lysates, the OMVs were also analysed by SDS-PAGE.
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Figure 10: SDS-PAGE of lysates and OMVs from BL21(DE3)AompA expressing with fusion proteins. A, Shows SDS-
PAGE of lysates from BL21(DE3)AompA-Ipp-scFv. The first lane show the separation of lysates from bacteria with
expression induced (I). The second lane is the control, containing lysates from the same strain with the Ipp-scFv
construct not induced (N). The induced sample lane shows a band at 27kDa, corresponding to the size of the Ipp-scFv
fusion protein, it is not present in the not induced sample. B, Lysates from BL21(DE3)AompA-scFv-pet*, with expression
induced (1) and not induced (N), no band observed at the expected molecular weight of 80 kDa. C, Lysates from
BL21(DE3)AompA-Ipp-TompA-scFv, with expression induced (1) and not induced (N), induced lane shows band at 41
kDa, corresponding to the size of the Ipp-TompA-scFv fusion protein. D, Lysates from BL21(DE3)AompA-FhuD2-scFv,
with expression induced (I) and not induced (N) induced lane shows a band at 59 kDa, corresponding to the size of the
FhuD2-scFv fusion protein. E, SDS-PAGE of lysates and OMVs from BL21(DE3)AompA-Ipp-scFv, OMV @ denote empty
OMVs (with a pET plasmid, without an engineered fusion protein construct), OMV FP is the lane with OMV's induced
to express the fusion protein (FP). Again a band is observed in the induced bacteria lysates, but it is not enriched in
OMVs. F, Lysate and OMVs from Ipp-TompA-scFv, again induced lysate confirms expression of Ipp-TompA-scFv in
whole bacteria, but there is no corresponding band in the OMVs. G, Induced bacteria show a band in the lysates, there
is a band in the corresponding OMVs with the same molecular weight, showing FhuD2 is expressed in OMVs.
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The first approach involved lipidation of the scFv by fusion to the lpp leader
sequence and the cysteine residue of the lipobox (Cowles et al. 2011), plasmid map and
schematic structure are shown in figure 9A. We have already shown that this is an
effective method for delivery of heterologous bacterial proteins to the outer membrane
and that some of these lipidated proteins have good OMV surface expression (Fantappie
et al. 2017; Irene et al. 2019). Using this method for this scFv fusion | was able to express
the lipidated scFv in BL21(DE3)AompA bacteria. Figure 10A shows the expression of Ipp-
scFv in the bacteria lysates, with a thick band at 27 kDa, corresponding to the molecular
weight of the Ipp-scFv fusion protein, not present in the control lane (N). However, | did
not observe enrichment of Ipp-scFv in OMVs from the same strain, as shown in figure
10E. Though there seems to be a faint band in OMVs, it is also present in all control
empty OMVs.

The second method involved the fusion of the scFv to the B-barrel
autotransporter protein, demonstrated for use in the extracellular expression of
recombinant proteins (Sevastsyanovich et al. 2012). | used pet carrying a mutation at
position 1081 (pet*) preventing cleavage of the passenger protein. The pet* B-barrel
autotransporter contains an autochaperone region required to transport the fused
protein though the pore created by the B-barrel and to the cell surface. This method
involved N-terminal, rather than C-terminal, fusion of the scFv to the autochaperone
region. This fusion protein has an estimated molecular weight of 80 kDa. It involved the
scFv being transported through the pore to allow surface exposition (see figure 9B).
Though | was able to express the pet* alone in bacteria (data not shown), | did not
observe expression of the scFv-pet* fusion protein in our BL21(DE3)AompA strain, as
shown in figure 10B.

The third method involved the use of a truncated ompA fusion protein,
commonly used for E. coli surface display and affinity maturation of scFv antibody
libraries. The fusion protein was designed according to lpp’ompAase159 described by
Stathopoulos et al (Stathopoulos et al. 1996), where the lipobox and first 9 amino acids
of lpp were fused to a truncated ompAuss.159 then fused to the scFv, with expected
molecular weight 41 kDa (Figure 9C). The truncated ompAas-159 codes for the expression
of transmembrane domains 3, 4, 5, 6 and 7, leaving out 1, 2 and 8. This fusion protein

has been shown to display scFv on the E. coli cell surface (Francisco et al. 1993). While |
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detected expression in the BL21(DE3)AompA lysates, it was not enriched in OMVs, see
figure 10C & 10F.

Finally, FhuD2, a ferrichrome-binding protein native to Staphylococcus aureus,
was used for scFv fusion (Figure 9D). In our laboratory, we have already demonstrated
that lipidated FhuD2 compartmentalises in OMV with high efficiency and is also surface
exposed (Irene et al. 2019). We have also successfully engineered OMVs using lipidated
FhuD?2 as a carrier for a polypeptide B cell epitope. Demonstrating that FhuD2 is a good
OMV surface carrier for polypeptides (Grandi et al. 2018). When the lipidated FhuD2
was used as a carrier and fused with the scFv, a good expression level was achieved both
in BL21(DE3)AompA whole bacteria and also enriched in OMVs from this strain, as
demonstrated by bands corresponding to FhuD2-scFv at 59 kDa in figures 10D & 10G.
The expression of the FhuD2-scFv fusion in BL21(DE3)AompA derived OMVs was

confirmed by western blot analysis using anti-FhuD2 antibodies as shown in figure 11A.

2.2.2. Expression of FhuD2-scFv-amDEC205 in BL21(DE3)A60 derived OMVs

Our laboratory recently produced a novel bacterial strain, named BL21(DE3)A60,
for the production of OMVs for use as a vaccine platform. This novel strain has an
improved OMV production capacity over BL21(DE3)AompA and importantly, improved
cell surface expression of heterologous antigens. Therefore, | decided to investigate
whether | could improve the expression of the FhuD2-scFv fusion protein in OMVs by
using this strain.

| transformed the FhuD2-amDEC205 fusion plasmid to the new strain and
produced OMVs (see materials and methods). | then analysed the FhuD2-amDEC205
fusion protein expression in OMVs. First by SDS-PAGE as in figure 11B, then by western
blot using the anti-FhuD2 antibody (Figure 11C).
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Figure 11: The expression of FhuD2 in OMVs. A, Western blot confirming expression of the FhuD2-amDEC205 in OMV's
derived from the BL21 (DE3)AompaA strain. B, SDS-PAGE comparing the expression of the FhuD2-scFv fusion protein in
BL21 (DE3)AompA and BL21 (DE3)A60 derived OMVs. C, Western blot confirming the expression of FhuD2-amDEC205
fusion in both OMVSsaompa and OMVse0. These data show that the FhuD2-amDEC205 fusion protein is better expressed
in the OMVsag0 compared with the OMVSompa.

2.1.2.1. OMV membrane localisation of FhuD2-scFv-amDEC205 in OMVsago

To analyse the fusion protein localisation in OMV | performed a phase
partitioning experiment. OMVs were solubilised in a 1% solution of Triton X-114, a non-
ionic detergent, in order to separate the membranous “hydrophobic” phase from the
aqueous “hydrophilic” phase. Once the detergent phase and the aqueous phase were
divided, they were analysed by SDS-PAGE and subsequent western blotting using anti-

FhuD2 for FnuD2-amDEC205 detection (Figure 12).
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Figure 12: Western blot of triton X-114 — phase partitioned OMVs. After solubilisation in Triton X-114, the OMV
contents and membrane divide into either the detergent phase (membranous/lipid phase) or the aqueous phase. Each
phase is run on SDS-PAGE alongside the total (non-partitioned) OMV control. Western blot using the anti-FhuD2
antibody detection shows that the FhuD2-amDEC205 fusion protein is detected in the detergent phase showing it is

membrane-bound.
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The fusion proteins co-localised in the detergent phase demonstrating that it is
present in the membrane of OMVs. Whereas co-localisation to the aqueous phase would
demonstrate presence in the OMV lumen. The use of OMVs derived from BL21(DE3)A60
means that luminal proteins such as MBP have been deleted. We usually use MBP as a
control for the presence of proteins in the aqueous phase. Since | could not use our MBP
control for the aqueous phase, | simply checked the protein gel using UV-trans
luminescence prior to western blotting, | observed the presence of some proteins in the
aqueous phase, but no band corresponding to the fusion protein. This confirmed that

the fusion protein is not expressed in the lumen.

2.1.2.2. Cell surface expression of FhuD2-scFv-amDEC205 is greatly improved in the
BL21(DE3)A60 strain

Flow cytometry of bacteria expressing FhuD2-amDEC205 was used to analyse
the cell surface expression of the FhuD2-amDEC205 fusion protein in both
BL21(DE3)AompA and BL21(DE3)A60 strains. The surface expression on BL21(DE3)A60
bacteria is greatly improved over BL21(DE3)AompA FhuD2-amDEC205 expression, as
seen across separate experiments. Bacteria were grown at 37°C, 200 rpm and induced
(or not induced) with 0.1 mM IPTG when ODggo reached 0.4-0.6. They were harvested 2
hours after induction for staining. Cell stained with anti-FhuD2 as specified in material
and methods, and analysed by flow cytometry. Cells positive for the FhuD2-amDEC205

fusion were detected in the FITC channel.
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Figure 13: FhuD2-scFv is surface exposed in bacteria. Flow cytometry analysis of BL21(DE3)AompA and BL21(DE3)A60
with and without induced expression of the FhuD2-amDEC205 fusion protein. All cells were stained with anti-FhuD2
and secondary antibody anti-rabbit Alexa Fluor-488. The non-induced stained shows non-specific binding of the
antibodies. The binding on induced cells shows the specific binding to FhuD2-amDEC205.

In figure 13 we observe that on BL21(DE3)AompA FhuD2-amDEC205 induced
cells, | detected an increase of 10% in the population of cells positive for the fusion
protein. When expression was induced in BL21(DE3)A60, there was 63% positive
population staining for surface expression of the fusion protein. Given the surface
expression on whole bacterial cells, | hypothesised that the fusion protein would also be

surface exposed at the membrane of OMVs.

2.2.3. FhuD2 as a carrier for other scFv

To investigate whether FhuD2 could support the expression and surface
localisation of other scFvs, two more scFv were cloned into the FhuD2 containing
plasmid for expression of FhuD2-scFv fusions. The scFv named aHELD1.3 is a sequence
derived from the antibody HELD1.3 (Ward et al. 1989; Souchon et al. 1990; Boulot et al.
1990), it is specific for hen egg lysozyme and thus can be used as a negative control. The
other scFv is derived from the antibody FGK45 and is specific for mCD40 (Rolink et al.
1996; Szekeres et al. 2011).
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Figure 14: The expression and membrane localisation of three different FhuD2-scFv in OMVs. A, SDS-PAGE
confirming expression of all three FhuD2-scFvs in OMVs derived from the BL21(DE3)A60 strain. B, Western blot of
phase partitioned OMVs confirming the expression of each FhuD2-scFv fusion protein in the OMV membrane. Ctrl,
OMVs not partitioned. Aq, protein from the aqueous phase. Det, proteins from the detergent (membranous) phase.

| analysed the expression of the FhuD2-scFv fusion proteins in OMVs by SDS-
PAGE (see Figure 14A). Bands at approximately 60 kDa correlate to expression of the
FhuD2-scFv fusion protein expression. All three sets of OMVs expressing each FhuD2-
scFv fusion protein were subsequently phase partitioned in order to assess the
membrane localisation of the fusion protein. By western blot | demonstrated the
colocalisation of the fusion proteins in the OMV membrane, represented by the

detergent phase (Figure 14B).
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Figure 15: All three FhuD2-scFvs are surface exposed in bacteria. Flow cytometry analysis of BL21(DE3)A60 empty,
BL21(DE3)A60-FhuD2-amDEC205, BL21(DE3)A60-FhuD2-aHELD1.3 and BL21(DE3)A60-FhuD2-amCD40 with induced
expression of the fusion proteins. All cells were stained with anti-FhuD2 and secondary antibody anti-rabbit Alexa
Fluor-488. The dot plots show specific binding to FhuD2-scFvs and no binding in the empty control. The histogram
beneath each dot plot represent the same data, but show more clearly a double population.

Flow cytometry analysis of whole bacteria confirmed the surface expression of
the FhuD2-scFv proteins in the BL21(DE3)A60 strain. Using the same method as in figure
13, | observed that there was a positive population staining of 74.2%, 60.6 % and 48.5 %
for FhuD2-amDEC205, FhuD2-aHELD1.3 and FhuD2-amCD40 fusion protein respectfully
(Figure 15). This confirmed the cell surface exposure of the new scFv is similar to that of

FhuD2-amDEC205.

2.2.4. Internalisation of mDEC205 targeting OMVs

In order to understand whether the OMVs expressing amDEC205 scFv are able
to bind mDEC205, and thus internalise differently to non-targeting OMVs, | studied their
internalisation on mouse dendritic cell line JAWSII. The JAWSII cell line is well
characterised and known for its expression of mDEC205 (Jorgensen et al. 2002; Jiang et
al. 2008; Zapala et al. 2011). The cells were seeded at 3 x 10 cells in 100 pl, in a 96-well
optical plate for microscopy. The next day | incubated 10 pg/ml of OMVs from
BL21(DE3)A60-FhuD2-amDEC205 and BL21(DE3)A60-FhuD2-aHELD1.3 with these cells
for 2, 30, 90 and 180 minutes. Subsequently, | fixed and permeabilised the cells, stained
for OMVs using an anti-LPS antibody and detected with an AlexFlour-488 conjugated
secondary antibody. The cells were finally stained with a cell mask (deep red) and

hoechst. Using spinning disk confocal microscopy | analysed images of the cells.
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Figure 16: Images of JAWSII cells with internal OMVs. Cells are stained red, nuclei blue and OMVs green. There is
punctate staining of the vesicles throughout each time-point. Here | show a representation of just one field of view
for each OMV and time-point. However, there is an average of three fields of view per group.
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Figure 16, shows an example of one field of view at each time point. | confirmed the
presence of both OMVs inside the cells across different time-points. | analysed the
images collected using Imagel, in order to obtain a count of the number of OMVs per
cell in each time-point for both the mDEC205 targeting OMVs and the control OMVs (see
materials and methods). The graph in figure 17 shows the number of vesicles per cell,
for each cell analysed in each group. Here we see that the results are similar for both
type of OMV with one exception. At T=30 minutes there is a mean of 153 mDEC205-
targeting OMVs per cell. Whereas at other time-points in cells with both mDEC205
targeting and non-targeting OMVs there is a mean of approximately 90-100 OMVs per
cell. This is the only statistically significant difference in OMV internalisation in the cells.
The groups were compared using the Kruskal-Wallis test, which demonstrates the
reliability of the data and differences are not due to random sampling. The post-test
Dunn’s multiple comparison test, was used to analyse specific pairs as summarised in
Table 3. These analyses seem to confirm that after a 30-minute incubation with OMVs
targeting mDEC205, more of these OMVs are internalised by the cells than non-targeting
OMVs at the same time-point. However, the difference is marginal, and disappears

when longer incubations are used.
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Figure 17: Scatter plot of the number of internalised OMVs per cell. The x-axis show the number of OMVs per cell,
each dot represent a cell. The y-axis shows the incubation time with the OMVs. Blue dots represent cells incubated
with OMVs derived from BL21(DE3)A60-FhuD2-amDEC205 and red dots represent cells incubated with OMV's derived
from BL21(DE3)A60-FhuD2-aHELD1.3 (negative control OMVs).
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Table 3: Statistical significance analysis of internalisation

Kruskal-Wallis test

P value <0.0001

Exact or approximate P value? Gaussian Approximation

P value summary HAx

Do the medians vary significantly Yes

(P <0.05)?

Number of groups 9

Kruskal-Wallis statistic (H value) 118.3

Dunn's Multiple Comparison Test Difference in rank Significant? (P < Summary
sum 0.05)

Comparison of OMV internalisation at matched time-points

T=2vsT=2 -72.81 No ns

T=30 vs T=30 124.7 Yes * ok

T=90 vs T=90 -71.11 No ns

T=180 vs T=180 -73.51 No ns

Comparison over time for OMVsaeo-FhuD2-amDEC205

T=2 vs T=30 -150.2 Yes HA
T=30vs T=90 194.2 Yes *EK
T=90 vs T=180 -57.81 No ns
T=2 vs T=180 -13.76 No ns

Comparison over time for OMVsaeo-FhuD2-aHELD1.3

T=2vs T=30 47.4 No ns
T=30vs T=90 -1.659 No ns
T=90 vs T=180 -60.2 No ns
T=2 vs T=180 -14.46 No ns

2.2.5. Analysis of DC biomarker expression

In order to assess whether the short-term increase in OMV internalisation by DCs
could lead to an enhanced activation of the cells, | analysed the DC biomarker expression
of the cells after incubation with the OMVs. The JAWSII cells were incubated with 25
ug/ml of mMDEC205-targeting OMVs, non-targeting OMVs or PBS, for 72 hours. The OVA
peptide SIINFELK or PBS control was added for the last 2 hours at 100 nM. Then cells
harvested and Fcy receptor blocked using Fc Block, prior to subsequent staining for the
following biomarkers; CD80, CD86, MHC-Il and MHC-I-OVA (MHC-I with the OVA
(SIINFEKL) peptide in the binding groove).
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Figure 18: expression of DC biomarkers in JAWSII cells incubated with OMVs. Each panel contains a bar graph
representing the flog change in GeoMean fluorescence corresponding to marker expression, with the colour matched
histogram representation of the fluorescence. In all representations Red is the isotype control, Blue, PBS control,
Orange, OMVs derived from BL21(DE3)A60, green OMVs from BL21(DE3)A60-FhuD2-amDEC205. Panel A, shows CD80
expression. B, CD86 expression. C, MHC-Il expression. D, OVA bound MHC-I expression, only measurable when the OVA
peptide SIINFEKL is added to the culture.

| observed increased expression of CD86, MHC-Il and MHC-I-OVA when the cell
were incubated with OMVs compared to PBS. | did not observe an upregulation of CD80
over that of the PBS group, but | note that mouse GM-CSF was present in the media in
all conditions at 5 ng/ml. However, there was not difference between expressions of
these biomarkers when the cells were incubated with mDEC205-targeting OMV

compared to non-targeting OMVs.
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2.3. Discussion

The goal of this investigation was to identify a novel carrier which enables the
expression of scFvs on OMVs. Then subsequent targeting of those OMV to the DEC205
DC receptor. The data presented support the use of FhuD2 as a carrier for expression of
scFv in OMVs. They also demonstrate targeting of the OMVs to mDEC205 by fusion of a
scFv specific for mDEC205. However, the functionality of the OMVs to DEC205 needs to
be further explored.

| demonstrated that lipidated FhuD2 can be used as a carrier for large proteins,
not just polypeptides. | showed FhuD2 enables the expression of a scFv on OMVs. In
gram-negative bacteria surface exposition of heterologous proteins has generally been
achieved using various carrier proteins fused to the protein of interest. Carrier proteins
are often autotransporters or truncated forms of integral outer membrane proteins
such as ompA. The efficiency with which the carrier protein can deliver the protein of
interest to the bacterial surface varies greatly depending on the protein of interest. | had
additional challenges being that the protein of interest a scFv, which has a globular
protein structure not found in bacteria. Additionally, | needed it to be enriched in OMVs
rather than whole bacteria. FhuD2 allows the use of lipoprotein transport machinery for
delivery of fusion proteins to the surface of bacteria. In general, lipoproteins have a
precursor consisting of an N-terminal leader sequence (LS) carrying a cysteine-
containing lipobox. After transport through the inner membrane, the cysteine is
diacylated. The protein is then cleaved upstream of the diacylated cysteine. In Gram-
negative bacteria, the free NH; group of the cysteine receives another acyl group and
the triacylated lipoprotein transported to the outer membrane by the Lol transport
machinery (Narita and Tokuda 2017). However, the mechanism for the transport of
lipidated FhuD2 in E. coli has not been elucidated, but it is like that the lipidation and
natural location of FhuD2 on the surface of Staphylococcus aureus (Mishra et al. 2012)
play a key role in translocation to the outer membrane.

Firstly, | showed that expression of scFv in OMVs is possible with the FhuD2
carrier protein (Figures 10, 11 and 14). Meaning that with the right carrier scFv can be
translocated across the inner membrane of the bacteria, for subsequent enrichment in
OMVs. | show that the FhuD2-scFv fusions can co-localise to the outer membrane, and

is present at the OMV membrane (Figures 12 and 14B). On bacteria, the FhuD2-scFv
60



fusion protein is surface exposed, as demonstrated by detection of the fusion protein
by flow cytometry (Figures 13 15). The surface exposition of the fusion protein was
improved by expression in our novel BL21(DE3)A60 strain derived OMVs (Figure 13).
Since we know that the FhuD2 is on the membrane of OMVs, and that is it surface
exposed in E. coli, | hypothesised that the scFv is also surface exposed on the outer
membrane in OMVs. However, this should be confirmed. Unfortunately, | did not have
a scFv-specific antibody to follow its localisation. Such antibodies could be conveniently
used for flow cytometry as well as in immune-electron microscopy on both whole cells
and purified OMVs.

While we know that NLDC-145 is an antibody specific for mDEC205 and that
scFvs derived from this antibody have been shown to bind mDEC205 (Demangel et al.
2005), | am lacking specific binding data for our FhuD2-amDEC205 fusion. The fact that
| observed a marginal increment in OMV internalisation by the mouse dendritic cell line
JAWSII seems to suggest that the scFv does bind mDEC205. However, further
investigation is needed.

The possible differential internalisation of OMVs due to mDEC205 did not lead
to increased DC biomarker expression on JAWSII cells compared to the biomarker
expression on cells incubated with non-targeting OMV. CD86 and MHC class Il molecules
were upregulated in cell incubated with OMVs. However, OMVs that express the FhuD2-
amDEC205 fusion protein did not elicit and increased expression of MHC I-OVA over
“naked” OMVs. This may be due to the fact that OMVs efficiently bind host cells in vitro
(O’Donoghue and Krachler 2016) and their stimulatory molecules already saturate their
activation. Such situation might be different in vivo where the presence of DCs is limiting.
In this case, a better avidity of OMVs to DC receptors might play an important role in DC

activation. However, further investigation is needed along this line.
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Chapter 3: Antigen processing and presentation

3.1. Introduction

For an effective immune response dendritic cells must process and present
exogenous antigens on MHC | molecules, a process known as cross-presentation. The
efficiency of CD8* T cell priming by cross-presenting DCs is dependent on both the level
of DC maturation and the amount of antigen peptide bound MHC | complexes on the DC
surface. Cross-presentation isimportant for inducing T cell responses specific for tumour
antigens. However, the mechanism of cross-presentation is still not fully understood.
Broadly, two main pathways for antigen cross-presentation in DCs are considered: the

cytosolic pathway and the vacuolar pathway (Figure 19).
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Figure 19: Antigen cross-presentation by dendritic cells. After phagocytosis, exogenous antigens may enter the
cytosolic or vacuolar pathway. In the cytosolic pathway, antigens are processed by proteasomal degradation. The
processed antigen-derived peptides are transported back into the phagosome (soluble and particular antigens) or into
the ER (particular antigens) via TAP. There, they are further trimmed by IRAP or ERAP and loaded onto MHC I. The
SEC22B, which localises in the ER—Golgi intermediate compartment (ERGIC) and interacts with syntaxin 4 on
phagosomes, mediates the recruitment of cross-presentation machinery towards phagosomes. Alternatively, in the
vacuolar pathway, exogenous antigens are degraded in endosomes by Cathepsin S (Cat S) and loaded onto MHC |
molecules. Image adapted from Joffre et al. 2012 (Joffre et al. 2012)
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In order to explore whether OMVaso adjuvanticity can confer a specific CD8* T
cell response to peptide epitopes with which they are decorated we investigated two
CD8* T cell-specific model antigen epitopes: SV40 IVa0s-211 C411L, with peptide sequence
VVYDFLKL, and OVA2s7-264, With sequence SIINFEKL.

SV40 IV is an MHC | H2-KP restricted epitope derived from the Simian Virus 40
(Sv40) large tumour antigen (Tanaka and Tevethia 1988; Mylin et al. 1995). It is an
immunodominant epitope able to induce a CD8* T cell-specific response. The C411L
mutation is used to avoid the problematic cysteine oxidation of peptides, this mutated
epitope is also more efficiently recognised than the wild-type epitope (Mylin et al. 2000).
It is a commonly used tool to study T cell responses using the C57BL6 mouse model.
From here on the SV40 IV epitope will be referred to as simply SV40.

OVA3s7-264 is @ CD8" specific peptide from the chicken ovalbumin protein, known
to be highly immunogenic in C57BL6 mice (Moore et al. 1988; Rotzschke et al. 1991). It
is also specific for the MHC | H2-K® allotype expressed by these mice and has been used
extensively both in vitro and in vivo for T cell analysis (Lipford et al. 1993). Therefore, it
is a well-defined tool for studying T cell responses. In addition, there is a well-known
murine syngeneic tumour model, using the C57BL6 mice with the B16F10-OVA
melanoma cell line, stably transfected to express chicken ovalbumin. Meaning that we
can use this model in our OMV tumour protection experiments if and when required.
From here on OVA;s7-26a will be referred to simply as OVA. Using these model antigen
epitopes as tools we systematically analysed the CD8*T cell response induced by our
OMVs.

As previously stated, OVA is a well-studied model epitope therefore studies
regarding peptide length are already published. One study clearly demonstrates that the
short synthetic peptide SIINFEKL is rapidly presented to CD8* T cells causing a strong
activation. Whereas the wuse of a 24 amino acid long peptide
DEVSGLEQLESIINFEKLAAAAAK resulted in a lower potency of CD8* T cell stimulation. The
addition of proteasome inhibitor epoxomicin caused a loss of MHC-I presentation,
showing that intracellular processing of the long peptide is proteasome dependent.
When TAP was knocked-out of DCs, they also became deficient at activated CD8* T cells

(Rosalia et al. 2013). However, targeting the long peptide to DCs by conjugation to TLR-
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ligands helped overcome the peptide processing barrier and enhanced antigen uptake
(Khan et al. 2007). Currently, many systems for peptide delivery have been studied in
order to overcome lack of synthetic peptide potency (He et al. 2018). Here we
demonstrate how OMVs are a great delivery vehicle for peptides using model antigen
epitopes OVA and SV40, because of their adjuvanticity and investigate the formulation

of peptide antigens with OMVs.
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Figure 20: T cell activation and tumour growth inhibition with OMVsaompa. A. C57BL6 mice were injected
subcutaneously on day 0 and day 7, with 10 ug OMVSaompa 0r 10 ug OMVSpompa With 50 ug OVA peptide. On day 12
splenocytes prepared and stimulated with either 5ug/ml of OVA peptide or 5 ug/ml of negative control peptide. The
percentage of CD8* T cells also positive for IFNy was analysed by flow cytometry. B. C57BL6 mice were implanted with
B16-OVA melanoma cells on day 0. Mice were vaccinated on day 1, 4, 8, 11 and 15 with 10 ug OMVSaompa or 10 ug
OMVS0mpa With 100 ug OVA peptide. Tumour growth was monitored from day 8.

In our laboratory, we have already proven that OMVsaompa decorated with OVA
can be used to immunise mice and elicit a CD8* T cell response (Figure 20A). Vaccination
with this treatment can also confer anti-tumour protection in the B16-OVA melanoma
in a syngeneic C57BL6 mouse model. On day 0, the mice were injected with B16-OVA
tumour cells subcutaneously in one site, on the flank. On days 1, 4, 8, 11 and 15 mice
were vaccinated by subcutaneous injection of OMVs alone, or OMVs with the OVA
peptide adsorbed. Vaccination with OMVs + OVA peptide markedly reduced tumour
growth (Figure 20B).

OMVs have unique adjuvant properties because they carry a number of MAMPs.
The most notable of which is lipopolysaccharide (LPS), also referred to as endotoxin. LPS
is the ligand for the PRR toll-like receptor4 (TLR4) and is abundant on OMVs. It is this

TLR4 signalling, which greatly contributes to the adjuvanticity of OMVs. However, it is
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also responsible for the reactogenicity of OMVs, which must be limited for clinical use
to reduce adverse reactions such as inflammation, high fever and pain.

LPS consists of lipid A, core oligosaccharides and O-antigen chain. It is the Lipid
A that constitutes the binding moiety for TLR4 and is therefore responsible for LPS
activity on TLR4. Fortunately, there are a number of mutations in the LPS biosynthetic
pathway, which allow the removal of acyl chains from lipid A. While native lipid A is hexa-
acylated in different species including E. coli, the inactivation of acyltransferase genes
msbB and pagP results in the production of a penta-acylated lipid A moiety (Somerville
et al. 1996; Bishop et al. 2000). OMVs derived from BL21(DE3)A60, are not only OMV-
proteome minimised compared to BL21(DE3)AompA derived OMVS, but they also
contain the msbB/pagP gene deletions, resulting in the presence of penta-acylated lipid
A in their LPS (Figure 21). N. meningitidis serogroup B OMVs with penta-acylated LPS
have reduced reactogenicity similar to that of detergent treated OMVs such as Bexsero
(Zariri et al. 2016). Bexsero is an OMV-based meningitis B vaccine with both EMA and
FDA approval. Thus, it is used as a guideline for safety and toxicity of OMVs in the clinic.
OMVs derived from Shigella sonnei are also less reactogenic when LPS is penta-acyated
(Gerke et al. 2015). In addition, phase | clinical trials showed they are well tolerated and

have an acceptable safety profile in adults (Launay et al. 2019).
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Figure 21: schematic overviw of LPS and hexa-acylated or penta-acylated lipid A components. LPS is a large molecule
consisting of an O-antigen chain, polysacharide core and lipid A. Hexa-acylated Lipid A is the native form of the lipid.
Penta-acylated Lipid A occurs when msbB and PagP genes are deleted, creating a less reactogenic LPS.
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Several assays can be used to follow the adjuvanticity and reactogenicity of
OMVs. One of these involves studying the TLR4 agonistic activity using the HEK-Blue™
TLR4 cells. When these cells are stimulated with TLR4 agonists, TLR4 signalling occurs,
causing the activation of NFkB and subsequent nuclear signalling. In the case, these cells
contain and reporter gene encoding inducible secreted embryonic alkaline phosphatase
(SEAP). Stimulation of TLR4 activates NFkB, which induces the production of SEAP. The
agonistic activity of our OMVs has been tested using the HEK-Blue humanTLR4 (hTLR4).
We have previously shown that OMVsaeo were almost one order of magnitude less
agonistic than OMVsaompa at hTLR4 stimulation (Zanella et al. 2020).

OMVs confer good humoral immunity against various exogenous proteins
(Fantappie et al. 2014; Irene et al. 2019), as well as T cell responses (Grandi et al. 2017,
2018). Such responses are associated with the ability of OMVs to confer efficient
delivery of the target antigen to dendritic cells (DCs) and, in the case of T cell responses,
to cross-present the antigens to CD8* T cells. However, the optimal conditions for OMVs
to induce T cells remain to be fully elucidated and this has become the second objective

of my experimental work.

66



3.2. Results

3.2.1. OMVje0 adjuvanticity and reactogenicity

Before investigating the OMV-induced T cell responses we first analysed the
suitability of our OMVsaeo for vaccination. Hence, we analysed their adjuvanticity and
reactogenicity using cell-based assays. Having shown that we have good OMV activity
profile in the hTLR4 assay (Zanella et al. 2020), we investigated whether we also have a
good adjuvanticity and reactogenicity profile when we consider other PRRs. Though
TLR4 is the main receptor for inducing OMVs reactogenicity and adjuvanticity, it is not
the only one. TLR2 detects lipoproteins, which are also present in OMVs and is therefore
important the hTLR2 receptor response to our OMVs. Human reactogenicity and
adjuvanticity assays are important for clinical vaccine development. However, given that
we use syngeneic mouse models for the in vivo studies, | also investigated mouseTLR4
stimulation by OMVs. This helped us confirm that the results we observe in mice are
translatable to humans. The mTLR4 assay is also a HEK Blue™ TLR4 cell line experiment.
The mouse TLR4 cell line was made by co-transfection of mTLR4, MD-2 and CD14 co-
receptor genes, along with an inducible reporter gene secreted embryonic alkaline
phosphatase (SEAP). The reporter gene is under the control of an IFN-B minimal
promoter that is fused to five NFkB and AP-1 binding sites. Stimulation with a TLR4 ligand
activates NFkB and AP-1, inducing the production of SEAP. The supernatant containing
the SEAP was mixed with QUANTI-blue™ detection regent, which turns from pink to blue
in the presence of alkaline phosphatase. The absorbance at 655nm is proportional to
the mTLR4 activity. Whereas the hTLR2 assay is a HEK Blue™ TLR2 cell line experiment
uses the same HEK Blu e™ cells with co-transfection of the hTLR2 receptor gene and the
secreted embryonic alkaline phosphasate (SEAP) gene into HEK293 cells. The readout
and detection is the same as in the mTLR4 assay, absorbance at 655nm is proportional

to the hTLR2 activity.
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Figure 22: Mouse TLR4 and human TLR2 dose-response curves by OMV stimulation. OMVs, AompA OMVs (red) and
A60 OMVs (blue), derived from BL21(DE3)AompA and BL21(DE3)A60 strains respectively, were incubated with HEK-
Blue™ mTLR4/hTLR2 cells for 17 hours at 37°C. Along with negative control (endotoxin-free H,0) and positive
controls LPS or Pam3CSK4 both at 100 ng/ml. TLR stimulation was measured by incubation of the supernatant with
QUANTI-Blue™ and subsequent spectrophotometric analysis at Agss. The graphs are representative examples of
repeat experiments

In line with both data from the hTLR4 experiment, the mTLR4 experiments
showed that both OMVsae0 and OMVsaompa stimulate mTLR4. However, the OMVsaeo are
one log less potent than the OMVsaompa (Figure 22A). These data demonstrated that the
reactogenicity of the OMVs is reduced in the BL21(DE3)A60 derived OMVs compared to
the BL21(DE3)AompA derived ones. Yet the OMVspeo are still able to stimulate mTLR4,
showing they still have adjuvanticity. We also demonstrated that both OMVsaompa and

OMVsaeo stimulate hTLR2 with the same potency and efficacy (Figure 22B).
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Given the broad spectrum of PRRs present on antigen-presenting cells, other
receptors may also be involved in OMV adjuvanticity and reactogenicity. Therefore, we
used the THP-1 human monocyte cell line to assess these properties in an assay not
reliant on just one receptor target. In fact, THP-1 cells express TLR1, TLR2, TLR4, TLR5,
TLR6, TLR7, TLR8 and TLR9 (Ciabattini et al. 2006). They produce hIL-6, among other
cytokines, in response to stimuli.

First, the THP-1 cells were differentiated into macrophages by incubation with
phorbol 12-myristate 13-acetate (PMA). Once differentiated they were incubated with
increasing concentration of OMVs derived from either BL21(DE3)AompA or
BL21(DE3)A60. After a 24 hour incubation with OMVs, the supernatants were collected
and ELISA used to analyse the amount of hIL-6 released by the cells. With 10 ng/ml of
OMVspe0, there was no detectable hIL-6 released, whereas 10 ng/ml of OMVsaompa
stimulated the production of 45 ng/ml of hiL-6. However, OMVsaeo did stimulate hIL-6

release, though 3-log higher concentrations of OMVsaso than OMVsaompa Were required

(Figure 23).
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Figure 23: THP-1 cells stimulated with OMVs for IL-6 release dose-response curve. Differentiated THP-1 cells were
incubated with increasing concentrations of OMVs derived from BL21(DE3)AompA (red) and BL21(DE3)A60 (blue)
strains and the level of hiL-6 in the culture medium was measured by ELISA.

These data demonstrated that TLR4 response is probably the most important
PRR response to OMVs in THP-1 cells and that OMVsaeo are less potent than OMVsaompa,
therefore less reactogenic. However, they are equally efficacious and therefore should

maintain adjuvanticity.
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3.2.2. Immunogenicity of OMVsaeo adsorbed with MHC | specific peptide antigens

We know that OMVsaompa are able to elicit CD8* T cell responses to OVA when
decorated with the peptide (Tomasi 2018), but we want to know if OMVsaeo can elicit
the same CD8* T cell response. We performed a preliminary test to demonstrate that

like OMVsaompa, the OMVsaeo also elicit a good T cell response when decorated with OVA

(Figure 24A).
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Figure 24: Vaccination with OMVs plus OVA peptide elicits a CD8* T cell response. A, Preliminary test of
immunogenicity of OMVSaompa With 5ug OVA versus OMVs60 with 5 g OVA adsorbed. Splenocyte re-stimulation with
the OVA peptide or negative control peptide show that both OMVSompa and OMVs e induce an OVA-specific CD8* T
cell response. B, Vaccination schedule.

To analyse the CD8* T cell response to OMVs with peptide antigen adsorbed we
immunised mice following this vaccination schedule (Figure 24B). C57BL6 mice were
vaccinated subcutaneously with 10 pg of OMVs plus peptide on day 0 and day 7. On day
12, spleens were harvested for the splenocytes re-stimulation experiment. Spleens were
processed to obtain a single-cell suspension of splenocytes, which are mostly T cell, B
cells and some antigen-presenting cells. Splenocytes from each mouse were stimulated
with 5 ug/ml of OVA peptide or negative control peptide. If vaccination induced an OVA-
specific CD8* T cell immune response then the peptide would induce an antigen
recognition response, leading to activation of CD8" T cells, demonstrated by IFNy

release. The negative control peptide is not present in the vaccine formulation or native

to the mice, thus should result in no or minimal non-specific IFN-y release by T cells.
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We demonstrated that when the OVA peptide is adsorbed to OMVsaeo and used
to immunise mice, the mice develop an epitope-specific CD8" T cell response. To
establish the general applicability of OMVs for eliciting CD8* T cell responses, we
repeated the experiments using SV40 peptide. Moreover, we investigated the dose-
dependent stimulation of T cells. C57BL6 mice were vaccinated subcutaneously with 10
pug OMVsaeo plus 50, 5 or 0.5 ug of the peptide, on day 0 and day 7. On Day 12, Spleens
were harvested for the splenocyte restimulation experiment and active CD8* T cells

analysed (Figure 25).
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Figure 25: Percentage of epitope-specific CD8* IFNy* T cells induced by vaccination with OMVs + peptide epitope.
Mice were injected subcutaneously on day 0 and day 7. For the OVA titration treatment groups were 10 ug OMV + 50
ug OVA, 10 ug OMVs + 5 ug OVA or 10 ug OMV + 0.5 ug OVA. The SV40 titration groups followed the same pattern,
10 ug OMV plus 50, 5 or 0.5 ug SV40. B, Splenocytes harvested on day 12 were stimulated with either 5 ug/ml of the
vaccination peptide or 5 ug/ml of negative control peptide.

When splenocytes were re-stimulated with the peptide epitope used for
vaccination, the percentage of CD8* T cells expressing activation marker IFNy was
significantly increased over control peptide stimulation. The frequency of epitope-
specific CD8" T cells was remarkably elevated, particularly in the case of SV40. Indeed,
in our hands the observed frequencies were consistently higher than those we observed
using other adjuvant, such as Hiltonol (data not shown). Interestingly, 50 ug of the

peptide was the least effective dose for both epitopes, and based on these data we used

the 5 pg dose for the following experiments.
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3.2.3. Antigen peptide processing affects the elicitation of an antigen-specific T cell
response

Normally, antigen presentation on MHC | occurs when (1) antigens present in the
cytoplasm (either after internalisation from the outside the cell, or those synthesised
inside the cell) are processed into peptides by the immuno-proteasome, (2) the
peptides, transported into the ER through the TAP system, are trimmed down to the
exact length (8-10 amino acids), and (3) the peptides are loaded into the groove of the
MHC molecules. An alternative way for peptides to be presented on MHC | is that they
bind directly extracellularly, replacing peptides with less affinity/stability sitting in the
groove of surface-exposed MHC molecules. In the experiments described above, the
OVA and SV40 CD8* T cell epitopes, being the exact length to bind MHC |, could be
directly transferred from the OMV to MHC I, thus bypassing the digestion and TAP-
mediated transport steps. This could explain the remarkably high frequency of epitope-
specific T cells induced by OMV immunisation. Is the same frequency obtained if longer
peptides, containing the SV40 and OVA epitopes, are adsorbed to OMVs? To induce
epitope-specific T cells such peptides must be internalised and properly processed and

presented to MHC I

To address this question | designed the SV40 2X peptide which contained two
copies of the SV40 epitope, as well as a GG linker and short native flanking regions (see
Table 4). Flanking the epitope with two amino acids from the natural protein sequence
and using two glycine linkers has been shown to improve presentation (Rueda et al.
2004). We vaccinated C57BL6 mice according to the schedule given previously (Figure
24B) with peptides carrying one or two copies of SV40 epitope adsorbed to OMVsaeo
(see Table 4). To keep the same molar concentration of the epitope, mice were given
either 5 pg of SV40 1X or 7.41 pug SV40 2X in a 200 pl solution containing 10 pg of
OMVsae0. As shown in Figure 26, both peptide configurations induced high frequencies
of epitope-specific T cell responses and using an unpaired T-test no statistical difference
between the two vaccinations were observed. This strongly suggests that, under the

condition used, the long SV40 peptide adsorbed to OMVs could efficiently be
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internalised by APCs and processed to give the 8-amino acid SV40 epitope ready to be

presented on MHC | molecules.

Immunisation with SV40 1X peptide or SV40 2X peptide elicit CD8* T cell response
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Figure 26: Percentage of epitope-specific CD8* IFNy* T cells induced by vaccination with OMVs + the single SV40
peptide or double SV40 peptide. Mice were vaccinated subcutaneously on day 0 and day 7, as in previous experiments.
There were immunised with OMVsago + SV40 1x or OMVsag + SV40 2x. Splenocytes harvested on day 12 were
stimulated with either 5 ug/ml of the SV40 1x peptide or 5 ug/ml of negative control peptide. Paired T-test.

Table 4: Peptides for CD8* T cell response experiments

Antigen Epitope MHC | Peptide Peptide Sequence
binding name
epitope
sequence
SV40 large T SV40 IV 404- VVYDFLKL SV40 1X VVYDFLKL
antigen 411 (C4111) SV40 2X DSVVYDFLKLMVGGDSVVYDFLKLMV
Chicken OVA 257264 SIINFEKL OVA 1X SIINFEKL
ovalbumin OVA 2X QLESIINFEKLTEGGQLESIINFEKLTE
longOVA GSQLESIINFEKLTEWTSSNVMEERK
Murine gp70 423431 | SPSYVYHQF Negative SPSYVYHQF
leukaemia virus | (AH1) control
envelope gp70

Peptide sequence amino acids in bold are the exact MHC | binding epitopes, in black is the natural protein sequence
including the epitope and flanking regions, in grey are amino acid linkers.

We attempted the same experiment with the OVA peptide. However, the
peptide carrying two copies of OVA could not be synthesised due to its high
hydrophobicity (see Table 4). Therefore, | designed and had synthesised a “long OVA”
peptide of 26 amino acids carrying the OVA epitope internally (see Table 4) and we
compared the capacity of the “short OVA” peptide and the long OVA peptide to elicit
OVA-specific T cells. Figure 27 shows that both the short OVA, consisting of the 8 amino
acid MHC | epitope, and the long OVA, were able to induce a CD8* T cell response.

However, in this case, the short epitope was significantly more effective at eliciting a

73



good epitope-specific CD8* T cell response (P=0.0035, unpaired, one-tailed t-test). These
results suggest that the design of the peptide for processing and presentation on DC

plays a key role in allowing proper cross-presentation.

Immunisation with OVA peptide or longOVA peptide affects CD8* T cell activation
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Figure 27: Immunisation with OVA peptide or longOVA peptide adsorbed to OMVs affects the extent of CD8* T cell
activation. Mice were vaccinated using the above schedule. One group was given 10 ug OMVsusp with 5 ug of OVA
peptide. The other group was given 10 ug OMVsae with 15.87 ug of longOVA peptide. This was calculated so that
both groups were given the same mole of the epitope.
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3.3. Discussion

As pointed out in the “Aims of the Thesis”, to present extracellular antigens on
MHC |, DCs have to (1) be available at, or rapidly reach the site where antigens are
present, (2) bind and internalise the antigens, (3) process the antigens in the
proteasome and present antigen-derived peptides in the context of MHC molecules.

In Chapter 2, | presented data showing our efforts to optimise the binding and
internalisation of OMVs, the antigen/adjuvant delivery system we use as a platform to
develop vaccines against infectious diseases and cancer. | decorated the OMV surface
with a DEC205-specific scFv with the idea of potentiating antigen up-take by DCs.

In this Chapter, | focused my attention on finding out the best strategy to
optimise antigen presentation on MHC I. To address this issue, | used two epitopes
broadly exploited to study CD8* T cell responses in C57BL6 mice: OVA and SV40. We first
used synthetic peptides corresponding to the exact length of the epitopes (8 amino acids
each), we mixed them (“adsorbed”) with the OMVs and we established whether the
peptide-OMV complexes could elicit epitope-specific T cells in C57BL6 mice. Our data
show that, elevated frequencies of activated T cells were induced against both peptide
epitopes, suggesting that, at least under the conditions used, OMVs represent an
excellent adjuvant/delivery system for inducing cell-mediated immunity.

Now, with the configuration used, the OVA and SV40 peptides could potentially
be presented on MHC | without needing to be internalised and processed: the peptides
may in fact directly bind the surface-exposed MHC molecules. Therefore, we next asked
the question whether similar epitope-specific T cell frequencies could be obtained if the
epitopes were embedded within a longer amino acid sequence. In this configuration,
the only way to induce epitope-specific T cells should be through peptide internalisation
and processing by DCs. The data show that the two epitopes behave differently: while
the “long SV40 peptide” continued to elicit very high T cell frequencies, the “long OVA
peptide” did not. At present, we do not have an explanation for this difference, which
could be attributed to differences in peptide internalisation, ubiquitination and/or
processing by the immune-proteasome. However, it has to be pointed out that the SV40
long peptide consisted in two copies of the SV40 epitopes, flanking sequences and a
linker (Table 4). On the other hand, “long OVA” contained only one copy of the epitope,

flanked by a non-symmetric number of native amino acids present in the chicken
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ovalbumin protein (Table 4). Such differences in configuration, mostly dictated by
difficulties in synthesising a long OVA peptide carrying two copies of the epitope, could
explain the T cell frequencies data. In this context, it is important to mention that
Dekhtiarenko et al. showed that the C-terminal localisation of a T cell epitope radically
improved immune protection by Cytomegalovirus-based vaccine vectors (Dekhtiarenko
et al. 2016). Therefore, | hypothesise that placement of the SIINFEKL motif at the C-
terminal end of the long peptide should improve the CD8* T cell response.

Such considerations are of particular importance to define the strategies to be
used to combine T cell epitopes with OMVs. In the current study we have tested the T
cell response elicited by synthetic peptides adsorbed to OMVs. An alternative strategy
we have recently proposed (Grandi et al. 2017, 2018) is to engineer the OMV-producing
strains in order to decorate OMVs with the epitopes fused to carrier proteins. Should
this strategy be applied, the configuration used to create the fusion protein could
strongly affect the frequency of epitope-specific T cells.

All this said, our data strongly suggest that to guarantee a consistent and optimal
elicitation epitope-specific T cells with synthetic peptides adsorbed to OMVs, the use of
peptides of the same length of the epitopes should be recommended.

The work described in this chapter delivers at least two additional messages.
The first one is related to the dose of peptide to be used in combination with OMVs to
elicit optimal T cell responses. Our data indicate that amounts of peptides as low as 0.5
ug are sufficient to induce excellent T cell frequencies. Moreover, increasing the doses
too much (50 pg) tends to be detrimental to T cell response.

The second message concerns the OMVs used in this study. Such OMVs, named
OMV 460, derive from an E. coli derivative created in our laboratories by using Synthetic
Biology. OMVaeo features the absence of 60 endogenous proteins and the presence of
a penta-acylated LPS. We showed that despite the fact that these vesicles have a
reduced TLR4 agonistic activity, they maintain an excellent adjuvanticity. This property

makes OMV,eo an ideal adjuvant/delivery system for human use.
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Chapter 4: In situ vaccination of tumours with OMVs

4.1. Introduction

As noted previously, DCs play a key role in determining the effectiveness of an
anti-cancer immune response. To optimally induce anti-cancer CD8* T cell responses,
DCs should (1) bind and internalise the antigen, (2) process the antigen and present
cancer-specific epitopes in the context of MHC | molecules, and (3) be available at, or
rapidly reach, the site where the cancer antigens are present or delivered by vaccination.

In the previous chapters | focused my attention on the first two steps of CD8* T
cell induction. In this chapter, | was interested to see how the route of immunisation
could influence the overall CD8* T cell response. Since it is known that DCs are present
at the tumour microenvironment, we hypothesise that delivering the vaccine at the
tumour site could be an efficient way not only to activate DCs with the vaccine adjuvant
but also to provide the tumour resident DCs with the proper antigens. After antigen
internalisation, such DCs should migrate to the draining lymph nodes and activate
epitope-specific T cells, which would eventually move to the tumour site to exert their
function.

As largely discussed in the Introduction, the concept of in situ vaccination is far
from being new. In fact, it was first applied by Dr. Coley at the end of the nineteenth
century with remarkable success (McCarthy 2006). In the last few years, thanks to the
advances in our understanding of cancer immunology, in situ vaccination is attracting
particular attention. In 2018, Sagiv-Barfi and colleagues showed that in situ vaccination
of tumours can cause an abscopal effect (Sagiv-Barfi et al. 2018). Mice were implanted
with syngeneic tumour cell lines at two distal sites and when one tumour was injected
with unmethylated CpG and anti-OX40 antibody, they observed complete tumour
regression of both injected and lateral tumours. Several in situ vaccination clinical trials
using different adjuvants are being carried out with sometime spectacular results (Herr
and Morales 2008; Hammerich et al. 2015, 2019; Frank et al. 2018; Aznar et al. 2019).

To the best of our knowledge, all in situ vaccination studies involve the use of

adjuvants only, assuming that the cancer antigens are already available at the tumour
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site. Our hypothesis is that the addition of the right, most immunogenic antigens to the
adjuvants should further improve the effectiveness of in situ vaccination.

An additional motivation to use OMV-based vaccines for in situ vaccination, is
that the mechanisms of action of OMVs should offer the possibility to combine more
than one therapeutic regimen for cancer treatment.

Advances in cancer immunotherapy have shown that cancer patients benefit
from combined treatment regimens (Kalbasi et al. 2013; Wolchok et al. 2017). Cancer
vaccines are also showing the same trend. Cancer vaccines combined with anti-
angiogenic therapies or immune checkpoint inhibitors have shown promising results
(Lopes et al. 2018; Mougel et al. 2019). In addition, early-stage clinical trials revealed
encouraging data for the combination of HPV cancer vaccines and immune checkpoint
inhibitors (Shibata et al. 2019). It was also demonstrated that combination therapies
passed toxicity and safety profiles and reduced drug resistance.

Considering the promising results of neoepitope-based cancer vaccines, in situ
vaccination and oncolytic virotherapy (see Introduction), it would be interesting to
understand whether these strategies combined can work synergistically. We consider
our OMVs a suitable therapeutic modality to explore such combination for three
reasons. Firstly, they are effective adjuvants and therefore they should be as good as
other TLRs agonists in eliciting anti-cancer immune responses. Secondly, as | showed in
Chapter 3, they can be decorated with cancer neoepitopes and elicit excellent epitope-
specific T cells. Moreover, we have demonstrated that vaccination with the OVA peptide
adsorbed to OMVs protect mice challenged with B16-OVA cell line from tumour growth
(Figure 20) and we have shown that OMVs engineered with five CT26 neoepitopes
(Kreiter et al. 2015) inhibited CT26 tumour growth in BALB/c mice (Figure 28). Thirdly,
once internalised by neoplastic cells, OMVs have been shown to activate immunogenic
cell death, mimicking oncolytic activity (Vanaja et al. 2016). OMVs are thought to trigger
the cytosolic LPS signalling pathway, leading to NLRP3 activation, inflammasome
assembly and pyroptosis. In contrast to apoptosis, cell death by pyroptosis results in cell
lysis by plasma-membrane rupture and causes the release of damage-associated
molecular pattern (DAMP) molecules (Baroja-Mazo et al. 2014; Inoue and Tani 2014; Xia
et al. 2019). Therefore, they could allow us to join tumour antigen vaccines,

adjuvanticity, immunogenicity and tumour cell cytotoxicity in one.
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Figure 28: OMV vaccine with pentatope peptides adsorbd induces pentatope specific T cells and protects mice from
CT26 tumours. A, amino acid sequences of each of the pentatope peptides. B, BALB/c mice were vaccinated on day 0
and day 7 with either OMVspompa or OMVsaompa adsobed with pentatope peptides. Spleens were collected on day 12.
Splenocytes from each group stimulated in vitro with the five peptides of the pentatope or with a negative control
peptide. CD4* and CD8* T cells expressing IFNy were analysed by flow cytometry. C, BALB/c mice (n=14) were implanted
with CT26 cells on day 0 and vaccinated on day 1, 4, 8, 11, 15, 18 and 21 with either OMVSompa 0r OMVSpompa adsobed
with pentatope peptides. Tumour growth was monitored from day 11, the mean (+ s.e.m) tumour volume per group
plotted. Data accumulated from two independent experiments of 6 mice/group and 8 mice/group, respectively.
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4.2. Results

4.2.1. OMVjeo induced cancer cell lysis

Vanaja and colleagues showed that OMVs derived from E. coli BL21 are cytotoxic
to the human cervical cancer cell line Hela (Vanaja et al. 2016). Using the lactate
dehydrogenase (LDH) assay they demonstrated 20% cell death of Hela cells. To
investigate the ability of our OMVaeo to kill cancer cells in our mouse model, we
incubated CT26 cells with increasing concentrations of OMVs for 24 hours and then
measured LDH released into the supernatant. LDH is released into the cell culture
supernatant during cytoplasmic membrane damage such as cell lysis. The presence of
LDH is determined by its activity, which is measured following the two-step enzymatic
reaction. LDH catalyses the conversion of lactate to pyruvate causing the reduction of
NAD* to NADH/H*. Then another catalyst, diaphorase, transfers the H/H* from NADH/H*
to the yellow tetrazolium salt, which becomes reduced to form a red formazan product.
The percentage of cytotoxicity was calculated so that the negative control was equal to
0% and the positive control equal to 100%. Both OMVsaeo and OMVsaompa Cause some
cell killing. OMVsaompa caused a maximum of 10% cell death and OMVsae0 approximately
7% cell death (Figure 29). In summary, our OMVs have some cytotoxic activity on CT26

cells following the trend observed by Vanaja et al.
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Figure 29: Analysis of OMV cytotoxicity to CT26 cells. OMVs derived from strains BL21(DE3)AompA and BL21(DE3)A60
were incubated with 10,000 CT26 cells per well and at increasing concentrations. OMVs cytotoxicity was measured
using the lactate dehydrogenase (LDH) release assay. The percentage cytotoxicity was calculated using the equation
cytotoxicity % = (sample-negative)/(positive-negative)x100. The data are representative of four repeat experiments.
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4.2.2. In situ vaccination of OMVs inhibits growth of established tumours in the
C57BL6-B16-OVA cancer model

The experimental design of our first in situ vaccination experiment involves the
use of C57BL6 mice with syngeneic tumour cell line B16-OVA. B16-OVA contains a stably
transfected plasmid encoding chicken ovalbumin, allowing its secretion into the B16F10
murine melanoma cells. It is a common tool for studying OVA as a model antigen in
cancer immunology. We have already demonstrated in the previous chapter, that OMVs
decorated with OVA peptide can stimulate an anti-OVA CD8* T cell response. We have
also shown that mice bearing one tumour, have inhibited tumour growth when
vaccinated with OMVs plus the OVA peptide. Here we designed a two-tumour
experiment in order to assess the effect in situ vaccination of OMVs. We injected C57BL6
mice with B16-OVA cells at two sites, one on each flank. The tumour size was monitored
every 2 days on both sides of the animal using a digital calliper and expressed as a
volume (volume = width? x length x 0.5). When the tumour volume reached 50-100 mm?3
mice were vaccinated in situ directly into just one of the tumours. This was repeated
every two days for three vaccinations in total (Figure 30A). Vaccination groups were as
follows: PBS negative control, OMVsaso and OMVsaso with OVA 1X peptide adsorbed.

In the C57BL6-B16-OVA syngeneic model, the in situ vaccinated tumour, after
vaccination with PBS control grew as expected (Figure 30C). However, the lateral tumour
in the PBS control groups grew slower than that of the in situ tumour or did not grow.
This may be an effect of the two-tumour model, as all mice had a dominant/primary
(faster-growing) tumour which could induce an immune response acting at the distal
tumour site. In all OMV treatment groups tumours vaccinated in situ regressed after
vaccination. In particular, the OMVaeo treatment caused complete regression of the in
situ vaccinated tumours in 50% of the mice. The remaining 50% also experienced good
tumour regression of the vaccinated tumour. Given the effective inhibition of OMVaeo
we could not observe any additional benefit of the combination of OMVsaso + OVA
peptide. The tumour growth was similar for OMVsaeo with or without the OVA peptide,
conferring almost complete tumour inhibition (Figure 30). This inhibition was more

effective than that previously observed with systemic vaccination (Figure 20B).
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Figure 30: C57BL6 B16-OVA tumour growth with in situ vaccination tumour treatment. Tumour cells were
subcutaneously injected at two distal sites when tumour volume reached 50-100 mm3, one tumour was vaccinated in
situ. Then vaccinations were given every two days for three vaccinations with PBS, OMVago or OMV 60 adsorbed with
100 ug OVA. Tumour volumes of both the injected and later tumour were recorded every two days. A, Example
vaccination schedule. B, Analysis of both situ injected tumour volumes and lateral tumour volumes in mice from each
group at day 23. C, Tumour growth curves of tumours from each group that received in situ vaccination. D, Tumour
growth curves of lateral tumours, not directly injected into. Humane endpoints were always respected therefore in the
PBS group some of the mice were sacrificed earlier than day 26 and these mice were assigned single tumour volumes
of 2000 mm3. Statistical significance was calculated using an unpaired one-tailed T-test with Welch’s correction. Not
significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= P<0.001.

4.2.3. In situ vaccination of OMVs with neoepitopes inhibits tumour growth in both
injected and lateral tumours

To confirm the effectiveness of in situ vaccination with OMVae0, we used the
BALB/c CT-26 mouse model. We had previously demonstrated that systemic
immunisation of OMVsaompa engineered with five CT26 neoepitopes (pentatope)
partially protects mice from tumour growth. For the two-tumour model, CT26 cells were
injected subcutaneously at sites on both the right and left flank of the mice. As
previously, tumour size was measured with a digital calliper and expressed as volume

(volume = width? x length x 0.5). Bodyweight and mouse well-being were also closely
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monitored. When tumour size reached 50-100 mm?3 mice were vaccinated in situ in just
one of the tumours. Mice were given a total of 3 vaccinations every 2 days, into the

same tumour. There were three treatment groups: PBS control, OMVaso and OMVaeo +

pentatope. Mice were sacrificed when the tumour volume of one tumour reached >

2000 mm?3, or the sum of tumour volume reached 3000 mm?3.
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Figure 31: BALB/c CT26 tumour growth with in situ vaccination tumour treatment. Tumour cells were
subcutaneously injected at two distal sites when tumour volume reached 50-100 mm3, one tumour was vaccinated in
situ. Then vaccinations were every two days for three vaccinations with PBS, OMV 60 or OMV60 adsorbed with 100 ug
pentatope. Tumour volumes of both the injected and later tumour were recorded every two days. A, Tumour growth
curves of tumours from each group that received in situ vaccination. B, Tumour growth curves of lateral tumours, not
directly injected into. C, Analysis of both situ injected tumour volumes and lateral tumour volumes in mice from each
group at day 26. D, Analysis of the sum of tumour volumes per mouse in each group at day 26. Humane endpoints
were always respected therefore in the PBS group some of the mice were sacrificed earlier than day 26 and these mice
were assigned single tumour volumes of 2000 mm3. Statistical significance was calculated using an unpaired one-
tailed T-test with Welch’s correction. Not significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= P<0.001.

In the PBS control group, after vaccination, both the in situ vaccinated tumour
and the lateral tumour continued to grow as expected (Figure 31 A & B). In all OMV
treatment groups, the in situ vaccinated tumour initially regressed after local
vaccination and significantly inhibited tumour growth compared to PBS control (Figure

31 A). In situ vaccinated tumours in mice treated with OMVaeo initially regressed, but
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were generally re-growing 10 days after the first vaccination. This group also
experienced a minimal effect on the lateral tumour, in which growth was slow during
the vaccination period, but resumed as normal to match that of the PBS group (Figure
31B). Finally, OMVaeo0 + pentatope in situ vaccination lead to tumour regression in 8 out
of 10 of the vaccinated tumours and inhibition of the remaining two. Even with marginal
re-growth at the end of the experiment, at day 26 the average size of tumours in the
OMVaeo + pentatope group was just 77.6 mm?3. The OMV,eo + pentatope treatment was
also effective at tumour inhibition of the lateral tumour as well as the locally vaccinated
tumour (Figure 31C). This demonstrated an abscopal effect in this treatment group. It
was also therefore the most effective as blocking total tumour growth in mice as
demonstrated by analysis of the sum of the two tumours in the same mouse (Figure

31D).
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4.3. Discussion

The aim of these experiments was to test whether OMVs are suitable in situ
cancer vaccine agents and understand if the combination of OMV adjuvanticity,
oncolytic activity and use as a peptide epitope vaccine vehicle, could effectively inhibit
tumour growth when administered in situ. In addition, we wanted to understand
whether this combination could lead to abscopal tumour immunity.

To be effective cancer vaccines must include adjuvants and protective antigens.
As far as we know, data demonstrating in situ vaccination of tumours depends on the
presence of tumour antigens within the injected tumour, and therefore relies on the
simple administration of adjuvants only, or sometimes with immuno-potentiators. The
rationale being that the presence of tumour antigens in the tumour is enough to
promote anti-tumour immune responses and antigen spread. Data obtained both in
preclinical and clinical experiments demonstrate that this is possible. Adjuvant only
formulations are advantageous because they can be used against a wide variety of
cancers in any patient. There is no need to know the cancer-specific or even patient-
specific mutations. Meaning that this type of drug could be used on a large number of
patients. Additionally, it would be more cost-effective to manufacture. These
advantages are the reason that so far no attempts have been described investigating
whether the addition of tumour-specific antigens to the adjuvant could potentiate the
efficacy of classical in situ vaccination approaches.

With our experiments we have demonstrated that OMVs are excellent adjuvants
for in situ vaccination. This is not surprising, considered the number of different MAMPs
(LPS, lipoproteins, peptidoglycan, etc.) that decorate OMVs. Moreover, we believe that
the effectiveness of OMVs in in situ vaccination is also mediated by their oncolytic
activity. Such oncolytic activity, previously demonstrated by Vanaja et al., was confirmed
to be also a property of our OMVeo.

Probably the most important results from our work is that in situ vaccination
could benefit from the addition of cancer neoepitopes. When we vaccinated BALB/c
mice with PBS, OMVaeo decorated with CT26-specific neoepitopes we inhibited the
growth of both injected and lateral (not injected) tumours. In addition, this enhanced
activity also led to the expansion of a sufficient number of T cells, which could enter the

circulation and reach the distal tumour.
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There are several limitations to the in situ experiments. One of which is the high
concentration (100 ug) of peptide used in the OMV + peptide treatment groups for in
situ vaccination compared to the 5 ug we used in the previous chapter for T cell response
experiment. This is because the work was performed in parallel and we did not yet have
the results of the OMVs with peptide titration experiments (Figure 25). Future studies
will involve understanding the most efficient dose for the in situ vaccination modality.
Another limitation is that we do not have data for tumour inhibition using in situ cancer
vaccination in a tumour mouse model bearing just one tumour. This is because we first
wanted to know if we could achieve an abscopal effect, in order to understand whether
in situ cancer vaccination would be a good administration method for OMVs. We are
now starting experiments with one tumour models as well as tumour infiltration
lymphocytes studies.

Future experiments will also be addressed to better understand the mechanisms
of action of OMV-based in situ vaccination. Due to their adjuvanticity, OMVs could
stimulate the recruitment of DCs at the tumour site, thus facilitating the antigen uptake
and processing. Also, OMVs could modify the cellular component, particularly the
concentrations of macrophages, Tul cells and Tres. Such experiments will be carried out
by collecting the tumours, separating the different cellular populations and

characterising them by flow cytometry.
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Chapter 5: Final discussion

The unique adjuvanticity of OMVs means they are becoming more and more
recognised as useful tools or vaccination. There are already examples in the clinic of
OMVs as prophylactic vaccines against infectious diseases, such as Bexsero for
meningitis B. However, there is far less work describing the use of OMVs for cancer
vaccines or how OMVs can be used to elicit T cell responses to antigens. To further
explore the OMV cancer vaccine platform we need to better understand (1) how OMVs
can be used to elicit T cell responses against peptide antigens, (2) if OMV vaccines can
enable cross-presentation of antigens, (3) the best method of administration of OMVs
to achieve effective immunisation.

The goal of this thesis was to investigate antigen delivery and presentation of
OMV-based cancer vaccines. | used a three-pronged approach. Firstly, | aimed to
engineer OMVs with a construct for the expression of scFv on the surface, in order to
target OMVs to the DEC205 receptor. Secondly, we studied the ability of OMVs induce
CD8* T cell responses to peptide epitopes when they are adsorbed to OMVs and gain
insight into the possible formulation of peptide antigens. Thirdly, we investigated the
use of OMVs in situ cancer vaccination because we believed this mechanism may be the
optimal method for OMV-based cancer vaccines.

We have achieved some important results with regard to the future design and
administration of OMV based cancer vaccines.

Firstly, | demonstrated that OMVs can be engineered to express scFv on the
surface. This was achieved by fusing lipidated FhuD2 to scFv. Though we had previously
used FhuD?2 as a carrier for a B cell specific polypeptide (Grandi et al. 2018), FhuD2 has
not previously been described as a protein carrier able to chaperone large heterologous
proteins, such as scFv into OMVs. In addition, | showed that the OMVsaeo, designed and
engineered in our group over the last few years, are superior vehicles for the expression
of the FhuD2-amDEC205 fusion protein. Surface expression of FhuD2-amDEC205 in
OMVaeo was greatly improved over that of expression in OMVaompa. | was also able to
engineer two other scFvs (HELD1.3 and mCD40), for which we demonstrated expression
in OMVs and with a surface exposition. Then | showed increased internalisation of
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FhuD2-amDEC205 OMV over the control OMVs (FhuD2-aHELD1.3) after 30 minutes of
incubation with JAWSII cells. Thus demonstrating that our FhuD2-amDEC205 OMVs bind
to mDEC205 and thus internalise more rapidly.

Secondly, we demonstrated that OMVsaso are an advantageous OMV cancer
vaccine platform. We established that OMVsaso have better adjuvanticity versus
reactogenicity profile than OMVsaompa, in both mouse and human assays. When
OMVsae0 adsorbed with MHC | specific antigen peptides were used to vaccinate mice, a
good CD8* T cell immune response was induced. As machine learning becomes an ever
more important tool for drug discovery, there are now algorithms for predicting peptide
processing for presentation on MHC molecules, such as those used in the immune
epitope database (IEBD) analysis resource (Fleri et al. 2017). We believe that as this
knowledge develops we will be able to design peptide and proteins with specific
cleavage site that specifically direct processing toward MHC presentation. Studies into
the design of synthetic long peptides will also contribute greatly to this cause by
improving understand of requirements for flanking regions which convey efficient
recessing for MHC presentation, such as work by Rabu et al (Rabu et al. 2019).

Thirdly, the incorporation of neoepitopes into in situ cancer vaccines can
improve their therapeutic effect. The addition of the pentatope also caused inhibition
of the second, lateral tumour, demonstrating an abscopal effect. This effect is incredibly
important for cancer patients because it means that such a therapy could combat
metastatic tumour growth. Or simply inhibit the growth of small secondary tumours
which are not yet detectable and have yet to manifest clinically. It has been suggested
that directly inducing antigen release is the critical step for initiating an abscopal
immune response by in situ vaccination (Marabelle et al. 2017). If the presence of the
right antigens is critical then it opens the door for the addition of tumour-specific
antigens to in situ vaccine formulations. One of the advantages of classical in situ
vaccination is that the identification of patient-specific epitopes is not required.
However, here we showed for the first time that the efficacy of in situ vaccines can be
improved by co-administration of cancer specific neoepitopes and adjuvants. The
increased concentration of immunogenic and protective epitopes in the tumour

microenvironment appears crucial for the efficacy of the in situ vaccine.
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Chapter 6: Material and methods

6.1. Bacterial strains and culture conditions

OMVs were purified from E. coli BL21(DE3)AompA (Fantappié et al. 2014) strain
or E. coli BL21(DE3)A60 strain (Zanella et al. 2020). Whereas insertion of fusion proteins
constructs into plasmids using the polymerase incomplete primer extension (PIPE)

method (Klock and Lesley 2009) was carried out using the E. coli HK-100 strain.

OMV producing strains were routinely grown in Luria-Bertani (LB) broth (Miller)
(Sigma L3522) at 30°C and/or 37°C and 200 rpm. When required, Ampicillin (Amp) was
added to a final concentration of 100 ug/ml. Stock preparations of strains in LB and 20%
glycerol were stored at -80°C. Each bacterial manipulation started from an over-night

culture inoculated from a frozen stock or single colony on an LB agar plate.

6.1.1. Chemically competent cell preparation

All E. coli based strains were grown overnight in a volume of 5 mL of LB at 37°C
and at 200 rpm. This was used to inoculate 100 mL of LB broth starting from ODego = 0.1.
The culture was incubated at 37°C, 200 rpm until an ODego of 0.4-0.6 was reached.
Bacterial suspension was centrifuged at 2500g for 20 min at 4°C. The bacterial pellet was
resuspended in 40 ml of ice cold and MgCl, 100mM and left on ice for 30 minutes. The
suspension was centrifuged at 2500g for 20 min at 4°C and resuspended in 4 ml of cold

and sterile CaCl, 100 mM, glycerol 15% (v/v). Aliquots of 110 pl were stored at -80°C.

6.1.2. Chemically competent cell transformation

For transformation, 50 pl of chemically competent bacterial cells were thawed
on ice and mixed with 100 ng of purified plasmid containing the gene of interest or a mix
of amplified vector and insert with compatible overhangs (PIPE method). Tubes were
incubated on ice for 30 minutes. Cell were heat-shocked at 42°C for 1 minute and
immediately transferred on ice for 2 minutes. Recovery was performed at 37°C for 1
hour and shaking at 200 rpm in a final volume of 1 mL of LB and subsequently 500 ul
were plated overnight on LB-Agar (Luria/Miller, Carl Roth, X969.2), containing Ampicillin

at final concentration of 100 pg/mL.
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6.2. Fusion protein construct generation

Plasmid insertions using the polymerase incomplete primer extension (PIPE)
method. Full constructs containing the pet protein, Ipp lipobox and leader sequence and
FhuD2 were previously cloned in our laboratory in the pET21b+ plasmid. The synthetic
gene encoding for the scFv of NLDC-145 (anti-mouse DEC205) was designed and
purchased from GeneArt® Gene Synthesis (LifeTechnologies). The protein sequence was
obtained from Demangel et al (Demangel et al. 2005) and codon optimised for

expression in E. coli.

Anti-mouseDEC205 scFv codon optimised sequence:

GAA GTT AAA CTG CAG CAG AGC GGC ACC GAA GTT GTT AAA CCG GGT GCA AGC GTT AAA CTG < 60
E Vv K L Q@ Q@ S G T E VvV Vv K P G A S V K L

AGC TGT AAA GCA AGC GGT TAT ATC TTC ACC AGC TAT GAT ATT GAT TGG GTT CGT CAG ACA < 120
s o] K A s G Y I F T S Y D I D W VvV R Q T

>VH domain
CCG GAA CAA GGT CTG GAA TGG ATT GGT TGG ATT TTT CCT GGT GAA GGT AGC ACC GAA TAT < 180
P E Q G L E W I G W I F P G E G S T E Y

AAC GAA AAA TTC AAA GGT CGT GCA ACC CTG AGC GTT GAT AAA AGC AGC AGC ACC GCA TAT < 240
N E K F K G R A T L s V D K s S s T A ¥

ATG GAA CTG ACC CGT CTG ACC AGC GAA GAT AGC GCA GTT TAT TTC TGT GCA CGT GGT GAT < 300
M E L T R L T S E D S A V Y F Cc A R G D

TAT TAT CGT CGC TAT TTT GAT CTG TGG GGT CAG GGC ACC ACC GTT ACC GTT AGC AGC GGT < 360
Y Y R R Y F D L W G Q G T T \% T v S S G

>Linker
GGT GGT GGT AGT GGT GGC GGT GGT TCA GGC GGT GGC GGT AGC GAT ATT CAG ATG ACC CAG < 420
G G G S G G G G S G G G G S D I Q M T Q

AGT CCG AGC TTT CTG AGC ACC AGC CTG GGT AAT AGC ATT ACC ATT ACC TGT CAT GCA AGC < 480
S P S F L S T S L G N S I T I T c H A S

CAG AAC ATT AAA GGT TGG CTG GCA TGG TAT CAG CAG AAA AGC GGT AAT GCA CCG CAG CTG < 540
Q N I K G W L A W Y Q Q K S G N A P Q L

>VL domain
CTG ATC TAT AAA GCC AGC AGC CTG CAG AGC GGT GTT CCG AGC CGT TTT AGC GGT AGC GGT < 600
L I Y K A S ) L Q ) G v P S R F S G S G

AGT GGC ACC GAT TAC ATT TTT ACC ATT AGC AAT CTG CAG CCG GAA GAT ATT GCA ACC TAT < 660
S G T D Y I F T I S N L Q P E D I A T Y

TAT TGT CAG CAC TAT CAG AGC TTT CCG TGG ACC TTT GGT GGT GGC ACC AAA CTG GAA ATT < 720
Y ] Q H Y Q S F P W T F G G G T K L E I

AAA CGT GCA GCC < 732
K R A A
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Sequences for the HELD1.3 Ab can be found at Uniprot P01820 for the VH region
and P01635 for the VL region. Whereas the FGK45 sequence is deposited in NCBI under
HQ662570.1 for the VH region and HQ662569.1 for the VL region (there are also
respective protein IDs AEI27236.1 and AEI27235.1). All three scFv were cloned with the

same (GaS)s linker between the VH and VL region.

6.2.1. Cloning of fusion protein constructs

The polymerase incomplete primer extension (PIPE) method (Klock and Lesley
2009) was used for the cloning of the various constructs. To produce the final constructs
the following plasmids were linearised: pET lpp, pET Ipp-FhuD2 and pET pet, using
forward and reverse primers for vector PCR (V-PIPE). The scFv was amplified using
forward and reverse primers containing overhang regions to match the flanking
insertion site of the respective plasmid (I-PIPE). The pET Ipp1-9-ompA49-159-scFv (or
PET Ipp-TompA-scFv) required cloning of ompA49-159 out of the genome, and insertion
of Ipp aminoacids 2-9 by mutagenisis PIPE (M-PIPE). For PIPE method PCRs, Q5 high-
fidelity DNA polymerase (NEB, M0491) used as according to manufacturer’s instructions.
A list of primer and plasmids used for cloning can be found in Table 5. The PCR products
were digested with Dpnl (NEB, R0176). Digested I-PIPE and V-PIPE products, combined
(1:1 ratio, 2 ul final volume) and used to transform E. coli HK100 chemically competent
cells. Positive clones identified by colony PCR as below. Construct sequences were
confirmed by sequence analysis (Eurofins) before transformation into BL21(DE3)AompA

and BL21(DE3)A60 strains.

Table 5: List of plasmids

Plasmid name Source

pET21b+_lpp_FhuD2 In-house (Irene et al. 2019)

pET21b+ pet* In-house - Constructed by colleagues in Siena
pPET21b+ lpp_scFv mDEC205 Cloned

pET21b+ pet* scFvmDEC205 Cloned

pET21b+ lpp1-9 TompA46- Cloned

159_scFvmDEC205

pET21b+_lpp_FhuD2_scFvmDEC205 Cloned

pET21b+_lpp_FhuD2_scFvHELD1.3 Cloned
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pPET21b+_lpp_FhuD2_scFvmCD40 Cloned
Table 6: List of primers used for cloning
Code # | Primer name Sequence

Primers for vector PCR

SI-03 vec_for_pET (no tail) TAATGGCGAATGGGACGCGCCCTGTAG
SI-04 vec_rev_Lpp 1 (no tail) | GCAACCTGCCAGCAGAGTAGAACCCAG
SI-14 LF vec_petLS-for TCTGCAGACAAAGACAACTCTGCG

SI-15 LF vec_omprev GGCCTGCGCTACGGTAGCGAAA

SI-03 vec_for_pET (no tail) TAATGGCGAATGGGACGCGCCCTGTAG
SI-11 vec_rev_OmpA159 GTTGTCCGGACGAGTGCCGATGGTG

SI-41 vec for FhuD2 GGGAACCAAGGTGAAAAAAATAACAAAGC
SI-42 vec rev lpp CGTTGGACGGTCGTCTCATCTTGG

Cl-1072 | Nohis flag F CATCACCATCACCATCACGATTACAAAGA
Cl-1071 | FhuD2-v-R TTTTGCAGCTTTAATTAATTTTTC

Primers for I-PIPE

SI-01 ins_for_Omp 46 CTGCTGGCAGGTTGCAACCCGTATGTTGGCTTTGAAATGGG

SI1-02 ins_rev_Omp 159 tcccattcgccaTTAGTTGTCCGGACGAGTGCCGATG

SI-09 ins_for_scFv ACTCGTCCGGACAACGAAGTTAAACTGCAGCAGAGCGG
amDEC205 OmpA159

SI-10 ins_rev_scFv tcccattcgccaTTAGGCTGCACGTTTAATTTCCAG
amDEC205 pET

SI-12 ins_for_scFv ACCGTAGCGCAGGCCGAAGTTAAACTGCAGCAGAGCGG
amDEC205 LSOmpA

SI-13 ins_rev_scFv GTCTTTGTCTGCAGAGGCTGCACGTTTAATTTCCAG
amDEC205 LSPet

SI-16 ins_for_scFv CTGCTGGCAGGTTGCGAAGTTAAACTGCAGCAGAGCGG
amDEC205 Lpp1l

SI-10 ins_rev_scFv tcccattegccaTTAGGCTGCACGTTTAATTTCCAG
amDEC205 pET

SI-45 ins for scFvmDEC205 TAATTAAAGCTGCAAAAGAAGTTAAACTGCAGCAGAGCGG
FhuD2tail

SI-46 ins rev scFvmDEC205 GATGGTGATGGTGATGTTAGGCTGCACGTTTAATTTCCAGTTTGG

pETtail
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SI-50 ins for scFv D1.3 TAATTAAAGCTGCAAAACAGGTGCAGCTGAAAGAAAGCGG
FhuD2tail

SI-51 ins rev scFv D1.3 GATGGTGATGGTGATGTTAACGTTTAATTTCCAGTTTGGTGCCACC
pETtail

SI-52 ins for scFv FGK45 TAATTAAAGCTGCAAAAGAAGTTCAGGTTGTTGAAAGTGATGG
FhuD2tail

SI-53 ins rev scFv FGK45 GATGGTGATGGTGATGTTAACGTTTCAGTTCCAGTTTGGTGC
pETtail

Primers for M-PIPE

SI-17 ins_for_Lpp2-5 GCTCCAGCAACGCTAACCCGTATGTTGGCTTTGATG
SI-18 ins_rev_Lpp2-5 GTTAGCGTTGCTGGAGCAACCTGCCAGCAGAGTAG
SI-19 ins_for_Lpp6-9 CGCTAAAATCGATCAGAACCCGTATGTTGGCTTTGAAATGGG
SI-20 ins_rev_Lpp6-9 GTTCTGATCGATTTTAGCGTTGCTGGAGCAACCTGC

Primers for screening

SI-58 for seq GGGGSG GGTGGTGGTGGTAGTGGTGG
CI-1073 | FhuD2 3'FOR GTTGATGCTGGTACATACTGGTAC
Cl-1004 | T7 promoter TAATACGACTCACTATAGGG
Cl-1005 | T7 term GCTAGTTATTGCTCAGCGG

All primers with code number beginning S| were designed by myself and Cl by Carmela Irene

6.2.1.1. Colony PCR and agarose gel electrophoresis

To check which colonies grown on the LB agar + Ampicillin plate contained the
plasmid. The reaction mixture GoTaq® Green Master Mix 2X (Promega, M712B-C),
forward and reverse primers 10 uM, bacterial cells picked from the plates and nuclease-
free water to a final volume of 25 pl. PCR cycle programmed as according to GoTaqg®

instructions.

The PCR products were analysed by agarose gel electrophoresis (1% agarose gel)
in tris-acetate-EDTA (TAE) buffer (Euroclone, EMR064001) at 100 V and the positive
samples were cultured to extract the plasmid, subsequently sequenced. Forward and

reverse primers used for each plasmid are in Table 6.
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6.2.1.2. Plasmid purification

Overnight culture of single colonies were centrifuged at 4°C for 20 minutes at
2500g. Plasmid DNA was harvested from the pellet using the NucleoSpin Plasmid kit
(Macherey-Nagel, 740588.250) following manufacturer protocol and the pDNA was

eluted in 50 ul of sterile ultrapure H0.

6.3. OMV generation and purification

6.3.1. Small scale production for fusion protein expression

Recombinant clones were grown in 100 ml of LB broth and ampicillin (Carl Roth,
K029.2) with a final concertation of 100 pg/mL, starting from an ODego of 0.1, at 30°C.
When a value of 0.4-0.6 of ODsoo Was reached, recombinant protein expression was
induced by adding Isopropyl 6-D-1-thiogalactopyranoside (IPTG) (Carl Roth, CN08.3) to
a final concentration of 0.1 mM. After 4 hours of incubation at 30°C and at 200 rpm,
samples were centrifuged at 2500g for 20 min at 4°C. The supernatant, containing
OMVs, was filtered using a 0.22 um filter (Millipore, SLGPO33RB).

OMVs were purified by centrifugation using the Optima X series ultracentrifuge
(Beckman Coulter) with an SW-32-Ti swing rotor, at 32,000 rpm (~175,000g) for 2 hours

at 4°C. OMVs contained in the pellet were resuspended in 100 pl of sterile PBS.

6.3.2. Medium scale fermentation for empty OMV production

E. coli BL21(DE3)AompA or E. coli BL21(DE3)A60 strains were cultured using the
EZ control bioreactor (Applikon). Condition were set as follows: volume 2 |; temperature
30°C until ODeoo = 0.5, then growth continued at 25°C; pH 6.8 (+0.2), dO2 > 30%; rpm
280-500 rpm; at ODeoo = 1.0 feed was performed by adding ampicillin (100 pg/ml),
glycerol (15 g/l), MgS04(0.25 g/I).

Culture supernatants were separated from living bacterial cells by a
centrifugation step at 6,000g for 20 minutes followed by a filtration using a 0.22 um
filter (CytoOne® Bottle Top Filtration Unit, CC6032-9233). OMV were up concentrated
and buffer exchanged into PBS using the tangential flow filtration system (AKTA flux) with
a hollow fibre cartridge UFB-500-C-3MA (GE).

OMV concentrations were determined using the DC™ Protein Assay (Bio-Rad,

5000116).
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6.4. SDS-PAGE and Western Blots

6.4.1. SDS-PAGE

OMVs were mixed with Laemmli loading buffer 2X (62.5 mM Tris-HCl, pH 6.8
buffer 25% glycerol 2% SDS 0.01% bromophenol blue, 2% dithiothreitol). Then
denatured for 10 min at 95°C and loaded on an Any kD Criterion™ TGX™ precast
polyacrylamide gel (Bio-Rad, 5678124) along with PM2610 protein marker (Smobio,
PM2610) and run in Tris-glycine-SDS (TGS) (Biorad, 161-0772) running buffer at 180 volts
for 50 minutes. The gel was stained with Problue Safe Stain (Giotto Biotech, GOOPB001).
Images of the gel were acquired using the Odyssey Infrared Imaging System (LI-COR

Biosciences).

6.4.2. Western blot

OMV proteins separated by SDS-PAGE as above, (note gels were not stained).
Proteins in the gels were transferred onto nitrocellulose membrane (iBlot™ Transfer
Stack, nitrocellulose, Thermo Fisher Scientific) with iBlot® Dry Blotting System (Thermo
Fisher Scientific). The membranes were blocked in blocking solution containing 10%
skimmed milk and 0.05% Tween 20 dissolved in PBS (PBST) at room temperature (RT)
for 30 minutes with agitation. Then stained with 0.5 pg/ml rabbit polyclonal a-FhuD2
antibodies (Genscript, epitope sequence: MDDGKTVDIPKDPK) in 3% skimmed milk in
PBST, o/n at 4°C with agitation. After washing three times, for 5 minutes PBST,
membranes were incubated with 1:2,000 dilution of peroxidase-conjugated anti-rabbit
IgGs (Dako) for 1 hour in 3% skimmed milk in PBST. After three washing steps of 5
minutes in PBST and one wash of 5 minutes in PBS, proteins were detected using the
ECL Star Enhanced Chemiluminescent Substrate (EuroClone, EMP001005) and imaged
using the ChemiDOC (BioRAD) instrument.

6.5. Phase partitioning with Triton X-114

Protein phase partitioning with Triton X-114 (Sigma, 93422) was performed as
follows. 50 pug of OMVs were diluted in 450 pl of PBS, then ice cold TritonX-114 (10%)
was added to a final concentration of 1% and the OMV-containing solution was
incubated at 4 °C for 1 hour shaking. The solution was then heated at 37 °C for 10

minutes and the aqueous phase was separated from the detergent by centrifugation at
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13,000g for 10 minutes. Proteins in both phases were then precipitated by standard
chloroform/methanol procedure, separated by SDS-PAGE electrophoresis and the

protein of interest visualised by Western blot.

6.6. Flow cytometry of Bacteria

Bacterial strains were grown at 37°C and 200 rpm in LB medium (starting ODeoo
= 0.1) and, when the cultures reached an ODeoo of 0.5, protein expression was induced
by addition of 0.1 mM IPTG for 2 hours. After induction, a volume corresponding to
ODs0o =1 was collected from each culture and centrifuged at 14,000 rpm for 10 minutes.
Using 1 ml of the buffer PBS with Bovine serum albumin (Fischer, 11413164) at 1%
(PBS/BSA 1%) to resuspend pelleted bacteria. It was further diluted 1:50 in PBS/BSA 1%.
Bacteria were seeded for staining at 50 ul/well in a 96-well plate. 50 pl of 2x solution of
rabbit a-FhuD2 antibodies (final concentration 8 pug/ml) in PBS/BSA 1% was added in
selected wells and cell incubated for 1 hour at 4°C. Cells were then washed 3 times with
200 pl/well of PBS/BSA 1% and centrifuged centrifuge for 10 minutes at 3,500 rpm at
4°C. Buffer was removed from the pellets and 100 pl/well of Alexa Fluor®488 a-rabbit
IlgG (Thermo Fisher Scientific) diluted 1:200 (final concentration 10 pg/ml) in PBS/BSA
1% were added in selected wells and incubated for 1 hour at 4°C in the dark. Cells were
then washed twice with 200 pl/well of PBS/BSA 1% and centrifuged centrifuge for 10
minutes at 3,500 rpm and 4°C. Cells were fixed with 100 pl PBS/Formaldehyde 2% for 15
minutes at room temperature. Cells were then washed twice with 200 ul/well of PBS.
Finally, cells were resuspended in 200 ul of PBS for analysis by flow cytometry using the

FACS Canto (Becton Dickinson). Data were analysed using FlowJo v10.1.

6.7. Mammalian cell lines and culture

6.7.1. Cell lines and complete culture media

The human THP-1 monocytes (ATCC® TIB-202™) were a kind gift from the
Department of Biomedical and Clinic Sciences at the University of Florence. THP-1 cells
were cultured in Roswell Park Memorial Institute (RPMI1640) medium (Corning 15-040-

CVR), with 10% heat inactivated foetal bovine serum (FBS) (Thermo Fisher Scientific,
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10270-106), 2mM L-glutamine (Fisher scientific, 25030081), 1X Penicillin/Streptomycin
(EuroClone, ECB3001D) and 0.05 mM 2-mercaptoethanol.

HEK-Blue™ mTLR4 cell line (Invivogen, hkb-mtir4) is a reporter gene cell line,
developed by co-transfection of the mTLR4 gene, the MD-2/CD14 co-receptor genes and
a secreted embryonic alkaline phosphatase (SEAP) reporter gene into HEK293 cells. HEK-
Blue™ mTLR4 cell were cultures as per manufacturer’s instructions. Briefly, endotoxin
free Dulbecco's modified Eagle's medium (DMEM) (Corning, 15-017-CVR), containing
10% heat inactivated fetal bovine serum (FBS) endotoxin free (Thermo Fisher Scientific,
10270-106), 2nM  L-glutamine (Fisher scientific, 25030081) and 1X
Penicillin/Streptomycin (EuroClone, ECB3001D) 1X. With HEK-Blue selection reagents

(250X) to maintain expression of mTLR4 and co-receptors.

HEK-Blue™ hTLR4 cell line (Invivogen, hkb-hTLR2) is a reporter gene cell line,
developed by co-transfection of the hTLR2mTLR4 gene, the CD14 co-receptor genes and
a secreted embryonic alkaline phosphatase (SEAP) reporter gene into HEK293 cells. HEK-
Blue™ hTLR2 cell were cultures as per manufacturer’s instructions. Briefly, Dulbecco's
modified Eagle's medium (DMEM) (Corning, 15-017-CVR), containing 10% heat
inactivated fetal bovine serum (FBS), 2nM L-glutamine (Fisher scientific, 25030081) and
1X Penicillin/Streptomycin (EuroClone, ECB3001D) 1X. With HEK-Blue selection reagents

(250X) to maintain expression of hTLR2 and co-receptor and reporter gene.

Mouse CT26 colon carcinoma cell line (ATCC® CRL-2638) were a kind gift from
the Department of Biomedical and Clinic Sciences at the University of Florence. CT26
cells were cultured in RPMI1640 medium, with 10% heat inactivated FBS, 2mM L-

glutamine and 1X Penicillin/Streptomycin.

Mouse melanoma B16-OVA cell line, is the B16F10 cell line transfected with a
plasmid carrying a complete copy of chicken ovalbumin (OVA) and the Geneticin (G418)
resistance gene, and was kindly provided by Cristian Capasso and prof. Vincenzo Cerullo
from the Laboratory of Immunovirotherapy, Drug Research Program, Faculty of
Pharmacy, University of Helsinki. B16-OVA cells were cultured in RPMI1640 medium,
with 10% heat inactivated FBS, 2mM L-glutamine, 1X Penicillin/Streptomycin and
Geneticin (G418) (Euroclone, 11413164) at 500 pg/ml.
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Mouse immature dendritic cells JAWSII (ATCC® CRL-11904™) is an immortalised
cell line derived from the bone marrow of C57BL6 mice. They were cultured in complete
culture medium containing Alpha minimum essential medium with ribonucleosides,
deoxyribonucleosides (Sigma, M6199), 4 mM L-glutamine, 1 mM sodium pyruvate, 20 %
FBS and 5 ng/ml murine GM-CSF (PeproTech, 315-03).

6.7.2. Cell thawing, passage and cryopreservation

Cryopreserved cell were thawed in a water bath at 37°C until approximately 90%
thawed. The 1 ml aliquot of cells was then added to 9 ml of prewarmed complete culture
medium, spun at 300g for 4 min and media discarded. Cells were resuspended in 10 ml|
of prewarmed complete culture medium and added to a tissue culture flask for
incubated at 37°C with 5% CO..

All cell lines were cultured at 37°C with 5% CO,. When cells reached between 70-
90% confluence, culture medium was removed by aspiration and discarded. Cells were
then rinsed with Dulbecco’s phosphate buffered saline (DPBS) containing no CaCl, and
no MgCl; to remove the culture media. Typically, 3 ml of 1X Trypsin
ethylenediaminetetraacetic acid (EDTA) (Life Technologies) was added per T75 tissue
culture flask (Corning) and cell/Trypsin mixture was incubated at 37°C with 5% CO2 for
a maximum of 5 min. Cells were periodically observed by microscope until cells detached
from the flask surface. Remaining attached cells were detached by gentle tapping.
Complete growth medium (as detailed above) was then added and cells were removed,

spun at 300g for 4 minutes and resuspended in complete growth medium.

Cells were cryopreserved at a density of 2-5 x 10° cells/ml in 1 ml aliquots in
freezing medium (FBS containing 10% dimethyl sulfoxide (DMSO) (Sigma, D2650)). The
cells were aliquoted in cryovials (Corning) and frozen at -80°C at 1°C per minute using a
‘Mr Frosty’ freezing container (Nalgene), then transferred for storage in liquid nitrogen

(LN2).
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6.8. Invitro cell assays

6.8.1. Internalisation of OMVs

Mouse dendritic cell line JAWSII cells were seeded at 3 x 10* cells in 100 pl of
complete culture medium, in a 96-well optical plate for microscopy. The next day |
incubated 10 pg/ml of OMVs from BL21(DE3)A60-FhuD2-amDEC205 and BL21(DE3)A60-
FhuD2-aHELD1.3 with these cells for 2, 30, 90 and 180 minutes. At the end of the
incubation period, the media (with OMVs) were removed and cells fixed and
permeabilised using Cytofix/Cytoperm (Beckton Dickenson). Cells were subsequently
blocked with mouse Fc Block (BD Pharmingen, 553142) for 15 minutes before staining
with the anti-LPS antibody (Hycult Biotech, HM6011-1A) at a final concentration of 1.7
ug/mlfor 1 hour. After washing three time with PBS the secondary antibody, anti-mouse
AlexaFlour 488 (Thermo, A11001) was incubated with the cell at 2 ug/ml for 45 minutes.
Then was twice with PBS and store overnight at 4°C. The next day cells were stained with
CellMask™ Deep Red Plasma membrane Stain (Thermo, C10046) at final concentration
2.5 pg/ml and Hoechst 33342 (Thermo, H3570) at 1 pug/ml for 40 min. Cell washed with
PBS and stored in PBS for imaging. Images were collected at 100 X using the Nikon
Eclipse TI2 spinning disk confocal microscope, with the help of staff in the Advanced

Imaging Core facility (CIBIO).

6.8.2. Internalisation analysis

Image analysis was performed using Image) and a semi-automated macro to
count cells and OMVs per cell in each image. The original macro was written by Michela
Roccuzzo at Advanced Imaging Core facility (AICF) of CIBIO, we then edited it together
to best fit and analyse the data correctly. Using the macro we obtained the number of
OMVs per cell. The data column statistics were analysed and showed a non-Gaussian
distribution. Therefore, | used the Kruskal-Wallis test (also known as one-way ANOVA
on ranks) to compare groups, then subsequently used the Dunn's multiple comparisons
test to compare the difference in the sum of ranks between two groups. The scatter plot

as statistical analysis were performed using GraphPad Prism 5.

6.8.3. DC biomarker analysis
The JAWSII cells counted and resuspended at 2.5 x 10° cells/ml in complete
media. In a 12-well culture plate, 1.5 ml per well was seeded. OMVs derived from
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BL21(DE3)A60-FhuD2-amDEC205 or BL21(DE3)A60 were added to give a final
concentration of 25 pug/ml. An equivalent volume of PBS added to control wells. Each
treatment was given in a total of 4 wells. The cells and OMVs were incubated for 72
hours at 37°C with 5% CO,. Then to one well of each OVA peptide (SIINFEKL) was added
at a final concentration of 96.3 ng/ml (or 100nM) for 2 hours. Subsequently cells were
harvested from the wells using a 1 ml syringe plunger. Cell centrifuged at 300g for 5 min
at 4°C and resuspended in PBS/FBS 5% and pre-incubated with Fc Block for 15 minutes.
Then seeded into a 96-well round bottom plate to allow for single staining. Specific

antibodies and their final experimental concentrations are given in Table 7 below:

Table 7: Antibodies for the detection of DC biomarkers

Antibody target Fluorophore Provider Catalogue # [Final concentration
Fc block (a-CD16/CD32) BD Pharmingen  [553142 10 pg/ml

CD80 (hamster IgG2) PE BD Pharmingen |553769 2 ug/ml

hamster IgG2 PE isotype control |BD Pharmingen  |550085 2 ug/mi

CD86 (rat IgG2a k) PE BD Pharmingen  |553692 2 ug/ml

rat IgG2a k PE isotype control |BD Pharmingen  [553930 2 ug/ml

MHCII (rat 1gG2a k) APC Miltenyi Biotech [130-102-139 3 pg/ml

rat IgG2a k APC isotype control |Miltenyi Biotech [130-103-085 |3 pg/ml
H-2kb/SIINFEKL (m 1gG1) |PE Miltenyi Biotech [130-102-180 |3 pg/ml

Mouse IgG1 PE isotype control |Miltenyi Biotech [130-098-845 [3 ug/ml

After staining for 1 hour, cells were washed and resuspended with PBS for flow
cytometry analysis using the BD FACS Canto. Data analysis was performed using FlowJo

v.10. Bar charts were made using GraphPad Prism 5.

6.8.4. THP-1 cell hiL-6 release assay for adjuvanticity and reactogenicity

THP-1 cells were thawed, cultures maintained at a concentration of 2-4 x 10°
viable cells/ml. Passage performed when cell concentration reached 8x10° cells/ml.
Monocytes were differentiated into macrophages by adding 100 ng/ml of phorbol 12-
myristate 13-acetate (PMA) to the culture for 48 hours. Then, 24 hours before the assay
the media was refreshed. Cell were removed from the flask by trypsinisation. Cell
resuspended in complete medium at 2 x 108 cell/ml and 50 pl per well seeded in a 96-
well flat bottom plate. Six 10-fold serial dilutions of OMVaompa and OMVaeo were made
from a concentration of 2000 ng/mL to 0.02 ng/mL in RPMI complete medium. Then 50

ul of the dilutions were added to the cells and incubated for 24 hours at 37°C, 5% CO;.
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Supernatant was collected and hIL-6 release measured using the human IL-6 ELISA Assay

(Invitrogen 88-7066) according to the manufacturers’ protocol.

6.8.5. HEK Blue™ TLR activation assays

6.8.5.1. Mouse TLR4 activation assay

HEK-Blue™ mTLR4 cells were seeded and treated as per the manufacturers’
protocol. OMVs derived from BL21(DE3)AompA and BL21(DE3)A60 were tested for
mTLR4 activation. LPS (200 ng/mL) was used as positive control and endotoxin free
water as a negative control. OMVs were initially diluted at 100 ng/ml (OMVsaompa) Or at
10 ng/mL (OMVsae0) and then eight 10-fold serial dilutions prepared. 20 pl of each
dilution were put in a 96-well flat bottom plate and then 180 pl per well of HEK-Blue™
mTLR4 cells (140,000 cells/ml) added. After 17 hours of incubation, 20 pl of supernatant
was transferred in a new 96-well flat bottom plate, 180 pl of Quanti-Blue™ added and
incubated for 30 minutes at 37°C. The absorbance of colorimetric reaction was

measured at an absorbance of 655 nm using the Infinite M200PRO Plate reader (TECAN).

6.8.5.2. Human TLR2 activation assay

HEK-Blue™ hTLR2 cells were seeded and treated as per the manufacturers’
protocol. OMVs derived from BL21(DE3)AompA and BL21(DE3)A60 were tested for
hTLR2 activation. Pam3CSK4 (Pam3CysSerlLys4) (Invivogen, tlrl-pms), a synthetic
triacylated lipopeptide, was used as positive control and water as a negative control.
OMVs were initially diluted at 100 ng/ml and then eight 10-fold serial dilutions prepared.
20 ul of each dilution were put in a 96-well flat bottom plate and then 180 pl per well of
HEK-Blue™ hTLR2 cells (140,000 cells/ml) added. After 17 hours of incubation, 20 pl of
supernatant was transferred in a new 96-well flat bottom plate, 180 ul of Quanti-Blue™
added and incubated for 30 minutes at 37°C. The absorbance of colorimetric reaction
was measured at an absorbance of 655 nm using the Infinite M200PRO Plate reader

(TECAN).

6.8.6. Lactate dehydrogenase (LDH) release cytotoxicity assay
CT26 cells were seeded at 10,000 cells per well in 100ul of RPMI1640 without
phenol red (Corning, 17-105-CVR), with 10% FBs (heat inactivated), 2mM L-glutamine

and 1X penicillin/streptomycin, in a 96-well flat bottom, tissue culture treated plate.
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Then incubated overnight at 37°C, 5% CO,. The next day, the culture medium was
carefully removed so as not to disturb the cells. Treatments and controls were added in
a final volume of 200 ul of treatment media (RPMI1640 without phenol red, 2mM L-
glutamine and 1X Penicillin/Streptomycin and 1.25% FBS). Negative control was
treatment media only, positive control was Triton X-100 (Merck, T8787) at 0.1%. OMVs,
derived from BL21(DE3)AompA and BL21(DE3)A60, added in the following
concentrations: 1 pg/well; 5 pg/well; 10 pg/well; 50 pg/well. Treated cells were
incubated for 24 hours at 37°C 5% CO,. The plate was centrifuged for 10 min at 250g
and 100 pl of cell-free supernatant was transferred to a clear flat bottom 96-well plate.
Subsequently, 100 pl of freshly prepared reaction mixture (catalyst and INT dye solution)
was added and incubated for 30 minutes at room temperature in the dark. Then the
reaction was stopped with 1M HCI. The absorbance of colorimetric reaction was
measured at 492 nm (reference wavelength: 620 nm) using an Infinite M200PRO Plate

reader (TECAN). The percentage cytotoxicity was calculated as follows:

. sample value — negative value
cytotoxicity % = — - x 100
positive value — negative value

6.9. Invivo experiments

6.9.1. Animal studies

BALB/c and C57BL/6N (referred to as C57BL6) mouse strains were obtained from
Charles River Laboratories (Italy). All mice were monitored twice a day to evaluate any
early signs of pain and distress, such as respiration rate, posture, and weight loss
according to humane endpoints. Animals showing such conditions were anaesthetised
and subsequently euthanised in accordance with experimental protocols, which were
reviewed and approved by the Animal Ethical Committee of the University of Trento and

the Italian Ministry of Health.

6.9.2. Vaccination for T cell response analysis

To analyse T cell response, mice were subcutaneously injected with 10 pg of
OMVs with various amount of epitope peptide (as specified for each experiment).
Vaccinations were performed on day 0 and on day 7. On day 12, spleens were collected

and processed for the splenocyte re-stimulation assay and subsequent T cell analysis.
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6.9.3. Splenocyte re-stimulation assay

Spleens were collected from each mouse in 3 ml of RPMI + 10% FBS +
penicillin/streptomycin  (complete culture media). They were subsequently
homogenised and filtered through a 70 um cell strainer. Splenocytes were suspended in
complete culture media, counted and seeded in a round bottom 96-well plate at a
concentration of 30 x 10° cells/ml. peptides used for negative control and re-stimulation
depended upon which epitope was being analysed in which mouse model. Cells were
stimulated with a final concentration of 5 pg/ml of negative control peptide (B16-M30
for BALB/c and AH1 for C57BL6), or 5 pg/ml of OVA (SIINFEKL), 5 pg/ml of SV40
(VVYDFLKL) or 5 pg/ml each of a mix of the pentatope peptides (M03, M20, M26, M27,
and M68 peptides). As positive control, cells were stimulated with phorbol 12-myristate
13-acetate (PMA, 20 ng/ml) and lonomycin (2 uM). After 2 h of stimulation at 37°C with
5% CO,, BD GolgiStop (Beckton Dickenson) was added to each well and cells incubated
for 4 h at 37°C with 5% CO; as per manufacturer’s instructions. Splenocytes were then
washed with PBS twice, stained with NearlIR Live/Dead cell stain (Thermo Fisher) and
incubated for 20 min at room temperature in the dark. After three washes with PBS,
splenocytes were permeabilised and fixed using BD Cytofix/Cytoperm (Beckton
Dickenson) according to the manufacturer's protocol. Splenocytes were stored at 4°Cin
PBS/BSA. Staining continued with a mix of the following fluorescent-labelled antibodies:
Anti CD3-APC (BioLegend), Anti-CD4-BV510 (BioLegend), anti-CD8-PECF594 (BD) and
IFN—-y-BV785 (BioLegend). Samples were analysed on a BD LSRII FACS and data analysed

using FlowJo V.10 software. Graphs were plotted using Prism 5.0 software (GraphPad).

6.9.4. In situ vaccination of mice bearing two tumours

We used two syngeneic mouse models, Balb/C with CT-26 colon carcinoma cells
and C57BL6 with B16-OVA melanoma cell line expressing chicken ovalbumin. Female
mice (Balb/C and C57BL6) were 7 weeks old when the experiments began. CT26 and
B16-OVA tumour cells (1.5 x 10° and 2.8 x 10°, respectively) were injected
subcutaneously at sites on both the right and left flank of the respective mouse strain.
Tumour size was monitored every 2 days on both sides of the animals with a digital
calliper and expressed as volume (volume = (width? x length)/2). Body weight and mouse
well-being were also closely monitored. When tumour size reached at >50-100 mm?3

mice were vaccinated in situ in one of the tumours. PBS, OMVs (10 ug /injection) or
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OMVs + 1X peptides (10ug + 100ug /injection) were injected in a volume of 50 pl. For
pentatope peptides 20ug of each peptide was used. Mice were given a total of three
vaccinations every two days. They were sacrificed when the sum of the tumour volume
per mouse reached > 2000 mm?3 or when splenocytes needed to be analysed. The
investigator was not blinded to the group allocation during the experiment and/or when

assessing the outcome.
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